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Abstract
Urbanization, along with other cases of land cover and land use changes, has significant climate impacts
in tropical regions with the added complexity of occurring within the context of global warming (GW).
The individual and combined effects of these two factors on the surface energy balance of a tropical city
are investigated by the use of an integrated atmospheric modeling approach, taking the San Juan
Metropolitan Area (SJMA), Puerto Rico, as the test case. To achieve this goal, an ensemble of climate and
weather simulations is performed, with climate scenarios combining urban development and sprawl with
regional climate change over the past 50 years and the short-term simulations designed to test the
sensitivity to different urban vegetation configurations as mitigating alternatives. As indicator of change,
we use the thermal response number (TRN), which is a measure of the sensible heating to the thermal
storage of a surface or region, and the Bowen ratio, which is defined as the ratio of sensible to latent heat
fluxes. The TRN of the area occupied by the SJMA has decreased as a consequence of replacing the
lowland coastal plain vegetation with man-made materials, indicating that it takes less energy to raise the
surface temperature of the urban area, whereas the TRN of forested regions has remained virtually
unchanged. The GW signal also has effects on the thermal response of the SJMA, where dryer current
conditions generate lower TRN values. Differences owing to GW are more evident in the Bowen ratio
pattern, mostly associated with the drier present conditions observed and its effects on sensible and latent
heat fluxes. In terms of testing different mitigation strategies, the short-term simulations show that the
urban area is more efficient in partitioning surface energy balance terms when green roofs are specified, as
opposed to including vegetation inside the urban core.

Keywords: urbanization; remote sensing; mitigation; global warming.
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1 INTRODUCTION

Urbanization is one of the most extreme cases of environmental
and land cover and land use (LCLU) change. It has been the
focal point of both policymaking and scientific research over
recent years. The impacts of urbanization, ranging from global,
to regional, to local scales, include, but are not limited to, changes
in atmospheric composition and radiative forcing, global
warming (GW), effects on the water cycle and surface energy

balance, and ecosystems modifications. A clearest indicator of
climate changes owing to urbanization is a well-known urban/
rural convective circulation known as urban heat islands (UHIs).
The UHI is defined as a dome of high temperatures observed over
urban centers as compared with the relatively low temperatures of
the rural surroundings [1, 2].

Some factors that lead to the formation of a heat island
include the widespread use of diverse construction materials,
such as concrete, asphalt, steel and glass, among many others.
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Materials used in cities have a much higher thermal inertia than
natural vegetation-covered surfaces, resulting in large differences
in temperature during the first several hours after sundown,
when all the energy absorbed and stored during daylight is
released to the lower atmosphere over the city. Tall, vertical sur-
faces and other geometric shapes of the urban landscape create
what is known as the canyon effect [3–5]. In the spaces between
buildings, longwave radiation emitted by the surface at night is
reflected and absorbed by the walls, resulting in trapped energy and
higher temperatures. The urban landscape also interrupts wind
flows and results in decreased heat loss. Paved surfaces prevent pre-
cipitation from entering the soil and subsoil, resulting in less mois-
ture available in green areas for evapotranspiration, a non-radiative
air-cooling phenomenon. These temperature contrasts are greater
in clear and calm conditions and tend to disappear in cloudy and
windy weather by the effects of thermal and mechanical mixing.

The UHI was first recognized in London in 1820 when obser-
vations showed that the city was up to 2.18C warmer at night than
the surrounding countryside and up to 0.198C cooler during the
day [1]. Since then it has been widely studied and UHIs of diverse
magnitude, its causes and patterns, have been reported for a
number of cities along with some of its most important regional
and local effects (e.g. [1, 6–13]; among many others). The major-
ity of these previous studies rely on observational station data and
satellite information, simplified numerical simulations and idea-
lized laboratory experiments and focus on large continental cities,
generally located in northern temperate regions, and although the
general UHI pattern reported is similar, each city is exposed to
diverse local and synoptic factors, which causes the study of UHI
to be complex and specific of the locality. UHIs in tropical regions
have been identified in Kuala Lumpur, Malaysia, the island state
of Singapore [14], and in San Juan, Puerto Rico [15], by compar-
ing historical temperature differences between urban centers and
their rural surroundings, followed by numerical simulations.

