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ABSTRACT

Small tropical islands like Puerto Rico are especially vulnerable to climate change impacts, yet are
often underrepresented in most datasets because the spatial resolution is too coarse to sufficiently
cover their complex terrain. This study was done to better understand how the climate has changed
in the various regions of Puerto Rico, which will support a transition to renewable energy and aid
in projecting future climate impacts on the residents and land they live on. This study used multiple
datasets including Daymet, a daily surface weather and climatological summary; European Centre
for Medium-Range Weather Forecasts Reanalysis version 5 (ERAS); and station observations. The
climate variables examined here include minimum and maximum near-surface air temperature,
daily precipitation, incident shortwave radiation, and large-scale upper atmosphere conditions. The
time periods cover the years 1950-2019. Results in both Daymet and station observations show
long-term warming trends throughout every season. In particular, the minimum winter
temperatures increased the most compared with maximum and mean air temperature. Northeast
Puerto Rico, where the majority of the island’s population is located, experienced the largest
warming. Summertime precipitation has decreased over time, and spring and fall precipitation has
increased. The largest increase in fall is because there has been more available precipitable water,
lower sea-level pressure, and favorable cyclonic circulations from the trade winds over the past
seven decades. Overall, wet days are getting wetter, while dry days are getting drier. While there
are good solar energy potential, we see a long-term decreasing trend in shortwave radiation over
time in all seasons across entire island, possibly due to the increase of cloud cover.



1 INTRODUCTION

Small tropical islands are vulnerable to the impacts of climate change. These impacts include
increased dry periods, lower productivity in food and products, decreased local biodiversity, and
an overall rise in sea levels, which can affect the livability of low-elevation coastal regions
(Fordham and Brook 2010; Singh and Bainsla 2015). Puerto Rico is uniquely vulnerable even
among tropical islands, due to its low-lying geography, hydrological landscape, and small size
(Ramos-Scharron et al. 2021). The impacts of climate change are also found to increase the
intensity of tropical storms in the region based on observations (e.g., Kang and Elsner 2015; Bhatia
et al. 2019). These extreme storms have extensive impacts on Puerto Rico’s property and power
grid. In 2017, for example, Hurricane Maria caused an estimated 2,982 fatalities and the largest
blackout in U.S. history, and left 1.5 million people without power and over $90 billion in property
damages (Pasch et al. 2023). Although Puerto Rico is a U.S. territory, climate observations over
the region are not as extensive as data available over the contiguous United States (CONUS). Many
regional climate models have spatial resolutions that are too coarse to cover the complex terrain
of Puerto Rico, and some do not attempt to cover the small island at all (Mearns et al. 2017; Liu et
al. 2017; Gensini et al. 2023). Global climate models or earth system models that have grid spacing
coarser than 2 degrees have even worse difficulties; they may completely ignore the island and
treat it as an ocean grid.

Puerto Rico is largely composed of mountains that span west—east on the interior of the island,
with steeper slopes to the south (Figure 1). In the mountains, Adjuntas is sparsely populated while
the other coastal cities have much larger populations. The most densely populated areas are the
lowlands on the northern coast and a few regions of lowlands along the southern and western
coasts. Puerto Rico had a population of 3.194 million in 2020, in stark contrast to only 2.205
million in 1950—a 44.85% increase in population over the 70 years. San Juan, the capital of Puerto
Rico, is located in these northern lowlands. It has the highest population in Puerto Rico, roughly
342,259 inhabitants as of 2020. It has grown from nearly 224,000 in 1950. The San Juan metro
area, which consists of San Juan and much of the eastern half of the island, is roughly 76% of
Puerto Rico’s entire population. The lowlands are also used as farmland, making them especially
vulnerable to temperature and water changes within the regions. Existing studies of the region tend
to focus on specific events, because the island is heavily affected by extreme storms such as
hurricanes (Pokhrel et al. 2021). Climate change has only worsened these extreme events (e.g.,
Bhatia et al. 2019). To make informed decisions on infrastructure going forward, it is important to
understand how Puerto Rico’s climate has changed in observable history. Renewable energy on
the island would mitigate climate change impacts in the region and make the power grid less
vulnerable in cases of extreme events. This report utilizes unique observation-based and reanalysis
data products and provides a look into long-term historical climate change impacts on prevalent
weather variables. It also explains the changes of these variables due to large scale environment
change such as sea level pressure, precipitable water, as well as trade winds.
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Figure 1. Terrain map of Puerto Rico including elevation and sites of observation data used
in this report.

