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ABSTRACT

This paper analyzes the spatial dependence of annual trends in the diurnal temperature range
(DTR) of Puerto Rico (PR) from 1950-2014. The DTR is a useful indicator of climate change and
average temperature changes. Observation records indicate that the DTR has decreased in the
last 64 years because of changes in the difference between the minimum and maximum
temperatures. The 13 studied meteorological stations have shown a negative trend of —1.33 in the
DTR for PR. The minimum temperature (Tmin) has shown a greater increase than the maximum
temperature (Tmax) over the period analyzed. Because of this behavior, the stations can be
categorized into two large groups. For nine stations (Aguada, Ceiba, Guayama, Isabela, Manati,
Mayaguez, Lajas, Ponce, and San Juan), the variability of the minimum temperature in the
mountain of Puerto Rico increased during the 1970s, while for four stations (Aibonito, Corozal,
Juncos, and Utuado), Such an increase in average temperature was manifested later, in the 1980s.
The Mann-Kendall analysis shows that nine out of the thirteen stations have a p-value 0.005, this
shows that the tendency to decrease of the DTR is strong. A more detailed analysis is
recommended to determine the cause of this behavior.
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1. INTRODUCTION

The variability of daily maximum (Tmax) and
minimum (Tmin) temperatures is a basic climatic
parameter that has been observed since the
beginning of the 20th century in Europe and the
USA. The variability study is very important to
understanding changes in fields such as
agriculture, water resources, tourism, health, etc.
The diurnal temperature variability is called the
daytime temperature range (DTR) [1,2,3] which
can be defined as the difference between the
maximum and minimum daily temperature.
Changes in the DTR can be caused by
cloudiness, urban heat, changes in land use,
aerosols, water vapor, deforestation, or
greenhouse gases.

[4,5] Observed changes in cloud cover in Spain
and interpreted them as possibly relating to the
increase in anthropogenic aerosols that produce
the greenhouse effect and/or to natural climate
variability [6,7], they found that, between 1900
and 1940, the Tmin in Spain indicated warming
in the annual and seasonal series, they
maintained certain trends and other abrupt
changes. The magnitude of this increase is
estimated between 1°C and 3°C. Concluding that
both Tmax and Tmin show slight warming
tendencies. It has a certain correlation, although
with a smaller magnitude of increase than the
report of [8], for PR.

Brunet, M., P. D. Jones, J. Sigro’, O. Saladie’, E.
Aguilar, A. Moberg, P. M. Della-Marta, D. Lister,
A. Walther, and D. Lo’pez (2007), Temporal and
spatial temperature variability and change over
Spain during 1850-2005, J. Geophys. Res., 112,
D12117, doi:10.1029/2006JD008249.

The most recent studies on variability were done
in European countries [2], who concentrated their
investigations in the behavior of Tmax and Tmin.
They showed that, from 1951 to 1990 over 37%
of the global land mass, the increase in Tmin
was three times that of the corresponding
increase in Tmax (0.84°C and 0.28°C,
respectively). For the same period, in Central
Europe, which corresponds to 0.07% of the
global land mass, [9] found values close to
0.60°C for the change in Tmin and to 0.52°C for
that in Tmax. Comparing the variation in both
temperatures showed that the increase in Tmin
was 1.15 times that of Tmax.

Various investigations have amply confirmed that
the DTR decreased globally during the second
half of the 20th century. These changes in the
DTR are an identifiable characteristic of recent
climate change and provide a useful diagnostic
index for evaluating global climate models [10].
The global trend of average land warming and
DTR’s global decrease over the last 50 years are
due to the stronger increases in Tmin than in
Tmax [2,11].

[12,13] analyses of the year-month mean
maximum and minimum surface thermometric
records have now been updated and expanded
to cover three large regions in the Northern
Hemisphere (the contiguous United States, the
area of the former old Soviet Union, and the
People’s Republic of China). They indicate that
most of the warming in these regions over the
past four decades can be attributed to an
increase in the mean minimum (mostly nighttime)
temperatures. A increase in extreme Tmin and
little or no changes in extreme Tmax. Continually
increasing Tmin with little overall change in Tmax
leads to a decrease in the mean (and extreme)
temperature range, an important measure of
climate variability.

[14] conclude that the observed changes in the
diurnal cycle result neither from natural climate
variability nor from a globally distributed forcing.
Rather, they require the combination of a
(negative) radiative forcing located primarily over
continental regions and the known globally
distributed forcing due to anthropogenic
greenhouse gases. According to the findings of
[15,16], the decreases observed in DTR could be
a climatic response to the anthropogenic
emission of greenhouse gases and aerosols.