Studies of LCLU change, which includes urbanization and de-
forestation, and its associated climatic impacts in tropical coastal
regions, have been limited. It was recently reported that lowland
deforestation is leading to increases in cloud base heights and
thinner clouds in rain forests in Central America [16–18], which
is resulting in increases in regional droughts. However, a similar
study using numerical analysis conducted in Puerto Rico reported
an increase in cloud base height, but using a forested island [19, 20].
The discrepancy on the results by these two studies is addressed
in Ray et al. [18] and settled by explaining that the effect on
cloud base height is linked to the net effect the LCLU change has
on the local Bowen ratio, the ratio of energy fluxes from the
ground to the atmosphere by sensible and latent heating, respect-
ively. A recent study found that the combined effect of LCLU
changes and GW was to produce higher cloud bases, less at-
mospheric water content in the vertical column and widespread
precipitation decreases in northeastern Puerto Rico [21].
Velazquez-Lozada et al. [15] conducted an observational and nu-
merical study that proved the existence of an UHI for the tropical
coastal city of San Juan, Puerto Rico, and some of its local patterns.
They found that larger temperature differences between the city

and the surrounding countryside were more noticeable during the
Caribbean Dry and early rainfall seasons (ERSs), which together
comprise the period from December to June [22, 23] (Figure 1).

These results motivated the development of more extensive
and wide-ranging experimental campaigns and integrated nu-
merical experiments with the objective of determining the par-
ticular characteristics of the San Juan Metropolitan Area (SJMA)
UHI and investigating the possible impacts of LCLU changes in
tropical coastal regions. The first of these field campaigns was
designated as the San Juan Atlas Mission, which took place on
11–16 February 2004 and combined remote sensing, surface
observations, upper air analyses and mesoscale numerical model-
ing [24, 25]. Data from weather stations and temperature sensors
deployed during the Atlas Mission revealed a strong daytime UHI
consistently ranging between 7 and 98C and heavily influenced by
the occurrence of short-lived and weak precipitation events, ap-
parently modulated by the availability of soil moisture within the
urban area and the thermal inertia of wet soil (both in the city
and the surrounding rural areas). These conclusions are in agree-
ment with observational studies of UHI characteristics performed
at different climate zones [26], where it was found that daytime
UHIs in wet climates are larger than nighttime values owing to
the high thermal inertia of wet rural soils. The high-resolution
remote-sensing information obtained during the Atlas Mission
was used to identify the geographical extension of the SJMA and
to update the surface characteristics available in regional models
to obtain a detailed, heterogeneous configuration of the SJMA
[27]. The Regional Atmospheric Modeling System (RAMS),
driven with global reanalysis data for a 10-day simulation, yielded
satisfactory results in near-surface air temperatures and vertical
profiles of temperatures and wind speeds.

Whereas these past studies focused on the climate impact due
to one factor with the consensus in each study that they had
limited scope and analysis and were too simplified in their atmos-
pheric modeling approach and more work needed to be done,
here we present the climate impacts due to LCLU change and GW
on the partitioning of surface energy balance terms, while also

Figure 1. 30-year (1970–2000) monthly precipitation climatology for 15

COOP stations distributed throughout Puerto Rico (adapted from [42]).
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exploring the effectiveness of different proposed mitigation tech-
niques to the effects of UHI, taking the tropical coastal city of San
Juan, Puerto Rico, as the test case. In the next section, the meth-
odology used in this research is presented, which employs a re-
gional atmospheric model as the main research tool. The
atmospheric model chosen is RAMS; results from control runs
were validated for accuracy and reliability against observations
[21, 27, 28]. Section 2 also includes a description of the LCLU and
climate data used, and the main simulation matrix executed. In
Section 3, the thermal response number (TRN) is introduced, fol-
lowed by the study of the individual and combined effects of
LCLU changes and GWon the surface energy balance of San Juan,
Puerto Rico, and an investigation on the effectiveness of green
roofs, tree-lined streets and city-wide parks as mitigating alterna-
tives (Section 4). Finally, a summary of the major findings of this
research is presented, with recommendations for future work,
possible implications in related fields.

2 METHODOLOGY

Given the importance of tropical coastal cities and the relatively
lack of studies that include all contributing factors leading to local
climate changes at resolutions fine enough to draw strong conclu-
sions, the research presented in this paper is an attempt at quanti-
fying the possible impacts of LCLU changes on surface energy
partitioning in a tropical coastal city under conditions of GW and
to quantify possible mitigating strategies to reduce these impacts.

2.1 Experimental set-up and datasets
To achieve the above-stated goals, numerical simulations are con-
figured combining two LCLU scenarios (representing current and
pre-urban conditions) with two large-scale atmospheric condi-
tions (representing different periods of GW and their correspond-
ing levels of greenhouse gases emissions), resulting in the run
matrix in Table 1. The timeframe for the present and past climatol-
ogies were selected to reduce the influence of El Niño–Southern

Oscillation (ENSO) and North Atlantic Oscillation (NAO) on the
Caribbean ERS climate, as identified by previous studies (e.g. [23,
29, 30]), and in accordance with periods of urban development
that still presented a significant climate change in the region of
interest. The five-year periods from 1955 to 1959 (Pre-GW) and
2000 to 2004 (GW) are the best available in the long-term record,
in terms of ENSO and NAO indices, to perform the simulations
[21]. Both atmospheric conditions were dynamically downscaled
from the NCEP 2.58 Reanalysis data [31], with SST specifications
derived from Smith and Reynolds Extended Reconstruction Sea
Surface Temperatures (ERSSTs v3b) [32, 33].