2 DATA
2.1 DAYMET VERSION 4

Daymet is a gridded estimate of daily weather parameters for North America, Hawaii, and Puerto
Rico, developed by Oakridge National Laboratory (Thornton et al. 2022). The dataset covers the
period from January 1, 1950, to December 31 of the most recent full calendar year for Puerto Rico.
We choose Daymet because it is the only available gridded data product that provides high spatial
and temporal resolutions (1-km daily data) over 70 years over Puerto Rico. The weather parameters
include daily minimum and maximum near-surface air temperature, precipitation, vapor pressure,
solar radiation, snow water equivalent, and day length. Of these, the main parameters used in this
report are daily minimum and maximum surface air temperatures, precipitation, and incident
shortwave radiation. The input data for Daymet were observations from ground-based
meteorological stations available from the Global Historical Climatology Network-Daily dataset
provided by the National Centers for Environmental Information (Menne et al. 2012). In locations
with low station density, the latest algorithm of Daymet v4 dropped the iterative station density
calculation and instead used a precalculated array of station distances to define a search radius for
each estimation location which was sized to capture the average number of input stations. As such,
Daymet is one of the few datasets that has a high-resolution estimate over low-station-density
regions.
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2.2 ERAS

ERAS is a reanalysis dataset that combines vast amounts of historical data into global estimates
using advanced modeling and assimilation systems. We use ERA5 due to its large amounts of
weather variable and the high spatial and temporal resolution available over a long temporal
period. The ERA5S dataset includes many weather variables on an hourly basis, on 37 pressure
levels and at a spatial resolution of 30 km. It is potentially useful for examining large-scale climate
forcings, although its coarseness does not capture the complex terrain and neglects the localized
climate of the small island (compare Figure 2 and Figure 3). ERA5 land-only data has a higher
resolution, 9 km, but excludes some coastal regions on the island.
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Figure 2. 1950-2019 averaged fall air temperature using standard ERA5
atmosphere (spatial resolution: 30 km, top), and ERAS5 land-only (spatial
resolution: 9 km, bottom).



2.3 STATION OBSERVATIONS

Station observations are local climate conditions taken from specific sites throughout Puerto Rico.
We use these datasets as cross validations for Daymet because they are the actual climate
conditions observed in the area—although there could be uncertainties in these observations.
Monthly averaged station data were obtained through the National Weather Service National
Oceanic and Atmospheric Administration. The data available varied depending on the site, but
variables included were based on daily minimum, daily maximum, average near-surface air
temperatures, precipitation, snowfall, snow depth, heating degree days, cooling degree days, and
growing degree days. In this report, we used temperature and precipitation to cross validate the
Daymet and ERAS5 data products. We picked 12 sites to use, based on years of data available and
the latitude and longitude information available. The sites had varying years of data available with
San Juan going as far back as 1899. Precipitation values were available at all sites. Minimum and
maximum temperature were available at 9 of the 12 sites. Note that the San Juan observation data
is an average of the San Juan Metro area measurements, while the others were taken at each site’s
location. Observation data were missing for some years and was not used in calculations.

3 METHOD

Monthly averages were calculated for each variable over all the years available. The data were
grouped by seasons: winter (December, January, February), spring (March, April, May), summer
(June, July, August), and fall (September, October, November). All calculations were done with
respect to time over each latitude/longitude grid point. Linear regression was calculated at every
pixel using the variable with respect to time. The formula used first calculated covariance along
the time axis using:

271Y=1(Xn_Xmean)*(Yn_Ymean)
N

cov =

where X is the data being calculated with respect to, in this case time; Y is the data calculated, in
this case the temperature, precipitation, and incident shortwave radiation; and N is the number of
data points. Standard deviation (xstd) of each variable was calculated using a built-in NumPy
command along the time axis. Last, the slope of the linear regression (or the long-term trend) was
calculated using covariance and standard deviation with formula:

cov
xstd?

slope =

The slope maps in Section 4 show the variable’s long-term trend in Fahrenheit/year, mm per
day/year, and watts per square meter/year for temperature, precipitation, incident shortwave
radiation, respectively. We also use 1950-1979 as a baseline, and compare with the most recent
30 years (1989-2019) to show the climate change impacts on each variable across Puerto Rico.

