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Water Resources Region 21: Caribbean Region

1. Introduction

U.S. Army Corps of Engineers (USACE) staff are increasingly considering potential climate
change impacts when undertaking long-term planning, setting priorities, and making decisions
that affect resources, programs, policies, and operations, consistent with the 2011 and 2014
policy statements on climate change adaptation by the Assistant Secretary of the Army for Civil
Works, the USACE Climate Change Adaptation Plans, and agency policy and guidance. USACE
is undertaking its climate change preparedness and resilience planning and implementation in
consultation with internal and external experts using the best available — and actionable — climate
science and climate change information. This report represents one component of actionable
science, in the form of concise and broadly-accessible summaries of the current science with
specific attention to USACE missions and operations. This report is part of a series of twenty one
(21) regional climate syntheses prepared by the USACE under the leadership of the Response to
Climate Change Program at the scale of the 2-digit U.S. Geological Survey (USGS) Hydrologic
Unit Codes (HUC) across the continental United States, Alaska, Hawaii, and Puerto Rico. The
twenty one Water Resources Regions included in this series of reports is shown in Figure 1.1
along with USACE division boundaries. Each of these regional reports summarizes observed and
projected climate and hydrological patterns cited in reputable peer-reviewed literature and
authoritative national and regional reports, and characterizes climate threats to USACE business
lines. They also provide context and linkage to other agency resources for climate resilience
planning, such as sea level change calculation and coastal risk reduction resources, downscaled
climate data for subregions, and watershed vulnerability assessment tools.

This report focuses on Water Resources Region 21, the Caribbean Region, the boundaries for
which are shown in Figure 1.2. The Caribbean Region is within the South Atlantic Division,
which is illustrated in Figure 1.1. The Antilles Area Office (SFAO) is located in San Juan,
Puerto Rico and is the only Jacksonville USACE District Area Office located in Puerto Rico.
The area also covers the Virgin Islands and the British Virgin Islands.

USACE Institute for Water Resources 3 June 26, 2015
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Figure 1.1. 2-digit Water Resources Regional Boundaries for the Continental United States,
Alaska, Hawaii, and Puerto Rico.
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Figure 1.2. Water Resources Region 21: Caribbean Region Boundary.
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1.1 A Note on the Water Resources Region Scale

USACE and other resource management agencies require reliable, science-based methods for
incorporating climate change information into the assessments that support water resources
decisions and actions. Such planning assessments must quantify projections of future climate and
hydrology. One common practice is to begin by developing relationships between the currently
observed climate and the projected future possible climate over the assessment region.

However, the numerical models producing these multiple projections of future possible climate
were not designed to support these assessments for local-to-regional scale operations. This
means that intervening steps have to be taken to correct obvious biases in the models' outputs
and to make the outputs relevant at the scales where hydrologic resource assessments can take
place. The commonly used name for these post-processing steps is "downscaling" because one
step is using one or another method to spatially (and temporally) disaggregate or interpolate the
results produced at the numerical climate models' native scale to the scale of the water resources
assessment. The current generation of climate models, which includes the models used to
generate some of the inputs described in this work, have a native scale on the order of one to two
hundred kilometers on each side of the grids used to simulate climate for Earth, substantially too
coarse for the watershed assessments needed to inform resource assessment questions and
decisions.

On the other hand, these questions and decisions should not be addressed with model inputs at
scales so fine that they impart false precision to the assessment. False precision would appear by
suggesting that the driving climate model information can usefully be downscaled, by any
method, to individual river reaches and particular project locations, for example.

The approach at USACE is to consider the questions in need of climate change information at the
geospatial scale where the driving climate models retain the climate change signal. At present,
USACE judges that the regional, sub-continental climate signals projected by the driving climate
models are coherent and useful at the scale of the 2-digit HUC (Water Resources Region), and
that confidence in the driving climate model outputs declines below the level of a reasonable
trade-off between precision and accuracy for areas smaller than the watershed scale of the 4-digit
HUC (Water Resources Subregion). Hence, these summaries group information at the Water
Resources Region scale both to introduce relevant climate change literature and to support the
vulnerability assessments USACE is conducting at the Water Resources Subregion scale. For
Water Resources Region 21, both the 2-digit and 4-digit HUC boundaries are shown in Figure
1.2.