Digital maps of LCLU available for 1951 and 2000 [34] were
analyzed to verify that urban development and LCLU changes
are in accordance with the two timeframes selected and then
were configured for the simulations. The first step in this config-
uration consists of a reclassification of LCLU classes to match
the modeling grids (Figure 2) and the land classification index
system in the atmospheric model [35] (Table 2). This way, the
LCLU specifications used as surface characteristics for the simu-
lations driven with past and present atmospheric and oceanic
conditions were obtained (Figure 3). The methods to derive the
1951 and 2000 LCLU specifications differ only in the use of
high-resolution remote-sensing data for the SJMA, Caguas, El
Yunque and surrounding areas obtained with the Airborne
Thermal and Land Applications Sensor (ATLAS) instrument
[25] to complement the present LCLU dataset. More details on

Table 1. Simulation matrix.

Run ID LCLU Driving conditions

PRESENT1a 2000 þ ATLAS 2000–04 atmospheric and oceanic conditions

PRESENT2 2000 þ ATLAS 1955–59 atmospheric and oceanic conditions

PAST1 1951

(Pre-urban)

2000–04 atmospheric and oceanic conditions

PAST2a 1951

(Pre-urban)

1955–59 atmospheric and oceanic conditions

ATLAS–

GREEN

2000 þ ATLAS February 10–12, 2012, twice-daily upper air

radiosonde

ATLAS-TREES 2000 þ ATLAS February 10–12, 2012 twice-daily upper air

radiosonde

ATLAS-PARKS 2000 þ ATLAS February 10–12, 2012 twice-daily upper air

radiosonde

ATLAS 2000 þ ATLAS February 10–12, 2012 twice-daily upper air

radiosonde

aServe as control runs to test model accuracy.

Figure 2. Locations of modeling grids used in this research. Grid 1 (G1),

showing the Caribbean Basin and islands, Grid 2 (G2) covers the island of

Puerto Rico and adjoining islands and Grid 3 (G3) covers the northeastern

region of Puerto Rico, the main area of interest in this research.

Urbanization and climate change in San Juan, PR
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the link between the remote-sensing data and the atmospheric
model are given in Comarazamy et al. [27], Comarazamy and
González [21] and Comarazamy et al. [28].

Urban areas within the region of interest were identified
using the sensor’s visible spectrum, resulting in a configuration
that closely resembles current land development, land use and
urban sprawl mapping in Puerto Rico [36]. Optical information
corresponding to these urban areas was then obtained from its
thermal spectrum to create new urban and built-up land classes,
classes 31–35 in Table 2, producing an improvement in the rep-
resentation of the urban areas and to update model input
surface characteristics [27]. Analysis of past and present LCLU
information indicates a large increase in urbanized areas and a
shift from a more agriculture-based economy [34, 36–38], with
a �34% conversion rate of the surface covered by urbanization
and natural vegetation (i.e. shrub land, forest and woodland),
from that of agricultural lands (Figure 4).

2.2 Atmospheric model general description
and configuration
An ensemble of numerical atmospheric model simulations was
performed to separate the signals discussed before (i.e. LCLU
change and global climate change). The model chosen was
RAMS, a highly versatile numerical code developed at Colorado
State University to simulate and forecast meteorological phe-
nomena [39, 40]. The version of RAMS used in this investiga-
tion, v.4.3, contains an explicit cloud microphysics module with
eight hydrometeor types and the prognostic number concentra-
tion of cloud droplets through activation of cloud condensation
nuclei [41].

The simulations are centered on the northeastern region of
Puerto Rico, focusing on the SJMA and the Luquillo Experimental
Forest (LEF), locally referred to as El Yunque, and with three
nested grids (Figure 2). Grid 1 covers the Caribbean Basin with a

Table 2. LEAF-2 biophysical parameters by land use class number.