4 RESULTS

This section presents the seasonal averaged air temperature and precipitation; the seasonal
averaged daily maximum air temperature for summer, spring, and fall; and the seasonal averaged



daily minimum air temperature for winter. Direct time series comparisons to station observation
sites in the northwest, northeast, southwest, southeast, and two sites in the interior mountains
(Figure 1) were also made for temperature and precipitation.

4.1 TEMPERATURE

Figure 3 shows the seasonal mean air temperature, changes in seasonal mean air temperature from
baseline (1950-1979) to the most recent 30 years (1989-2019), and the slope of linear regression
of the seasonal mean air temperature over the past 70 years. It is apparent that the lowlands to the
South and North are the hottest regions in Puerto Rico. The mountains in the interior can be up to
15°F cooler than the coast in the summer. Among the four seasons, summer and fall are the hottest,
with the mean air temperature getting to about 84°F along the coast; winter is the coolest, with the
mean air temperature getting to as low as 62°F in the interior. However, because Puerto Rico is
located within the tropics, mean temperature does not have as much seasonal variability as in
latitudes farther from the equator. All four seasons show warming trends, with the eastern and
southwestern regions of the island warming more (1-2°F) than the central part (0.5-1°F) from
early decades to the recent decades. The long-term trend is consistent with decadal changes in
terms of the spatial variability of the temperature warming.
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Figure 3. (a) Seasonal mean temperature in Fahrenheit, 1950-2019. (b) Seasonal mean
difference in Fahrenheit, 1989-2019 minus 1950-1979. (c) Long-term trend (or slope of
linear regression) of seasonal mean temperature, 1950-2019.
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Figure 4 shows the seasonal mean daily maximum (minimum for winter) air temperature during
the past 70 years, their changes from baseline to the most recent 30 years, and the long-term trend
over the past 70 years. Among the four seasons, summer and fall are the hottest; mean daily
maximum air temperature is in the 90s (°F) along the coast. Winter is the coolest: mean daily
minimum air temperature is about 58°F in the interior. San Juan and Ponce, two heavily populated
cities on different coastlines, are included in the areas of highest mean daily maximum air
temperature. For the daily maximum air temperature, the warming is slightly weaker than that for
seasonal mean, with 0.5-1.5 °F over east in summer and northeast in spring and fall. The changes
in seasonal mean and daily maxima indicate that the air temperature distribution is not only shifting
warmer, but also getting narrower. On the other hand, the Daymet data shows that the maximum
air temperatures in summer to fall experience some cooling over the western regions, even to the
southwest, where the seasonal mean was increasing. The area of greatest cooling is in the
mountainous region with less station density, so the cooling over the western regions could have
large uncertainties in the Daymet data product. The minimum air temperature in winter has
warmed uniformly across the entire island, 1.5-3°F from early decades to recent decades over the
eastern and southwestern coasts, and 1-1.5°F over the central island. The warming for the
minimum winter air temperature is much stronger than that for the winter mean air temperature as
well as the seasonal mean maximum temperature in the other three seasons throughout the entire
island, consistent with findings of most of the North American continent (Zobel et al. 2017).

Overall, we see vast spatial variability in long-term trends across the entire island, calling for a
very high-resolution dataset to investigate any climate change over Puerto Rico. Typical Earth
System Model grids or moderate resolution of a Regional Climate Model grid are not sufficient
for this purpose. San Juan, the most populous city in Puerto Rico, has one of the highest rates of
temperature warming in all seasons. This trend continues to the region east above Humacao and
as far as the islands. While Ponce has been less affected by the summer warming than San Juan, it
has a slightly higher average maximum temperature than San Juan. Both of these highly populated
cities have an average maximum temperature of ~90°F in the summer, which is worsened for their
inhabitants by the humidity of the island.
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Figure 4. (a) Seasonal average daily maximum air temperature in summer, spring, and fall,
and daily minimum air temperature in winter. (b) Air temperature difference between 1989—
2019 and 1950-1979 (1989-2019 minus 1950-1979) for seasonal average maximum of
summer, spring, and fall and minimum of winter. (c) Long-term trend (or slope of linear
regression) of seasonal maximum temperatures for summer, spring, and fall and seasonal
minimum for winter, 1950-2019.