USACE Institute for Water Resources 6 June 26, 2015
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2. Observed Climate Trends

Observed climate trends within Water Resources Region 21 are presented in this section to
generally characterize current, or past, climate in the study region. While the primary cause for
global warming is attributed by the scientific community to human-induced increases in
atmosphere levels of heat-trapping gases (Walsh et al., 2014) this section is not focused on
attribution or cause (either natural or unnatural). Rather, it is specifically focused on the
identification and detection of climate trends in the recent historical record. The
interrelationships of Earth’s climate systems are complex and influenced by multiple natural and
unnatural (i.e., anthropogenic greenhouse gas emissions) forcings. When additional detail is
needed the reader is referred to the specific references cited, including the third National Climate
Assessment (NCA), which includes not only regional assessments, but also foundational
resources related to climate science literacy.

The climate trends presented in this section are based on peer-reviewed literature on the subject
of observed climate. To the extent possible, studies specific to the Caribbean Region or to
individual islands were relied upon. A focus is placed on identified primary variables including:

mean temperature

extreme temperatures
average precipitation
extreme precipitation events
mean streamflow

In addition to primary variables, peer-reviewed literature addressing climate change within the
geographic region revealed additional, secondary, climatic variables that have been studied such
as the spring index (SI), evapotranspiration (ET), and soil moisture.

The results presented below indicate a mild upward trend in temperature in the Caribbean
Region, but the degree of warming is uncertain based on existing literature. Studies on
precipitation and streamflow for the study area show mixed or inconclusive results.

2.1. Temperature

A limited number of studies focusing on observed trends in historical temperatures were
reviewed for this report. Many national studies were performed for the contiguous U.S. and
therefore, were not relevant to Water Resources Region 21. Regional or local studies were
focused more specifically and exclusively on the area. Results from the studies are discussed
below.

The study by Kunkel et al. in support of the U.S. Climate Change Science Program evaluated
weather and climate extremes, specifically for the Caribbean in a synthesis and assessment study
(2008). The study concluded that the number of very warm nights has increased by 15 or more
per year for Puerto Rico from 1950 to 2004. For Water Resources Region 21, the study was not
statistically significant at the p = 0.05 level.
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The third NCA report (Carter et al., 2014) concludes that the Caribbean Region exhibits a trend
since the 1950s, with increasing numbers of very warm days and nights, and with daytime
maximum temperatures above 90 °F and nights above 75 °F. The temperature trend information
in the NCA references a study performed by the Puerto Rico Climate Change Council (PRCCC).
The PRCCC published the “Puerto Rico’s State of the Climate: Assessing Puerto Rico’s Social-
Ecological Vulnerabilities in a Changing Climate.” In the report, the PRCCC evaluated historic
temperature data. In Puerto Rico, similar to the global average increase, the annual average
temperature rose by 1 °C (1.8 °F) between 1900 and 2010. Over the 20™ century, average annual
air temperatures in the Caribbean have increased by more than 0.6 °C (1 °F). In Puerto Rico,
station analyses show significant increases in annual and monthly average temperatures and a
rise of 0.012 °C/year to 0.014 °C/year (0.022 to 0.025 °F/year) was observed from 1900 to
present. Therefore, Puerto Rico does follow the larger-scale trend in warming, although some
locations on the island are warming faster than others due to urban heat island effect (PRCCC,
2013).

The PRCCC also evaluated the number of warm days and nights. Caribbean trends show the
extreme intra-annual temperature range was decreasing (and thus, becoming more uniform
throughout the year) and the number of very warm days and nights has been increasing since the
1950s while the number of very cool days and nights have been decreasing. Puerto Rico
experienced a greater frequency of days with maximum temperatures equaling to or above 90 °F
(32.2 °C) and a lower frequency of days with temperature equal to or below 75 °F (23.9 °C)
(Figure 2.1). During 2010 and 2011, about 100 days with temperatures at or exceeding 90 °F
were observed; this is the same number of days observed per decade between 1900 through
1949.
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Figure 2.1. Number of days with maximum temperature equal to or above 90 °F in the San
Juan area (left). Number of days with minimum temperature equal to or below 75 °F (right)

(PRCCC, 2013).