No. Description Albedo emissivity Lai vfrac zo zdisp rootdep

0 Ocean 0.14 0.99 0.0 0.00 0.00 0.1 0.0

1 Inland water 0.14 0.99 0.0 0.00 0.00 0.1 0.0

2 Ice/glacier 0.40 0.82 0.0 0.00 0.01 0.1 0.0

3 Evergreen needleleaf tree 0.10 0.97 6.0 0.80 1.00 15.0 1.5

4 Deciduous needleleaf tree 0.10 0.95 6.0 0.80 1.00 20.0 1.5

5 Deciduous broadleaf tree 0.20 0.95 6.0 0.80 0.80 15.0 2.0

6 Evergreen broadleaf tree 0.15 0.95 6.0 0.90 2.00 20.0 1.5

7 Short grass 0.26 0.96 2.0 0.80 0.02 0.2 1.0

8 Tall grass 0.16 0.96 6.0 0.80 0.10 1.0 1.0

9 Desert 0.30 0.86 0.0 0.00 0.05 0.1 1.0

10 Semi-desert 0.25 0.96 6.0 0.10 0.10 0.5 1.0

11 Tundra 0.20 0.95 6.0 0.60 0.04 0.1 1.0

12 Evergreen shrub 0.10 0.97 6.0 0.80 0.10 1.0 1.0

13 Deciduous shrub 0.20 0.97 6.0 0.80 0.10 1.0 1.0

14 Mixed woodland 0.15 0.96 6.0 0.80 0.80 20.0 2.0

15 Crop/mixed farming 0.20 0.95 6.0 0.85 0.06 0.7 1.0

16 Irrigated crop 0.18 0.95 6.0 0.80 0.06 0.7 1.0

17 Bog or marsh 0.12 0.98 6.0 0.80 0.03 1.0 1.0

18 Evergreen needleleaf forest 0.06 0.97 6.0 0.80 0.98 10.2 1.0

19 Evergreen broadleaf forest 0.08 0.95 6.0 0.90 2.21 20.7 1.2

20 Deciduous needleleaf forest 0.06 0.95 6.0 0.80 0.92 9.2 1.0

21 Deciduous broadleaf forest 0.09 0.95 6.0 0.80 0.91 7.2 1.2

22 Mixed cover 0.07 0.96 6.0 0.80 0.87 6.5 1.1

23 Woodland 0.08 0.96 5.7 0.80 0.83 7.4 1.0

24 Wooded grassland 0.18 0.96 5.0 0.80 0.51 3.6 1.0

25 Closed shrubland 0.10 0.97 5.1 0.63 0.14 1.4 0.7

26 Open shrubland 0.12 0.97 6.0 0.22 0.08 0.2 0.6

27 Grassland 0.11 0.96 2.6 0.73 0.04 0.2 0.7

28 Cropland 0.10 0.95 6.0 0.84 0.11 0.2 0.7

29 Bare ground 0.16 0.86 0.7 0.07 0.05 0.2 0.5

30 Urban and built-up 0.15 0.90 4.8 0.74 0.80 1.1 0.8

31 Urban1a 0.13 0.90 0.7 0.07 0.80 1.1 0.5

32 Urban2a 0.18 0.90 0.7 0.07 0.80 1.1 0.5

33 Urban3a 0.23 0.90 0.7 0.07 0.80 1.1 0.5

34 Urban4a 0.28 0.90 0.7 0.07 0.80 1.1 0.5

35 Urban5a 0.33 0.90 0.7 0.07 0.80 1.1 0.5

36 Urban_Greena 0.11 0.96 2.6 0.07 0.80 1.1 0.5

Lai, leaf area index; vfrac, vegetation fraction; zo, surface roughness; zdisp, vertical displacement; rootdep, root depth.
aAdditional land cover/land use classes added for this study.
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horizontal resolution of 25 km and 104 horizontal grid points.
Grid 2, which is nested within Grid 1, covers the island of Puerto
Rico with 3100 horizontal grid points at a resolution of 5 km. Grid
3, with 9184 horizontal grid points and a 1 km resolution, is
nested within Grid 2 and covers the SJMA, LEF, non-developed
regions west and south of the city, and ocean areas to the north.
The vertical grid has a grid spacing (Dz) of 30 m near the surface
and then is stretched at a constant ratio of 1.15 until Dz ¼ 1000 m.
The depth of the model reaches �26 km. A model-derived vari-
able time step (Dt) was specified for all grids; initially, Dt was
calculated as 60 s for Grid 3.

All runs are performed during the Caribbean ERS period
from April to June of each year of the two timeframes selected,
and for each LCLU and atmospheric condition scenario. This
translates to a total of 20 three-month long simulations, where
four five-year model-produced climatologies, one for each run
in Table 1, were used in all validation and analysis exercises. This

procedure of calculating a five-year average assures that the ana-
lysis is done with datasets where possible year-to-year variations
are eliminated. The ERS is the most convenient time to study
UHI effects in northeastern Puerto Rico [15], during which the
atmospheric model has previously performed satisfactorily [28,
42]. A spin-up time of one week at the start of each three-month
simulation is specified to allow numerical stabilization of the
main atmospheric model, sub-models and parameterizations.