It has been widely accepted that the DTR
decreased globally during the second half of the
20th century. Here we show, however, that the
long-term trend in the annual DTR was reversed
from a decrease to an increase during the 1970s
in Western Europe and during the 1980s in
Eastern Europe. Similarly, [17] studied the
changes in Tmax and Tmin in Finland since the
1950s and discovered that the coldest years
were between 1960 and 1980, while the warmest
years were from the mid-1950s until the 1960s.
These episodes are clearly reflected in the most
recent results, [16], for Europe where it confirms
that the Tmin shows an annual increase greater
than the Tmax.



[11,18] suggest that the analysis of the global
average surface air temperature has shown that
its increase is due, at least in part, to differential
changes in maximum and minimum daily
temperatures, resulting in a narrowing of the
DTR. Similarly, [19] found a decreasing trend in
the DTR of the United States over the last 100
years.

The main objective of the present study is to
analyze the trends in the maximum and minimum
daily temperature on the island of Puerto Rico
(PR) using the Tmax and Tmin data from 13
climatological stations distributed throughout
PR’s geography. This work aims to reveal novel
information about the variability of extreme
temperatures in PR and therefore contribute to a
better understanding of climate’s impact on
different facets of daily life. In addition, the
results obtained can be considered in a wider
climate context, which provides information on
the long-term behavior of extreme temperatures
and their effects on health, flora, agriculture,
tourism, etc.

2. DIURNAL RANGE OF TEMPERATURE

The current increase in the temperature of the
Earth's surface (land and ocean) and its
atmosphere, called global warming, has caused
the average temperatures worldwide to rise by
0.75°C (1.4°F) over the past 100 vyears.
Approximately two-thirds of this increase has
occurred since 1975, [20]. While past increases
in Earth’s temperature were the result of natural
causes, today they are caused by the
accumulation of greenhouse gases in the
atmosphere produced by human activities, [12].

The mean monthly Tmax and Tmin are derived
from an average of the daily maximum and
minimum temperatures. The mean monthly DTR
is defined as the difference between the mean
monthly maximum and minimum temperatures
[2]. The most recent studies on Tmax and Tmin
temperatures show an asymmetric trend; in
general, minimum temperatures have grown
more rapidly than maximum temperatures. This
phenomenon results in a decrease in the DTR,
which may be related to the increases in
cloudiness observed in several parts of the
world. Similar results were presented by [21],
who studied the mean monthly DTR of the
temperatures at 23 different stations in Costa
Rica.

There is a considerable amount of scientific
evidence suggesting that the Caribbean is
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experiencing the effects of a changing climate
[22,23,24,25,26,27,28,29]. Other research
conducted by [30] indicates that the Caribbean
region has experienced an average warming of
approximately 0.6°C since the 1960s or
~0.12°C-0.14°C per decade during 1958-1999.
The frequency of very hot days and very hot
nights shows a growing trend, with nights that
heat up faster than days. This implies a decrease
in the DTR, that is, the difference between day
and night temperatures. A trend analysis of
extreme events suggests that there has been an
increase in the frequency and intensity of hot
extremes [31].

[30] also found that the frequency of very cold
days and very cold nights in the Caribbean has
exhibited a decreasing trend over a period 1958
to 1999 and that the difference between the
highest and the lowest temperature of the year is
decreasing, although the trend is not significant
at the 10% level. [32] show that these changes in
the Caribbean are consistent with those in the
rest of the world, while a similar study on nearby
Central America and northern South America
also corroborates the Caribbean trends. [8]
reports that the variability in the Tmin is more
than double that of the Tmax, while the average
temperature on Puerto Rico increased by
approximately 2.24°C during 1950-2014.

3. A DECREASE IN DTR ON PUERTO
RICO DIRECTLY IMPACTS FOUR
FACTORS, AS FOLLOWS

3.1 Urban Island Heat

Urban areas are usually warmer than their rural
surroundings, a phenomenon known as the “heat
island effect.” The effect of urban heat islands
often tends to manifest itself most strongly during
night hours [33,34]. In terms of large-scale
global and regional drivers, there is a growing
body of literature showing that land use and
changes in land cover associated with
anthropogenic activities, such as urbanization,
paving, and deforestation, can affect local
climates [35]. In addition, islands of heat can
affect communities by increasing the maximum
demand for energy in summer, increasing air
pollution, greenhouse gas emissions, diseases,
heat-related mortality, and the costs of air
conditioning. The quality of the water in tropical
cities can also have an impact on the tourist
sector. Urban heat islands also have a significant
impact on human health, especially in terms of
respiratory diseases and heart attacks, tripling



the number of visits to hospitals and increasing
mortality in children, the elderly and people with
respiratory problems [36].