As part of a study conducted by the U.S. Department of Agriculture and U.S. Forest Service
Research and Development Southern Research Station, Jennings et al. (2014) compiled and
reported a knowledge base of peer-reviewed climate change science for EI Yunque National
Forest (EYNF), also administratively designated as the Luquillo Experimental Forest (LEF),
Puerto Rico, and the Caribbean Region. The EYNF is located in the northeastern portion of
Puerto Rico. Jennings et al. present an overview of key findings in addition to providing
substantial references associated with temperature and precipitation-based climate trends for the
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area. Where appropriate for this study, findings from the author’s literature review are used.
Otherwise, references relating to forest system land management planning, for example, are
omitted. From the study, historic temperature trends for Puerto Rico and the Caribbean Region
are summarized.

» Average temperatures in the Caribbean Region have increased over the past 40 years
(Uyarra et al., 2005)

» At the National Weather Service station in Fajardo, Puerto Rico near the Luquillo
Mountains, long-term (62-year) records revealed small, but significant increases in
annual maximum and annual minimum temperatures (Waide et al., 2013).

* In the tropical montane cloud forest at Pico del Este in EYNF, mean monthly minimum
temperatures have increased over the past 30 years (Lasso and Ackerman, 2003). Similar
changes were also found in the Monteverde Cloud Forest Reserve in Costa Rica, where
temperatures have increased by about 2 °C (3.6 °F) (LaVal, 2004).

* Mean annual temperatures in the Caribbean have increased an average of 0.2 to 0.4 °C
(0.36 to 0.72 °F) each decade since 1976 (IPCC, 2001; Uyarra et al., 2005). Average
overnight low and daytime high temperatures have also increased in the Caribbean by 1.0
and 1.8 °C (1.8 to 3.2 °F), respectively, since 1950 (Comarazamy and Gonzalez, 2011).

Jones et al., (2012) performed climate variable analysis for various forests across the United
States, specifically for the LEF, a tropical rainforest. The authors concluded that statistically
significant increases in maximum daily temperature occurred at the study site.

Key point: A general consensus amongst peer-reviewed literature indicates an apparent
warming in the region.

2.2. Precipitation

The third NCA report (Carter et al., 2014) concludes that precipitation trends are unclear in the
Caribbean Region, with some regions experiencing smaller annual amounts of rainfall and some
increasing amounts. The precipitation trend information in the NCA references the PRCCC study
as described in the section above. For Puerto Rico, one analysis of weather station data from the
period of 1948 to 2007 found no clear trends in total annual rainfall for the island, while another
analysis showed decreases in rainfall from -0.01 to -0.1 mm/day/year. Regionally within the
island, there are indications that the southern region of Puerto Rico has experienced positive
trends in annual rainfall while the western and a portion of the northern region showed decreases.
Additionally, seasonal trends with observations show negative trends in summer (June to
August) and positive trends in winter (December to February) (PRCCC, 2013). Jennings et al.
(2014) performed a similar literature synthesis for historic precipitation trends:

Across Puerto Rico, rainfall has declined over the course of the 20" century; however, a
specific link to climate change has yet to be determined (Waide et al., 2013).

» Precipitation in Puerto Rico has varied over the past century, with below average rainfall
measured at 87% of the normal between 1990 to 1997, and 24% above the normal in
1998 (Larsen, 2000). In the LEF, rainfall decreased at an average of 0.20 mm/year from
1988 to 2003 with low rainfall periods most frequently occurring in March (Heartsill-
Scalley et al., 2007).

USACE Institute for Water Resources 9 June 26, 2015
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» The incidence of heavy precipitation at Pico del Este in EYNF has increased over the past
30 years (Lasso and Ackerman, 2003).

» Satellite estimates used by Neelin et al., (2006) found a significant drying trend in the
Caribbean and Central America since 1950. Point-based estimates show a drying trend of
5 to 30% since 1900. Mid- to long-term data also show drying trends in the
Bahamas (10 to 15% since 1959) and Jamaica (11% since 1995) (Studds and Marra,
2011).

The U.S. Climate Change Science Program evaluated weather and climate extremes, specifically
for the Caribbean in a synthesis and assessment study (2009). During the past 50 years, increases
in heavy downpours in Puerto Rico have occurred.

For extreme precipitation trends, the third NCA report also discusses potential changes in the
U.S. climate (Walsh et al., 2014, adapted from Karl, 2009). The study concludes an observed
change in very heavy precipitation (defined as the heaviest 1% of all daily events) from 1958 to
2012, in Puerto Rico, was upwards of a 33% change (Figure 2.2).