After all input information and parameters were incorpo-
rated into the atmospheric model and the simulations were
performed, the five-year average of daily minimum and
maximum temperatures from the PRESENT1 and PAST2
simulations (see Table 1) was validated satisfactorily when
compared with corresponding observed values from surface
COOP stations located within the SJMA and LEF, following pro-
cedures developed for the same model applied to the region of
interest [21, 27, 28, 42].

3 THERMAL RESPONSE NUMBER

As the current release of atmospheric mesoscale model used, and
the general surface energy budget model that is part of it, does
not completely account for the thermal effects of heat storage or
soil heat flux, and the LCLU characterization in RAMS uses a

Figure 3. PAST (top panel) and PRESENT (bottom panel, also referred as the

2000 þ ATLAS scenario) surface characteristic specifications used with the two

large-scale atmospheric condition scenarios described in Table 1 for Grid

3. Similar land classes were grouped together for visualization purposes (e.g.

urban classes, forest classes and grassland with herbaceous agriculture). The

SJMA, the Caguas residential area and El Yunque are shown in the bottom

panel.

Figure 4. Histogram of historical LCLU changes in percent of total area covered

from 1951 to 2000 (top panel) and description of the most relevant vegetation

and land classes with percent change and conversion rates (bottom panel)

(adapted from [28]).
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structural classification based on land cover classes and not on a
functional classification to assess the impact of land cover in
model results, a classifier is needed for the determination of the
surface energy budget derived from surface or near-surface tem-
peratures for the various types of surfaces in a particular area.
One feasible approach would be the use of the TRN developed by
Luvall and Holbo [43] and applied to different surface types. The
TRN is a surface property defined as the ratio of the surface net
radiation, which integrates the effects of the non-radiative fluxes
over short periods of time and the rate of change in surface tem-
perature, which expresses how those fluxes are reacting to radiant
energy inputs.

The TRN (J m22 8C21) is then defined as follows:

TRN ¼ ðRnDtÞ
DT

; ð1Þ

where (RnDt) represents the net radiation, Rn, over a time inter-
val Dt, and DT is the change in mean temperature for each
surface type during Dt. A Dt of 1 h is used in this research.

Then, in Equation (1) Rn expresses the combined energies of
the non-radiative surface processes and how these are parti-
tioned at the surface following:

Rn ¼ ð1� aÞRs # þRl # þRl "¼ H þ LEþ G; ð2Þ

where a is the surface’s albedo; Rs�, Rl� and Rl� are the incident
surface flux of shortwave and longwave radiation and the
upward surface flux of longwave radiation, respectively; H is the
surface sensible heat flux; LE the surface latent heat flux and G,
the surface storage term or soil heat flux. This is a similar ap-
proach as the estimates of G derived as residuals in Equation (2)
and an objective hysteresis model applied to urban surfaces in
previous studies [3, 44, 45].

The thermal response of an urban landscape may involve
such surfaces as uniform asphalt parking lots, areas of high-
rise steel and glass buildings or residential areas with trees
and lawns. The partitioning of energy budget terms depends
on these surface types. In natural landscapes, the partitioning
depends on canopy biomass, leaf area index and moisture
status, all of which vary according to the development stage of
the ecosystem. In all cases investigated here, LCLU changes
substantially altering the surface energy budget. Large TRN
values mean that more energy is required to increase that sur-
face’s temperature [46]. Areas that have mostly vegetated sur-
faces have a greater TRN than completely barren or built-up
surfaces because the net radiation processed by the surface is
mostly used for latent heat (evaporation of water) rather
than sensible heat (heating the air), effectively producing a
small DT over Dt for these types of surfaces. TRN values are
useful in determining evapotranspiration and surface heat
flux characteristics for common urban surfaces, and for as-
sessing the thermal dynamics of these surfaces throughout the
day [43, 47].

4 IMPACT OF URBANIZATION AND GLOBAL
WARMING ON SURFACE ENERGY
PARTITIONING IN A TROPICAL CITY

To study the impacts of LCLU changes and GW on surface
energy balance terms in a tropical city, the northeastern region
of the Caribbean island of Puerto Rico was taken as the test case.
As with the validation, the results presented in the next sub-
sections refer to the five-year climatology of each of the simula-
tion scenarios described in Table 1. To better guide the reader
through these scenarios, they are described as follows:

PRESENT1: present LCLU þ actual GW conditions
PRESENT2: present LCLU þ pre-GW conditions
PAST1: past LCLU þ actual GW conditions
PAST2: past LCLU þ pre-GW conditions

4.1 Long-term climate impacts
The 1 km � 1 km resolution of the model grid used for this re-
search does not allow for the identification of individual surface
elements (e.g. buildings, parking lots, streets and trees); thus to
analyze the thermal response of different surfaces, as well as the
impact of LCLU changes and global climate change on the TRN,
the SJMA and El Yunque are taken as regions representing
heavily urbanized and vegetated/forested surfaces, respectively
(see Figure 3).