3.2 Irrigation

Agriculture and crops may also be impacted by
PR’s decreases in DTR [37]. The evaporation
associated with soil moisture may convert
sensible heat into latent heat, and therefore
significantly reduce the diurnal temperature,
especially in the south and southeast of the
island.

Agricultural land represents approximately 12%
of the land area of USA. Approximately 3% of the
United States population and 1.7% of the annual
growth of its gross national product are related to
agriculture. The potential impact of climate
change (changes in mean temperature) on
agriculture  will be reflected through the
responses of crops, livestock, soil, weeds,
insects, and diseases to climatic elements in the
environment, that are more sensitive [38]. In the
large agricultural areas of North America,
humidity and soil temperature are the climatic
factors most susceptible to changes [3].

For the tropics, where some crops are close to
their level of maximum tolerance to temperature
and where reined agriculture and minor fruits
predominate (tomatoes, melons, bananas, etc.)
yields will generally decrease with minimum
changes in temperature. In the temperate
regions, on the other hand, the highest minimum
temperatures will be beneficial for some crops.

3.3 Desertification

The opposite of the above theoretical effect on
irrigation is greater desertification, resulting from
an increase in DTR. This can be due to poor land
practices, forest fires, urbanization, or
deforestation [39,40].

The degradation of the soil throughout the planet
in arid, semi-arid, and dry sub-humid areas,
including the tropics, results from various factors,
including climatic variations and human activities.
This leads in some cases to desert regions. The
definition of a desert region excludes areas that
have a “hyper-arid or humid” climate. In low-input
agricultural systems, stress zones occur in areas
where the productive capacity of the land is
affected by poor management and by the effects
of climatic variability. In high-input systems,
tension zones arise due to the excessive use of
agrochemicals, the uncontrolled use of irrigation,
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and monoclonal plantations with minimal genetic
diversity. In any case, the impact is greater on
populations that have fewer ecological resources
and are therefore more vulnerable.

3.4 Flora and Fauna

Climatic variations and consequent changes in
DTR can cause species to move to new regions.
There is ample evidence of species changes as
a result of changing conditions [41]. Those that
cannot adapt or be displaced from their newly
inhospitable environments (trees, or species
confined to the tops of mountains or small
islands) are likely to disappear.

Changes in DTR can threaten endemic species,
as invaders (predators and competitors) expand
their ranges in response to a lack of food. DTR
changes can also create ideal conditions for
disease outbreaks. Many species have already
been or are threatened, and those that are highly
susceptible to environmental change are
particularly vulnerable to extreme events and to
the increases in invasive species, outbreaks of
disease, and habitat changes that result from
climate change [42].

Temperature changes will also lead insect
species to reproduce more rapidly, causing the
spread of diseases such as Zika, Chikungunya,
and Dengue [43]. This is also true for some
species of reptiles and amphibians, particularly
the amphibious Coqui (a small endemic frog).
Some minor crops may also be affected,
especially those with broad leaves, as their
exposure to solar radiation and
evapotranspiration is high [44].

4. AREA OF STUDY

Puerto Rico is an island surrounded by the
Caribbean Sea to the south and the Atlantic
Ocean to the north. Measuring approximately
180 km by 65 km, it is the smallest island in the
Greater Antilles. In truth, Puerto Rico covers
several islands, including Vieques and Culebra to
the east and Isla Mona to the west. These
islands are densely populated within a small
geographic area. Puerto Rico is situated at
latitude 18°N and longitude 66°-67°W. The
highest point in Puerto Rico is Cerro de Punta, a
mountain peak in the Cordillera Central, at 1338
meters of elevation. Sierra de Luquillo is an
isolated range located on the northeast part of
the island. This range contains the peak EI
Yunque, which harbors a rainforest that receives
some of the highest rainfall totals on the island.
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Table 1
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hows the geographical location of the island of Puerto Rico, located between the North
Atlantic and the Caribbean Sea

. Shows the locations of the 13 meteorological stations studied, including the name of
each station and its longitude, latitude, and altitude