-

Change (%)

OO eE e

<0 0-9 10-19 20-28 30-39 40+

Figure 2.2. Percent increases in the amount of precipitation falling in very heavy events
(defined as the heaviest 1% of all daily events) from 1958 to 2012 for each region of the
continental United States. These trends are larger than natural variations for Puerto Rico
(Walsh et al., 2014; updated from Karl et al., 2009).
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The Jennings (2014) study also summarized literature and scientific findings related to historic
extreme precipitation trends for Puerto Rico and the Caribbean Region:

* Heavy rainfall events have become more common in Puerto Rico, particularly since
2009, with changes linked to high sea surface temperatures (Vélez Rodriguez and Votaw,
2012).

* In the Caribbean, long-term data (since 1950) show that the maximum number of
consecutive dry days is falling while measures of extreme precipitation events are
increasing (Peterson et al., 2002).

» Aguilar et al., (2005) found that increases in the percentage of warm days during wet
season months (June, July, August, September, October, and November) suggest more
insolation and, therefore, fewer cloudy days in Central America and northern South
America. Given increased precipitation intensity alone, fewer rainy days and more warm
days would be expected.

* Opverall, heavy precipitation and dry-spell length in the Caribbean, typified by an
intensified hydrological cycle, agree with global averages for extreme temperature and
precipitation indices (Aguilar et al., 2005, Peterson et al., 2002). However, careful
interpretation of theoretical arguments for local precipitation time scales is needed; this
consideration is important because throughout the tropics, more extreme rainfall and
drought counts are mostly affected by wet and dry anomalies, suggesting that there will
be increased tropical rainfall spatial gradients (Lintner et al., 2012).

Jones et al., (2012) performed climate variable analysis for various forests across the United
States, one of which was represented a tropical rainforest, the LEF. The authors concluded that
statistically significant increases in mean annual precipitation occurred at the study site.

Key point: Precipitation trends are unclear in the Caribbean Region, with some areas
experiencing smaller annual amounts of rainfall and some increasing amounts. Extreme periods
of wet weather and extreme periods of dry weather have occurred in recent time.

2.3. Hydrology

Many of the existing streamflow or hydrologic studies related to climate change have focused on
the continental U.S. and did not include the Caribbean Region. Further literature search for
observed hydrologic trends yielded limited resources. The applicable studies are discussed
herein. Jones et al., (2012) performed climate variable analysis for various forests across the
United States, including the LEF, a tropical rainforest. The authors evaluated changes in
streamflow for the period of record (1975-2000) and concluded that streamflow did not change at
any time of year at the study site (Figure 2.3). Even though the study site experienced significant
increases in minimum and maximum temperatures, there were no changes in precipitation, and
there was little to no evidence of a change in streamflow. At the LEF, the effects of 1996
Hurricane Hugo on the leaf area, evapotranspiration (ET), and streamflow (Scatena et al., 1998)
may have overwhelmed climate-trend effects.

USACE Institute for Water Resources 11 June 26, 2015
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Figure 2.3. Daily changes in streamflow at the wet tropical forest site, LEF, as a function of
the water year (1 October to 30 September). The vertical axis and the green line are the slope
of regression of log-transformed streamflow for each day of the water year over the period of
record. The horizontal black line represents no change, the vacillating black lines are the

upper and lower bounds on the 97.5% confidence interval. The red dots represent significant
increase, and the blue dots represent significant decreases in daily streamflow.

Key point: There are limited studies for observed hydrologic trends. The studies that do exist
provide little to no evidence that indicate changes in average streamflow.

2.4. Summary of Observed Climate Findings

The general consensus in the recent literature points toward a mild increase in annual and
monthly average temperatures in the Caribbean Region over the past century. Many of the
studies did not report confidence intervals or statistical metrics to determine statistical
significance; the results were observed graphically.

Average overnight low, daytime high, and maximum daily temperature temperatures have also
increased (Comarazamy and Gonzalez, 2011; Jones et al., 2012). Trends in both observed
precipitation and hydrology are unclear. Trends in precipitation may be spatially based within the
region, where some areas encounter wetter than average conditions and some areas encounter
drier than average conditions. Studies evaluating precipitation extremes indicate there has been
an increase in heavy downpours in Puerto Rico, which may be related to increases in sea surface
temperatures. Other studies indicate an increase in drought conditions, which may also be related
to multi-year climate oscillations. Furthermore, there is limited literature in regards to observed
streamflow trends. The studies that do exist provide little to no evidence that indicate changes in
average streamflow.
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3. Projected Climate Trends