Results for the TRN in the region occupied by the SJMA
show how the presence of the city in the PRESENT1 and
PRESENT2 simulations produces lower values than the simula-
tions with a pre-urban land specification, PAST1 and PAST2,
throughout the Caribbean ERS, showing �100–200 kJ m22

8C21 against �200–400 kJ m22 8C21, respectively, both with a
positive slope as the season progresses (Figure 5, top left). This
difference might be due to an increase in sensible heat flux in the
urban scenarios related to an increase in surface temperature,
which in turn raises air temperatures, as seen in the air tempera-
ture differences shown in Comarazamy et al. [28]. The increasing
pattern is a response to increasing moisture available in the at-
mosphere in the onset of the summer season. The partitioning
of energy is analyzed using the model results for sensible and
latent heat flux to calculate the Bowen ratio, B, defined as the
ratio of the sensible to latent heating, H/LE. The total change in
B, PRESENT1 vs. PAST2, shows that there is more latent heat
flux via evapotranspiration in the pre-urban scenarios and more
sensible heat flux producing larger surface DT values over Dt in
the urban scenarios (Figure 5, top right).

By analyzing the TRN and B patterns of the simulation with
constant LCLU, it is concluded that changes in the thermal re-
sponse of such surface are associated with increases in sensible
heat flux in the simulations driven with present atmospheric
conditions. Interesting results arise when comparing the simula-
tions that produce similar B patterns, where it can be seen that
major changes in the relationship between sensible and latent
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heat fluxes are due to changes in atmospheric conditions,
proving that there are drier atmospheric conditions during the
present timeframe than in the past, results that are in agreement
with reported changes in the hydrological cycle of northeastern
Puerto Rico [21]. Taking for example the PRESENT1 and PAST1
simulations having the same B pattern, and given that PRESENT1
has a much lower thermal response, then to maintain energy
balance, the simulation with an urban representation must have
increased thermal storage (G) in the SJMA region. Similar conclu-
sions can be drawn from the results for the urbanized residential
area of Caguas (not shown but included in the calculation for
urban presented in Figure 5), with the distinction that the TRN
and B have more variability here, which might be due to the

presence of more sub-grid vegetation patches in the urban cells in
the Caguas region.

The montane cloud forest of El Yunque shows higher TRN
values than the urban areas, and a much more pronounced in-
creasing slope throughout the ERS, from �300 kJ m22 8C21 to
between 700 and 800 kJ m22 8C21 (Figure 5, bottom left). These
results show how the forest still manages to consistently use
more energy for evapotranspiration, increasing the latent heat
flux in all scenarios (B , 1) for a great portion of the ERS
(Figure 5, bottom right), in spite of having higher cloud base
heights and decreased accumulated precipitation [21]. Also, the
TRNs produced by the past LCLU specifications are higher than
those for the runs with present surface characteristics in El

Figure 5. Time series of daily TRN (kJ m22 8C21) (left panels) and Bowen ratio values (right panels) during the Caribbean ERS, calculated for the SJMA (top)

and El Yunque (bottom). In all panels, the four simulations in Table 1 are shown, describing the runs with present LCLU and present atmospheric conditions (solid

line), with present LCLU and past atmospheric conditions (dashed line), with past LCLU and present atmospheric conditions (open circles) and with past LCLU

and past atmospheric conditions (closed circles).
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Yunque, although not as marked a difference as for the urban
areas, where LCLU changes are far more dramatic.

In general, it is shown how the TRN provides a good measure
of how a surface reacts to different radiative inputs in terms of
surface temperature change over short periods of time, and how
this is related to the way each surface type is partitioning the net
surface radiation into non-radiative energies by applying the
residuals approach to the surface energy balance terms (H, LE,
G). It also provides an excellent indicator of local and regional
environmental change that could be used to test different miti-
gation and adaptation strategies, depending on how the thermal
response of a particular area changes to the application of such
strategies.