Station Period % data Lat (N) Long. (W) Elevation (m)
Aguada (Coloso) 1950-2014 95 18° 23' 67° 09' 12
Aibonito 1950-2014 92 18° 13’ 66° 26' 710
Ceiba 1950-2014 94 18° 26' 65° 64' 10
Corozal 1950-2012 93 18° 20’ 66° 22' 198
Guayama 1950-2014 96 17° 59' 66° 05' 22
Isabela 1950-2014 97 18° 28' 67° 10' 128
Juncos 1950-2014 98 18° 22 65° 92' 65
Lajas 1950-2014 93 18° 02 67° 04' 27
Manati 1950-2014 95 18° 26' 66° 28' 76
Mayaguez 1950-2013 92 18° 11" 67° 08' 18
Ponce 1950-2014 91 18° 02' 66° 32' 21
San Juan 1950-2014 98 18° 26' 66° 00' 3
Utuado 1950-1998 93 18° 16' 66° 41' 158
Source: [8]

Table 2. Shows the number of samples (n), p-value, mean value, Standard Deviation (SD) and

Diurnal Temperature Range (DTR), for the thirteen analyzed stations

Station n p - value Mean value  Standard Deviation (SD) DTR (°C)
Aguada (Coloso) 65 < 0.0011 0.009 -452 -0.61
Aibonito 65 0.428 0.0017 -241 -0.58
Ceiba 65 <0.011 0.009 -552 -1.11
Corozal 63 0.275 -0.124 -185 -1.03
Guayama 65 < 0.0001 -0.032 -1009 -1.43
Isabela 65 < 0.011 0.009 -455 -2.11
Juncos 65 <0.011 -0.117 -452 -2.20
Lajas 65 0.508 -0.041 -118 -0.17
Manati 65 < 0.0011 0.124 -1123 -2.17
Mayaguez 64 < 0.001 -0.672 -1123 -2.50
Ponce 63 0.198 -0.211 -218 -1.24
San Juan 59 < 0.001 -0.004 -507 -1.14
Utuado 49 < 0.001 0.150 -506 -1.96
Average -1.33




The non-parametric Mann-Kendall (M-K) test is
commonly employed to detect monotonic trends
in series of environmental data, climate
(temperature, precipitation or hydrological data.
When performing a M-K analysis, it is found that
a very low negative value indicates a downward
trend (Table 2). When the calculated p value is
lower than the significance level alpha = 0.05,
the negative trend is maintained in Aguada,
Ceiba, Guayama, Isabela, Juncos, Manati,
Mayaguez, San Juan and Utuado stations,
standard deviation (SD) is analyzed, it can be
observed that it is much more negative than the
Mean value, so the negative trend of the
remaining series can be justified (Aibonito,
Corozal, Lajas y Ponce).

5. METHODOLOGY

An inspection of the station histories reveals a
number of network improvements in automating
temperature measurements in recent years. A
full assessment of the homogeneity of the data
awaits a detailed analysis. The station networks
in PR include some stations from urban areas,
but the countrywide decreases in DTR are not
included by these stations. Incomplete
information is available regarding systematic
changes in instrumentation at these locations
during the past several decades. The data were
inspected and adjusted when necessary for
station relocations based on temperature
differences with neighboring stations. All stations
in PR were adjusted using the procedures
outlined by [1].

For each station the annual average maximum
and minimum temperature was obtained by
averaging the monthly values for each year the
recording stations were used. The DTR was
calculated from the difference between the
average annual maximum and minimum
temperatures. Changes in the Tmax, Tmin, and
DTR were calculated by subtracting each of the
respective yearly average values, and the
average value of each series was analyzed.

The daily maximum and minimum surface air
temperature data for 1950-2014 were taken
from 13 meteorological stations across Puerto
Rico between 17.7-18.7°N latitude and 67.5—
65.2°W longitude. The station locations are
shown in Fig. 1; the numbers indicating the
stations and their names and locations are
shown in Table 1. The series satisfy the following
conditions:
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e The stations cover the entire geography of
the island.

e The data are validated by NOAA's National
Climatic Data Center (NCDC).

e The stations have less than 10% missing
data.

e The data has been validated by the
Climate Data Center.