While historical data is essential to understanding current and future climate, non-stationarity in
the data (i.e., a changing climate) dictates the use of supplemental information in long-term
planning studies. In other words, the past may no longer be a good predictor of the future (Milly
et al., 2008). Consequently, the scientific and engineering communities are actively using
computer models of the Earth’s atmosphere and associated thermodynamics to project future
climate trends for use in water resources planning efforts. Although significant uncertainties are
inherent in these model projections, the models, termed global climate models (GCMs), are
widely accepted as representing the best available science on the subject, and have proven highly
useful in planning as a supplement to historical data. A wealth of literature now exists on the use
of GCMs across the globe.

This section summarizes projected climate trends, as projected by GCMs, within the Caribbean
Region identified in a review of recent peer-reviewed literature. The information presented
should be considered an overview and, similar to Section 2 on observed climate trends, does not
focus on attribution or causation of the projected climate trends or the causal relationships
between climate variables. These relationships are complex and influenced by multiple natural
and unnatural (i.e., anthropogenic greenhouse gas emissions) forcings that influence the Earth’s
climate system. Typical of projected climate studies, often specific (and sometimes multiple)
greenhouse gas emission scenarios (or representative concentration pathways) are modeled by a
single GCM (or ensemble of GCMs). The spectrum of scenarios offer a wide range of “climate
futures” so each study’s assumed emission scenario(s) are noted. When additional detail is
needed, the reader is referred to the specific references cited, including the third NCA, which
includes not only regional assessments, but also foundational resources related to climate science
literacy, GCMs, and emission scenarios.

The USACE vulnerability assessments (https://corpsclimate.us/rccvar.cfm) rely on downscaled
climate projection data and hydrologic simulations produced by USACE in conjunction with
Lawrence Livermore National Laboratory, Bureau of Reclamation, U.S. Geological Survey,
Climate Central, Scripps Oceanographic Institute and Santa Clara University, and others. The
data are housed in the publicly accessible Downscaled Climate and Hydrology Projections
website archive, hosted by Lawrence Livermore National Laboratory, which is meant to provide
access to climate and hydrologic projections at spatial and temporal scales relevant to watershed
or basin-scale water resources management decisions. These data, and the vulnerability
assessments for which they provide a foundation, serve as supplements to the information about
projected climate conditions provided in this report.

Results of this review indicate a strong consensus in the scientific literature that air temperatures
will trend upward over the next century in the Caribbean Region. There is less consensus on the
future trending, or lack thereof, in precipitation and streamflow in the region. The studies that
include both climate variables suggest that temperature changes will outweigh other factors such
as changes in precipitation.

3.1. Temperature

GCMs have been used extensively to project future climate conditions across the country. At a
national scale, model projections generally show a significant warming trend throughout the 21
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century, with a high level of consensus across models and modeling assumptions. There is much
less consensus on future patterns of precipitation. Results of studies inclusive of the Caribbean
Region typically fall in line with both of these generalizations.

Projections of changes in temperature extremes have been the subject of many recent studies
performed at a national scale. A 2006 study by Tebaldi et al. applied nine GCMs at a global scale
focused on extreme precipitation and temperature projections. Model projections of climate at
the end of the century (2080 — 2099) were compared to historical data for the period 1980 —
1999. For the Caribbean Region, the authors identified a minor increase in the projected extreme
temperature range (annual high minus annual low temperature), a minor increase in a heat wave
duration index (increase of 0.75 to 1.5 days per year that temperatures continuously exceeds the
historical norm by at least 5 °C [9 °F]), and a moderate increase in the number of warm nights (6
to 7.5% increase in the percentage of times in the year when minimum temperature is above the
90" percentile of the climatological distribution for the given calendar year), compared to the
baseline period.