4.2 Effectiveness of mitigation strategies
In order to test the effectiveness of different mitigation strat-
egies for the quantified effects of long-term urbanization in the
SJMA, a series of short weather simulation were configured
and executed. The mitigation strategies tested were the use of
green roofs throughout the city and the inclusion of wide-
spread urban vegetation within the urban core. For all weather
modification cases spanning 48 h, the same driving atmospher-
ic conditions were used for the corresponding scenarios. The
LCLU specifications for the base case (ATLAS) were specified as
shown in the bottom panel of Figure 3, representing the actual
urban extension and characteristics of the SJMA, against which all
mitigation strategies are compared with. These simulations ran
for 48 h, 06 to 08 November 2012, driving the model with histor-
ical radiosonde data from regular launches at the San Juan
International Airport and updated every 12 h. Early November is
another convenient time of the year for studying the local effects
of urbanization and proposed mitigation strategies because it is
towards the end of the hurricane season and the onset of the dry
season.

For the green roof test, the SJMA and Caguas regions main-
tained the same horizontal configuration as the base case, but
with the biophysical parameters of Urban_Green (class 36 in
Table 2) throughout all urban areas. Here the ‘green roofs’ are
specified by patches of grass located at the top of buildings
within the urban areas, represented by combining the biophysical
parameters of grass and concrete, while keeping the mechanical
mixing parameters (surface roughness and vertical displacement)
of the urban landscape. Results from these simulations show that
the ‘green roof ’ configuration serves to greatly alleviate the ele-
vated air temperatures produced by an urban area with a high
concrete density by 1–1.58C (Figure 6, bottom panel). In terms
of the partitioning of surface energy balance terms, it is also
shown how the green roofs help in increasing the latent heat flux
and reduces sensible heat flux exchange with the atmosphere,
evident in the low B values that it produced during the simulation
period (Figure 7). When B is less than one, a greater proportion
of the surface available energy is exchanged to the atmosphere as
latent heat flux than as sensible heat flux, inversely when sensible
heat flux transfer is larger than latent heat flux, B obtains values

greater than 1. As LE approaches zero, B becomes unbounded, a
result typical of heavily urbanized areas and some barren surfaces.
In the SJMA, an urban area with an extremely high concrete
density, the inclusion of green roofs produced B less than 1. This
mitigating impact could be greatly enhanced when the effects of
plant processes and water budget changes are taken into account.

The configuration that incorporates vegetation within the
urban core helps in quantifying the effects of natural processes
while testing the mitigation capacity of two scenarios: the pres-
ence of tree-lined avenues and the construction of large parks in
the SJMA and Caguas, hereafter referred to as Trees and Parks,
respectively. The two scenarios in this configuration are con-
structed by a complete replacement of the urban cells by trees
(Evergreen broadleaf, class 19 in Table 2), a logical scenario for
the Parks case, not so much for the Trees case, but in order to
have the same percentage of vegetation incorporated in each case
(�18%) and do a fair comparison of modeling results and
effects, entire bands of 1 � 1 km2 cells were introduced as vege-
tation for the later case.

Figure 6. Spatial distribution of averaged air temperature differences (8C) at

2 m AGL between the Parks (top), Trees (center) and green roofs (bottom)

scenarios simulated for the analysis as compared with the simulations driven

with the 2000 þ ATLAS land use classification in Figure 3.
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Results for averaged air temperatures show that the two
urban vegetation scenarios greatly reduce temperatures (�1–
1.28C) over the urbanized areas and immediate surroundings
within the SJMA and Caguas when compared with the simula-
tion executed with the base 2000 þ ATLAS LCLU classification
(Figure 6, top and center panels). All simulations are driven by
the same atmospheric conditions. One conclusion that is drawn
from these results, in light of the practical application of the pro-
posed mitigation strategies, is that the Trees scenario is more
feasible than the construction of extremely large parks in an
urban area with an already high building and concrete density. It
is also shown that the Trees case is more efficient in its use of
energy and partitioning of surface energy budget terms, as
shown in the TRN and Bowen ratio results, especially towards
the end of the simulation period when a spike in TRN, possibly
due to less energy being stored and surface temperature decreas-
ing rapidly, and a dip in B, less sensible heat flux over latent heat
(Figure 7). In general, these results show that green roofs and
urban vegetation have a profound effect on the area’s air tem-
perature and surface energy balance, producing lower tempera-
tures and storing less energy, partitioning energy as latent heat
more efficiently. These results deem the inclusion of green roofs
throughout the urban area as the most efficient mitigating strat-
egy for the observed UHI effects, followed by the lining of streets
with appropriate vegetation for the region where the city is situ-
ated and the construction of large parks. It is worth noting again
that some secondary effects of these mitigation strategies were

not included in the study, like the water balance impact of green
roofs and the social impacts of inner city recreational parks.