Figure 5 compares Daymet and in-situ observations for summer (winter) mean and daily maximum
(minimum) air temperature and their long-term trends based on linear regression using 70-year
Daymet data and more than 100-year in-situ data over locations across the islands with various
terrains and land uses. In general, the Daymet and in-situ data are quite close in terms of both long-
term trends and temperature magnitudes, except for winter minimum air temperature. For example,
both the summer mean air temperature and the daily maximum air temperature over the San Juan
area are steadily increasing. Both winter mean and daily minimum air temperature are increasing;
however, as mentioned, there is a discrepancy between in-situ observation and Daymet in daily
minimum air temperature. For example, Daymet is 4°F lower than in-situ observations over the
San Juan area. There are uncertainties in both datasets. However, we found that the Daymet data
do not consider urban land use and its warming effect, which potentially the air temperature could
be lower than observations. On the other hand, Daymet is 5-6°F higher than in-situ observation
over Adjuntas, with the highest elevation over entire island, indicating that either the Daymet’s
grid spacing is still not fine enough or the algorithm in Daymet is not sufficient to capture the
changes of air temperature of high elevations.
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Figure 5. Daymet and in-situ observed 2-m air temperature (in Fahrenheit) time-series in
summer and winter over Coloso (Northwest), San Juan (Northeast), Lajas (Southwest),
Guayama (Southeast), Adjuntas (western mountain), and Aibonito (eastern mountain). Solid
lines are Daymet, dashed lines are in-situ observations.
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4.2 PRECIPITATION

Figure 6 shows seasonal precipitation, precipitation change from the baseline to the most recent
three decades, and the 70-year-long trend in precipitation data in Daymet. From the geospatial
pattern of seasonal mean precipitation (Figure 6a), we see that the majority of rain falls in El
Yunque to the northeast in all seasons. Due to the steep mountains toward the southern interior,
cities like Ponce get less than half of the rain compared other locations on the northern coast, which
are exposed to northeastern trade winds. The trade winds bring moisture from the Atlantic that is
favorable for the formation of rainfall (Richards et al. 2015; Gomez-Gomez et al. 2014).

All seasons have a similar spatial trend for magnitude of daily precipitation. Fall has the most
rainfall compared with the other three seasons. Fall reaches just over an average 10 mm per day in
El Yunque. The interior mountains and the majority of the island receive at least 6 mm per day.
Fall is the only season with noticeably higher precipitation over the peaks of the western
mountains. Winter has the least precipitation, with the majority of the island receiving less than
4 mm per day. El Yunque is the exception, reaching around 7 mm per day. Spring and summer
have similar spatial patterns of precipitation, with summer having 1-2 mm more precipitation than
spring in most regions. The exception is the south and southwest parts of the island where the
minimum is about 2.5 mm per day.

Figures 6b and 6¢ show the change in precipitation from the early 20™ century (baseline) to recent
decades, as well as the long-term trend over the 70-year period. Over the majority of the island,
summer precipitation has decreased by more than 20% over many locations, especially over the
southern coast, which is already very dry compared with other parts of the island. There has also
been a significant decrease in precipitation over both the western and eastern parts of the island.
Given that most of the freshwater used for drinking, agriculture, and production of goods is found
within rivers or aquifers, decreases in precipitation can be detrimental; precipitation is one of the
main sources of replenishment (Gomez-Gomez et al. 2014). Compared with summer and winter,
Fall and spring precipitation increases over last more than 70 years over the entire island. The only
exception is in small regions below Mayaguez and Humacao, which show small decreases. We
investigated the potential mechanisms for these precipitation changes across seasons by looking at
atmospheric circulations, total column precipitable water, and sea level pressure (SLP) changes in
Section 4.4.
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Figure 6. Daymet precipitation data with observation sites. (a) Seasonal mean daily
precipitation (mm/day), 1950-2019. (b) Seasonal percentage change of averaged daily
precipitation, 1989-2019 minus 1950-1979. (c) Long-term trend (or slope of linear regression)

of seasonal averaged daily precipitation, 1950-2019.
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Figure 7. Long-term trend (or slope of linear regression) of seasonal precipitation change with

respect to year from 1950-2019 (mm/yr).

To validate the Daymet precipitation data, Figure 7 shows the long-term trends of seasonal
precipitation during 1950-2019 from station observations. Overall, the in-situ precipitation data
shows a similar long-term trend to that seen in Daymet data, indicating that the Daymet data can
reasonably capture the long-term trend and seasonal as well as spatial variabilities. For example,
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there are overall increases in the fall and spring while decreases in summer; and winter has the
lowest magnitude of changes.