The third NCA report (Carter et al., 2014) describes that the projected increases in regional
average temperature are in the range of 2 °F to 5 °F (1.1 °C to 2.8 °C) for Puerto Rico. The
PRCCC report (2013) states that over the coming century, projected temperature increases for
the Caribbean Region are projected to be slightly below the global average of 2.5to 4 °C (4.5 to
7.2 °F), but slightly above the tropical average (Figure 3.1). Projected temperature increases are
expected to be significant by late century at all locations within the Caribbean Region.
Projections for the Caribbean Region show a greater than 1.5 °C (2.7 °F) (rise in annual
temperature by 2100. Projections for Puerto Rico show as little as 0.02 °C/year (0.036 °F/year)
warming through 2050, in other words, at least 0.8 °C (1.44 °F) by mid-century, and as much as
2°Cto5°C (3.6 °F to 9 °F) by the year 2100.
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Figure 3.1. Projected changes in temperature (°C) between 2071-2099 for A2 (high
emissions) scenario (top row) and B2 (low emissions) scenario (bottom row). The Caribbean
Region is within the black oval (PRCCC, 2013; references Campbell et al., 2011).

The PRCCC report also references model predictions by the Intergovernmental Panel on Climate
Change (IPCC). The IPCC states that increases in frequency and magnitude of warm daily
temperature extremes and increases in cold extremes in the 21 century at the global scale will
occur. For Puerto Rico, climate projections for extreme events show a probable increase in
extreme heat days and cold events are expected to become exceedingly rare. The projected rate
of warming is most rapid in winter (December to February).

Jennings et al. (2014) present an overview of key findings in addition to providing substantial
references associated with projected temperature and precipitation-based climate trends for the
area. Where appropriate for this study, findings from the author’s literature review are used.
From the study, projected temperature trends for Puerto Rico and the Caribbean Region are
summarized:

* Scatena (1998) modeled a projected increase in temperatures of 1.5 °C to 2.5 °C (2.7 °F
to 4.5 °F) in Puerto Rico by the end of the 21% century, while recent studies using
regionally downscaled models from Campbell et al., (2011) predict a larger increase of 2
°C to 5 °C (3.6 °F to 9 °F) to in the Caribbean.

«  Using 3™ Coupled Model Intercomparison Project (CMIP3) models from Meehl et al.,
(2007), nonparametric ensembles from Girvetz et al., (2009) show average annual
increases in temperature of 1.5 °C (2.7 °F) by 2020, 2.7 °C (4.9 °F) by 2050, and 4.6 °C
by 2090 for Puerto Rico.

» Projections of future climate for the Caribbean Region agree that temperatures will
increase; yet, the magnitude of increase varies by model and emission scenario as well as
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regional extent (Biasutti et al., 2012, Christensen et al., 2007, Magrin et al., 2007,
Scatena 1998).

» Using the [IPCC models, Biasutti et al., (2012) projected warmer annual temperatures and
lower temperature variability for the future Caribbean climate.

* Temperature is expected to increase substantially in tropical forested regions over the
next two decades, with seasonal temperature extremes becoming more common
(Anderson, 2011; Diffenbaugh and Scherer, 2011). Unprecedented heat events are
expected to occur with increasing regularity at a greater rate in the tropics relative to
temperate regions (Anderson, 2011).

Scientists predict that warming will continue at an accelerated pace (IPCC, 2007); however
climate models vary in the degree of warming as compiled by Jennings in Table 3.1. The source
authors project that temperature will increase from 1 °C to 7.5 °C by the end of the century.

Source Spatial extent Projection
Scatena (1998) Puerto Rico +1.51+2.5°C
Girvetz and others (2009), Meehl and others (2007} Puerto Rico +2 210427 °C
Campbell and others (2011) Caribbean +2 10 +5°C
Christensan and others (2007)2 Central Amarica +1.8t045°C
Magnn and others (2007 )" Latin America +1 to +7.5 °C

“From the contribution of working group | to the Fouwrth Assessment Report of the Intergovernmental Panel on
Climate Chandga.,
YFrom the contribution of warking group 1 o the Fourth Assessment Report of the Infergovernmental Panel on
Climate Chandgea,

Table 3.1. Climate model projections for increases in temperature at the end of the century
(Jennings et al., 2014).

Key point: Strong consensus exists in the literature that projected temperature will increase in
the study area, but to varying degrees of warming over the next century.

3.2. Precipitation

In order to simulate future climate change, global climate models need to accurately represent
observed climate. The third NCA report (Carter et al., 2014) concludes that precipitation trends
are unclear in the Caribbean Region, and that it is equally difficult to project the magnitude of
precipitation changes, although the majority of models show future decreases in precipitation are
likely, with a few areas showing increases. In general, annual average decreases are likely to be
spread across the entire region.