5 SUMMARY AND CONCLUSION

The work presented here is an investigation of the climate
impacts of LCLU changes and GW on the surface energy balance
of a coastal tropical city, using the RAMS as the main research
tool and taking the SJMA, Puerto Rico, as the test case. The
impact analysis is performed for long-term effects as well as
short-term effects.

The numerical modeling simulation matrix for the long-term
study combines two large-scale atmospheric conditions to drive
the model and two LCLU scenarios for the corresponding at-
mospheric timeframes that provide the surface characteristics.
The two five-year periods from 1955 to 1959, for the past condi-
tions, and from 2000 to 2004, for the present conditions, were
selected under a series of criteria that minimizes the influences
of global scale oscillations (e.g. ENSO and NAO) on Caribbean
ERS climate, which represents a significant climate change in the
region of interest and that are in accordance with historical
LCLU changes in Puerto Rico. The NCEP Reanalysis 2.58
6-hourly data and the Smith and Reynolds ERSST v3b monthly
data provided the large-scale atmospheric and oceanic condi-
tions, respectively. The LCLU specifications for each period were
obtained from digital maps of vegetation cover for 1951 and

Figure 7. Time series of hourly TRN (kJ m22 8C21) (left panel) and Bowen ratio values (right panel) calculated for the SJMA and Caguas during the 48-h

simulation period starting on February 10, 2012. In both panels, the three simulations for February 2012 (Table 1) are shown, describing the green roofs (solid green

dots), Trees (solid black line), Parks (dashed red line) and base Atlas (open blue circles) scenarios.
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2000, with the present specifications complemented by remote-
sensing information gathered in early 2004 to have a better rep-
resentation of the current urban areas located in the modeling
domain.

In terms of the long-term impacts due to LCLU changes in
tropical coastal regions, model results show that the TRN of the
area occupied by the SJMA has decreased as a consequence of re-
placing the lowland coastal plain vegetation with man-made
materials, indicating that it takes less energy to raise the surface
temperature of the region in question, whereas the thermal re-
sponse of the forested region has remained virtually unchanged.
The GW signal also has effects on the thermal response of the
region occupied by the SJMA, where the dryer present condi-
tions generate lower TRN values than in the past climate condi-
tions for both LCLU cases. These differences from the GW signal
are more evident in the Bowen ratio pattern for the simulation
driven by the present atmospheric and SST conditions and in
those driven with past climate conditions. Differences in the
thermal response of the forest due to global climate changes are
less evident, with the exception of the onset of the ERS, when
the pattern in the Bowen ratio follows the same pattern as in the
urban area. There were also reported changes in air temperature
and precipitation obtained with the same climate reconstruction
and factor separation technique [21, 28].

There is a myriad of secondary and tertiary social, economic
and cultural implications of the total climate change due to the
combine effects of LCLU changes and GW in coastal tropical
regions. This is the main reason why comprehensive research like
the one described in this document is of extreme importance. The
inclusion of adaptation and mitigation strategies that may have a
significant impact is a necessary step in completing the LCLU ana-
lysis. Some of these mitigation strategies were tested in the work
presented here. Green roofs and vegetation canopy incorporated
into a heavily urbanized city are proven to have a significant miti-
gating potential and impact, not only reducing observed air tem-
peratures, but also improving the efficiency with which the urban
area uses and partitions surface energy balance terms.

To improve the results presented in this document, an investi-
gation of parameters that can be extracted from remote-sensing
information to update the atmospheric model surface character-
istics should be performed. Parameters such as albedo, emissiv-
ity, surface roughness, leaf area index and vegetation fraction,
among other surface characteristics, as well as other important
parameters used in regional atmospheric modeling, like skin/
canopy temperature, volumetric soil moisture content and soil
textural class, could be incorporated into the measurements
obtained by the next generation of remote sensors, like the
Hyperspectral-Infrared Imager (HyperIRI).

Projections for future climate changes in tropical coastal
regions could be performed using different GHG emissions
scenarios [48] combined with statistical and dynamical model-
ing of LCLU change and urban growth [15, 49, 50]. Downscaled
and detailed climate change projections are a priority to be able
to establish critical mitigation and adaptation policies. The find-
ings discussed in this document apply to late 20th century

urbanization and climate change, a period what saw a dramatic
expansion of urbanization and other cases of LCLU changes in
Puerto Rico, and only modest large-scale warming. The implica-
tions would be that if the warming continues, presuming that
urbanization has reached a relative stable extent (and may see
some reduction of its impact as shown in the modeling results
due to expansion of reflective and green roofs, greater urban
vegetation, reforestation programs, etc.), the future will not show
the same relative effects as experienced during the long-term
period presented in this document.
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