Coloso San Juan
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Figure 8. Time series of daily precipitation (in mm/day) for Coloso, San Juan area, Adjuntas,
Aibonito, Lajas, and Guayama for fall (the wettest season) during 1950-2019 for Daymet and
even longer time series for certain locations. Solid lines are based on Daymet data. Dashed
lines are based on station observations.

Figure 8 compares the time series and long-term linear trend of the six locations shown in Figure
1 from in-situ observations and Daymet data. While the long-term trends do not specifically match
over all the locations, Daymet still does a good job at estimating precipitation; it matches daily
magnitudes and their temporal variabilities very well. Precipitation is a highly localized variable
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and can vary greatly even within a small spatial area, and these values were taken at a specific
latitude/longitude pair. Therefore, these results are encouraging because there are not many
datasets available over Puerto Rico. The precipitation and the air temperature available in Daymet
at such a high spatial and temporal resolutions can be very useful when evaluating climate change
and its impacts on water resource and energy.
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Figure 9. Daymet extreme precipitation data with observation sites. (a) Percentage change of
seasonal 95th percentile daily precipitation in 1950-1979 compared to 1989-2019. (b) Percentage
change of seasonal 5th percentile daily precipitation in 1950-1979 compared to 1989-2019.

To further illustrate the changes in precipitation, Figure 9 shows the changes in the 95th and 5th
percentiles of each seasons' daily precipitation. To avoid an outsized influence from
nonprecipitating days and days with drizzle, both percentiles were taken from daily data that had
precipitation values of >0.1 mm per day. In general, we found that the spatial pattern of the changes
in 95th percentile was very similar to that of mean changes. For example, there is a decrease in
summer extreme precipitation and an increase in spring and fall precipitation over the majority of
Puerto Rico. During the spring and fall, extreme rainfall greatly increases over most of the island,
except over the southwest and EI Yunque, where precipitation decreases by ~7%. Precipitation in
the EI Yunque region is consistently high, but the 95th percentile and mean both decrease over the
rainforest. The rest of the island experiences a 10-45% increase in 95th percentile precipitation
during the spring. The largest increase is the island’s southern coast, which receives the least daily
precipitation. Fall has similar spatial trends: the 95th percentile increases by 6—20%, with the
greatest increase over the central interior of the mountains. During the summer, precipitation
decreases by 0-15% over most of Puerto Rico. There are localized areas of 14-20% increase in
the Arecibo and central interior mountains. Winter experiences the greatest spatial differences in
95th percentile precipitation. The areas of increase between Lajas and Guayama extend into the

17



mountains to the north. These increases range from 14-35%. The rest of Puerto Rico shows a
decrease of 5-20% during this time.

The changes in 5th percentile precipitation are spatially similar during all seasons. The central
interior of the mountains, parts of the southwest, San Juan, and area to the east of San Juan are the
only regions where precipitation increases, by around 20-40%. Precipitation in the rest of Puerto
Rico show 20-60% decrease in all seasons. We also examined the days that exceed the baseline’s
95th percentile or days below the baseline’s 5th percentile, and found most days above or below
the extremes occur in San Juan. The most urban site in San Juan had the greatest number of days
that exceeded the extreme percentile threshold. This could indicate that, especially in urban areas,
the wet days are getting wetter, and dry days are getting drier. There was not a clear long-term
trend in the number of days that exceed the baseline’s 95th percentile. However, we do see an
increasing trend through all seasons for the number of days below the 5th percentile, which
indicates that more and more dry days are happening across the island.

4.3 SHORTWAVE RADIATION

Incident surface shortwave radiation can be roughly defined as solar energy with wavelengths in
the range of 300-3000 nm that reach the Earth’s surface. The Daymet incident shortwave radiation
flux density is an average over the daylight period of the day. Daymet uses the primary temperature
and precipitation values to derive shortwave radiation and provides valuable data for examining
changes and long-term trends. It can inform solar panel setting decisions, which will be useful in
Puerto Rico’s planned transition to solar energy. There is no radiation data available from in situ
observations over Puerto Rico, so we were not able to validate the Daymet radiation data.