The PRCCC report (2014) states that there is a lot of uncertainty in the magnitude of
precipitation changes in the Caribbean Region; though a majority of global climate models used
by the IPCC show future decreases in precipitation are likely. Most IPCC models projected
decreases in annual precipitation, with a few areas of increases, varying from -39 to + 11%, with
a median of -12%. The annual mean decrease is projected to be spread across the entire region.
December, January, and February in the Greater Antilles are expected to see increased
precipitation and June, July, August are expected to see a potential region-wide decrease. Model
projections range from -78% to -10% (with a few models showing +30%) and current evidence
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suggests drier conditions are more likely than wetter for Puerto Rico, a contrast to the global
precipitation projection. Specifically, the PRCCC analysis found that past and future trends are
similar, a decrease of rainfall of - 0.0012 to -0.0032 mm/day/year, that are projected to continue
through 2050.

The PRCCC report (2013) states that projections concerning extreme events in the sub-tropics
remain uncertain, however all projections report higher risk of increased daily intensity of
rainfall. Puerto Rico climate projections for the future show a probable increase in regional
downpours, particularly downpour events in May, despite the fact that the observed trends do not
show an increase in May downpour events in Puerto Rico. It should be noted that one model
shows a projected decrease in heavy rainfall events by the end of the century (2090s).

Projected decreases in precipitation in the Caribbean Region suggest an overall shift in climate
conditions with drier wet seasons, and even drier dry seasons. Similar to the projected
temperature trends, Jennings et al. (2014) summarized projected precipitation trends for Puerto
Rico and the Caribbean Region:

» Scatena (1998), applying projected future precipitation patterns to the LEF, found that
while annual precipitation was projected to remain constant, rainfall variability, including
the number of heavy rainfall days, was expected to decrease.

» Nonparametric ensembles from Girvetz et al., (2009), using CMIP3 models from
Meehl et al., (2007), show average annual decreases in precipitation of 5% by
2020, 13% by 2050, and 16% by 2090 for Puerto Rico.

* Recent modeling work for the Caribbean Region using the latest IPCC model results
suggests a drying trend (Biasutti et al., 2012, Campbell et al., 2011, Cashman et al.,
2010).

* Biasutti et al., (2012) projected a 30% decrease in spring and summer precipitation in the
Caribbean using the IPCC ensemble model for the end of the century. Analysis also
suggests that the number of consecutive dry days will increase consistent with a
lengthening of the dry season, while the number of days with rainfall over 10 mm is
expected to decrease (Biasutti et al., 2012).

* Campbell et al., (2011) and Cashman et al., (2010), using regionally downscaled climate
models, show a decrease in annual rainfall for the Caribbean Region, with decreases
ranging from 25 to 50% by the end of the century and the largest decreases in the
southern Caribbean Region (Campbell et al., 2011).

» Seasonal projections using regionally downscaled models show drying trends in spring,
summer, and fall, with the strongest decreases of up to 35% in the summer months
(Campbell et al., 2011), leading to a drier wet season and even drier dry season, with a
potential wet spell in the winter (Cashman et al., 2010).

» Future changes in precipitation in the tropics vary by model but also by temporal and
spatial extent. Magrin et al., (2007) projected a 20% reduction to an 8% increase in dry
season precipitation, and a 30% reduction to a 5% increase in wet season precipitation for
Latin America for 2080. Christenson et al., (2007) projected a decrease in precipitation
over Central America using the multi-model data set model for the end of the century.
Lintner et al., (2012) found that the occurrences of both very dry and very wet months are
projected to increase in the tropics by the end of the century.
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» Using the Parallel Climate Model (PCM), Angeles et al., (2007) projected a warmer and
wetter future climate for the Caribbean Region for 2050, with more intense rainfall in the
rainy season due to increased sea surface temperatures, which increase the amount of
available water vapor and a longer and more intense hurricane season (Aguilar et al.,
2005). However, models for the Caribbean (Neelin et al., 2006) and Puerto Rico
(Scatena, 1998) also predict increasingly severe drought over the next 50 years.

Jennings et al. (2014) state, as shown in Table 3.2, that projected decreases in precipitation in the
Caribbean Region suggest drier wet seasons, and even drier dry seasons. The range of projected
changes in annual precipitation is -40% to +10%, with agreement during the spring and summer
months for a decrease in precipitation.