n
_ 1
Tmin = —Z Timin (€Y
=
1 n
ATmin = ZZ[T‘min — Timin] 2)

i=1

Tmin: Average minimum temperature
Tmin: Minimum daily temperature
ATmin: Variability of the minimum temperature

n
1
Tmax = —Z Tmax 3)
=
1 n
ATmax = ZZ[Tmax — Timax] @)
i=1

Tmax: Average maximum temperature

ATmax: Variability of the maximum temperature
Tmax: Maximum daily temperature

Tmin: Average minimum temperature

Tmin: Minimum daily temperature

n
1 _ _
DRT = ZZ[ATLmax — ATimax] 5

i=1
6. RESULTS AND DISCUSSION

The DTR has decreased over many land areas
since 1950, mostly as a result of larger increases
in Tmin than in Tmax. In this paper, we have
analyzed the spatial dependence of long-term
trends in Tmax, Tmin, and DTR over land in
Puerto Rico during 1950-2014.

Of the meteorological stations studied, San Juan
has the most detailed analysis because it is
located at the Luis Mufioz Marin Airport very near
Atlantic Ocean. The National Weather Service
(NWS) reports that between January 1, 2008,
and May 31, 2010, 143 record temperatures
were tied or broken at the Luis Mufioz Marin
International Airport station. Of these, 124 (87%)
were warm temperatures, while only 19 (13%)



were cold temperatures. Extrapolating from the
analysis carried out by the NWS, we can see that
most of the stations studied have experienced
similar environmental influences, i.e., increases
in construction and poorly planned growth. The
negative trend in the DTR is maintained at rural
stations (Aibonito, Corozal, Juncos, and Utuado),
although the values are more extreme at urban
stations or at stations that correspond to the
coast, in both the south and north of the island.

The station of Lajas behaves differently from the
other stations studied. This station is located on
the 7.2-hectare Isla Mayagliez, 50 meters (160
feet) from the southwest coast of the island of

Yearly Mean Tmax, Tmin
AIBONITO
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Puerto Rico. It is surrounded by mangroves and
has an interior habitat of dry scrub. From 1965 to
1975, the trend in both temperatures on this
island maintained an increasing slope and
overlapped; however, from 1980 onward, the
slope of Tmin has grown with respect to that of
Tmax.

[2] reports that during the period from 1951 to
1990, the change in DTR was —-1.50°C per year
for USA. The current study found that in 64 years
of data from 13 meteorological stations, Puerto
Rico has an annual DTR of -1.33°C. These
results are within the range of other
investigations’ findings.
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7. CONCLUSION

These results indicate that the observed changes
in DTR could be a climatic response to the
anthropogenic emission of greenhouse gases
and aerosols. Several global and regional
research projects have accepted that the global
DTR decreased during the second half of the
20th century. Our findings here, based on
analyses of the DTR behavior at the studied
meteorological stations, confirm this by revealing
some important findings. First, all stations show a
negative change in DTR (Fig. 2). This decrease
is due to an increase in the average temperature
of PR, generated by an increase in the Tmin
almost three times that of the Tmax [8]. Due to
the DTR behavior at these stations, they can be
categorized into two large groups. The first group
consists of nine stations (Aguada, Ceiba,
Guayama, Isabela, Manati, Mayaguez, Lajas,
Ponce, and San Juan) where the increase in the
variability of the Tmin in the mountain of Puerto
Rico was observed in the 1970s, while the
second group consists of four stations (Aibonito,
Corozal, Juncos, and Utuado) where this
increase was manifested a little later, in the
1980s.

The M-K analysis shows a negative
tendency in all the series, in nine stations,
using the p-value as an indicator; are:
Aguada, Ceiba, Guayama, Isabela,
Juncos, Manati, Mayagliez, San Juan and
Utuado, in the remaining stations (Aibonito,
Corozal, Lajas and Ponce), the trend is
also decreasing, if we use SD as an
indicator compared to the average of the
series.

The behavior of the Lajas station, located
southwest of the island, shows a positive
trend in the DTR, and the Tmin and Tmax
present parallel slopes. However, this
station maintains an increase in the Tmin
with respect to the Tmax, although this is
smaller than that of the other stations. This
behavior may be due to the station’s
geographical location on Isla Magueyez,
approximately 150 m from the island of
Puerto Rico, which makes the wind regime
less stable.

Analysis shows that the DTR has
decreased since the middle of the last
century in PR, suggesting that this trend
will continue. For this reason, a more
detailed analysis is recommended for
future studies to investigate the various
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factors related to spatial and temporal
changes in the DTR trend.

It has been confirmed that the change in
the RTD has an important effect on the
population of amphibians in PR [45], as
well as in the population of Sea Turtles in
Boca Raton, Florida [46].
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