As shown in Figure 10a, Daymet presents the seasonal variability of solar radiation, with spring
and summer having larger incident shortwave radiation than fall and winter. Spatially, the highest
incident shortwave radiation is in the southwestern region of the island, and the lowest is in the
east near El Yunque. This geospatial pattern correlates well with the spatial pattern of precipitation.
Increased clouds within the region would reflect more of the radiation away from the land surface.
For example, El Yungue has the highest precipitation year round, but the lowest shortwave
radiation. On the other hand, on the southwestern and southern coast there was little rain year
round, which led to higher incident radiation. However, the change in incident shortwave radiation,
as shown in Figure 10b, decreased in every season from baseline to the most recent decades. There
was a larger decrease in spring and fall, possibly due to the precipitation increase in these two
seasons. Note that even though the incident radiation is lower in the east and in cool seasons, the
values still are near 300 watts/meter?. This is the average over each daylight hour in a day, which
computes to approximately 3,000 watts/meter? throughout the day for each square meter. For
reference, it takes about 350 watts to drive an electric vehicle a mile, so a day of solar radiation
can provide power for ~8.5 miles of driving.
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Figure 10. Daymet shortwave radiation data with observation sites: (a) Seasonal mean
incident shortwave radiation in W/m? per daylight hour, 1950-2019. (b) Seasonal difference
of shortwave radiation in W/m?, 1989-2019 minus 1950-1979. (c) Long-term trend of seasonal
shortwave radiation, 1950-2019.

4.4 LARGE-SCALE METEOROLOGICAL CONDITIONS

Large-scale weather parameters such as trade winds, total column rainwater (TCRW), SLP, and
total cloud cover were examined using the ERAS dataset. The average of the available ERA5S data
was taken from the 1959-2019 time period. The difference was computed between the 1990-2019
and 1959-1989 time periods to investigate any large-scale condition changes within the past 60
years. SLP shows increases in summer and winter, and a decrease in fall, promoting precipitation
increase over Puerto Rico and the Caribbean islands during the fall. The total cloud cover is
increasing over Puerto Rico in every season, especially summer and fall. This might be associated
with the decrease of the incident solar radiation.
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Figure 11. Top: Changes in ERA5 monthly averaged SLP. Bottom: Changes in total cloud cover.
Changes are calculated using the 1999-2019 average minus the 1959-1979 average.

Figure 12 shows the seasonality of and changes in TCRW over the past 60 years. First of all, fall
receives the largest amount of TCRW compared to other seasons across the region we examined,
including Puerto Rico and surrounding islands. There is particularly high TCRW over the east
coast of Puerto Rico, consistent with the highest precipitation in the fall. TCRW also shows a clear
difference between land and sea: TCRW is higher over islands than over sea. This could be due to
the winds shown in Figure 13. The Puerto Rican mountains block and accumulate the moisture
brought by the trade winds. Interestingly enough, TCRW also increases more in fall than in the
other three seasons. The next-highest increase is in the spring, consistent with the precipitation
increase shown in Figures 6b and 6c. This provides a moisture source for precipitation

development.
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Figure 12. ERA5 monthly averaged TCRW. Top: Average monthly TCRW in kg/m? from 1959—
2019. Bottom: Changes in monthly averaged TCRW, 1999-2019 average minus 1959-1979 average.
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While we see decreases in SLP and an increase in TCRW, particularly in the fall, it is important
to investigate the circulations and their changes because they provide dynamic forcing to develop
precipitation. Figure 13a shows persistent trade winds: easterly winds that blow across the North
Atlantic, bringing moisture to Puerto Rico. The trade winds originate near the North Pole, so they
tend to be stronger in the winter and weaker in the summer. Trade wind intensity has an inverse
effect on precipitation potential: the stronger the winds are, the more the sea is disrupted, mixing
cool and warm water, which is less favorable for precipitation development. On the other hand,
weaker trade winds allow the warm water near sea surface to be brought into the islands. This also
explains the higher magnitudes of precipitation in the summer and fall compared to winter and, to
a lesser extent, spring. However, the direction of the winds remains important for moisture to be
brought to the islands. Because the trade winds arrive in Puerto Rico from the northeast, the
mountains create a rain shadow for the southern coast of the island.

Figure 13b shows the changes in these winds during each season for the past 60 years. We found
that fall showed a cyclonic circulation in the wind pattern changes (1999-2019 averages minus
1959-1979 averages), bringing moisture from the northern Atlantic to Puerto Rico. This is
favorable for convergence and increased precipitation (Figure 6b, 6¢). Spring shows the same
change in wind pattern, but to a lesser extent. This explains the spring increase in rain, along with
the increase in precipitable water (Figure 12). Summer and winter, on the other hand, do not show
the cyclonic circulation. Instead, there might be an anti-cyclone in the north of the domain shown
in Figure 13. The wind speed is becoming much stronger in winter, intensifying the ocean mixing
between cool and warm water. Therefore, these conditions are not favorable for the development
of precipitation.
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Figure 13. (a) ERAS5 seasonally averaged 10-m wind speeds (contours) and directions (arrows),

1959-2019. (b) Changes in winds in each season, 1959-1979 compared to 1999-2019 (1999-2019
minus 1959-1979).
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4.5 LOCAL-SCALE LAND COVER CHANGES

Puerto Rico is home to large amount of urban sprawl (Homer et al. 2004). The urban land cover
area is expanding quickly, but the population density in this area is low. Based on Kennaway et al.
(2007), urban and developed areas have increased 795% from 1951 to 2001. This land cover
includes military and naval reserves, nonproductive land, and highly developed urban land cover.
Puerto Rico has continued to grow in population since 2001, but more recent land cover data is
currently unavailable. Urban land cover absorbs and retains much more heat than other types of
land cover. This can cause effects such as urban heat islanding and urban pollution islanding,
which increase the local temperatures and air pollutants in urban areas (Li et al. 2018). These
combined warming effects from global and local scale (Figure 4) in all seasons over the northeast
coast and San Juan area increase the threat of higher pollution, heat-related health issues, and
higher energy costs. Urbanization can also have significant impacts on precipitation through
various mechanisms. It can either enhance or reduce precipitation amounts or change precipitation
spatial patterns, depending on the physical areas and the precipitation types being studied, as well
as the definition of urban versus rural areas (Lin et al. 2021; Song et al. 2021; Li et al. 2023).

5 SUMMARY AND DISCUSSION

Puerto Rico is still in recovery years after being hit by devastating tropical storms such as
Hurricane Maria in 2017. The lack of renewable energy in particular worsen the impacts of
anthropogenic induced climate change on the island, and leave it vulnerable if another extreme
storm occurs there. Thus, it is important to investigate how the climate in Puerto Rico has already
changed in observable history to inform transition to renewable energy. Our study revealed that
temperatures have already increased as much as a few degrees over the past seven decades within
areas such as the land between San Juan and Humacao. Mean temperature has increased
throughout the entire island, especially in fall and summer, which were already the hottest months.
Summer had the highest rate of warming out of all seasons: temperatures increased by 1-2°F
throughout all of Puerto Rico in these months. Maximum temperature has increased in every
season in all of the island’s urban areas. The average maximum temperature, which was already
in the range of 90-100°F has increased by a degree in cities like San Juan. This poses a threat to
the population, which is exposed to long periods of intense heat. Minimum temperature increased
at an even higher rate than mean and maximum air temperature throughout all of Puerto Rico for
every season, especially in winter, which indicates that the islands are experiencing shorter winters
and longer summers under global warming. Rapid urban sprawl is another reason that caused a
greater temperature increase.

Changes in precipitation over time have been less straightforward. In general, we see decreased
precipitation in summer and increased precipitation in spring and fall. This increase in rainfall is
caused by decreases in SLP, increases of precipitable water, and increases in the cyclonic
circulations brought by the trade winds. These changes in seasonal mean precipitation are mostly
due to the contributions from extreme precipitation (95" percentile and higher). On the other hand,
there was also an increase in the number of very dry days (precipitation less than 5™ percentile)
over the past seven decades in all seasons over most regions. Incident shortwave radiation was
highest in the spring, followed by summer. Even winter values are not necessarily low, as the
tropics tend to get more sunlight than latitudes farther from the equator. These values showed a
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decrease in every season, as the total cloud cover increased. While this is not favorable for solar
renewable energy, the values were still large.

Our study benefits significantly from Daymet data. Although Daymet only provides an estimate
of a few weather parameters, these provide a closer look at the Puerto Rican climate at a high
resolution that captures its complex terrain that is often overlooked. In addition, there is often no
instrumentation within certain regions to capture these near-surface meteorological variables, so
the Daymet data was very helpful. Daymet appears to show a consistent trend and magnitude with
real-world climate data over most of the locations examined.
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7 DATA AVAILABILITY

Daymet is a dataset derived from interpolation and extrapolation of daily meteorological
observations (https://doi.org/10.3334/ORNLDAAC/2129)

Monthly averaged station data was obtained through the National Weather Service National
Oceanic and Atmospheric Administration (https://www.weather.gov/wrh/Climate?wfo=sju).
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