Source Spatial extent  Projection

Girvetz and cthers (2009), Meehl and others (2007) Puerto Rico -10 to -30% annually
Campbell and others (2011) Caritrbean -25% to -50% annually
Biasuth and others (2012) Carithean -30% in spring and summer
Maarin and athars (2007)° Latin America  -40%: to +10%: annually

AFram the cantrbution of working group Il to the Fouwrth Assassment Report of the Intergavernmeantal Pamel an
Climate Changa

Table 3.2. Climate model projections for increases in precipitation at the end of the century
(Jennings et al., 2014).

Key point: Reasonable consensus exists in the literature that the intensity and frequency of
extreme storm events will increase in the future for the Caribbean Region. Low consensus exists
with respect to projected changes in total annual precipitation for the study area.

3.3. Hydrology

A number of global and national scale studies have attempted to project future changes in
hydrology, relying primarily on a combination of GCMs and macro-scale hydrologic models.
These studies include projections of potential hydrologic changes in the Caribbean Region.
Thomson et al. (2005) applied two GCMs, across a range of varying input assumptions, in
combination with the macro-scale Hydrologic Unit Model to quantify potential changes in water
yield across the United States.

Additional uncertainty is generated when these climate models are combined with hydrologic
models that carry their own uncertainty. This comparison and quantification of uncertainty is the
subject of a 2013 study by Hagemann et al. In this study, the authors apply three GCMs, across
two emission scenarios to seed eight different hydrologic models for projecting precipitation, ET,
and runoff on a global scale. Their findings, in agreement with CDM Smith (2012), indicate that
the uncertainty associated with macro-scale hydrologic modeling is as great, or greater, than that
associated with the selection of climate models. Study projections from Hagemann et al. (2013)
for the general Caribbean Region show an overall decrease in runoff by approximately 160-200
mm per year for their future planning horizon (2071 — 2100) compared to the recent historical
baseline (1971 —2000) (Figure 3.2), assuming an A2 emissions scenario.
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Runoff change from 3 GCMs & 8 GHMSs, 20712100 vs. 1971-2000
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Figure 3.2. Ensemble mean runoff projections (mm/year) for A2 greenhouse gas emissions
scenario, changes in annual runoff, 2071 vs. 1971. The Caribbean Region is within the red
oval (Hagemann et al., 2013).

Doll and Zhang (2010) present similar results in their global modeling study focused on climate
change impacts on ecologically relevant flow indices. As above, these authors used a
combination of GCMs and a macro-scale hydrologic model (WaterGap) to project hydrology
across a coarse spatial resolution (0.5 degree x 0.5 degree grid). They used two different GCMs
simulating two bracketing emission scenarios (A2 and B2). Globally, they quantified a shift of
peak flow by at least one month (earlier) for one third of the global land area, a significant
increase in mean annual flow for approximately half of the land area, and a significant decrease
in mean annual flow for approximately one quarter of the land area. Only small differences
between the two emissions scenarios were noted. They demonstrate that climate change is
expected to have as much, or more, of an impact to ecologically relevant flow characteristics as
dams and withdrawals over the next century. For the Caribbean Region, projections show mild
(relative to global results) impacts to both low and average annual flows (Figure 3.3). Projected
regional impacts include small (c. 10 to 20%) decreases in both metrics for their 2055 planning
horizon, compared to historical baseline.
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a) Percent changes in river low flows (Qoo), A2 and B2 emissions scenarios
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b) Percent changes in average annual runoff, B2 emissions scenario
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Figure 3.3. Projected changes in global hydrology, 2041 — 2070 vs. 1961 — 1990. Water
Resources Region 21 is within the black oval (Doll and Zhang, 2010).
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Jennings et al. (2014) summarized hydrology/runoft-related results from existing summaries:

* Harmsen et al. (2009) modeled the effects of climate change on groundwater in Puerto
Rico and found that projected large increases in precipitation for the rainy season will
produce a net increase in annual aquifer recharge, whereas projected decreases in
precipitation in the dry season will have minimal effect. An increase in aquifer recharge
suggests that groundwater levels could increase, reducing saltwater intrusion in some
coastal aquifers (Harmsen et al., 2009).

» Changes in ET due to increased temperatures could decrease runoff, even in dry regions
(Galindo et al., 2010).

» Although overall precipitation levels in the Caribbean Region may remain similar in the
future, dry years and water shortages may become more frequent or more severe (Biasutti
et al., 2012) as the rainy season becomes wetter and the dry season becomes drier
(Harmsen et al., 2009).

Key point: No clear consensus was found in projected streamflow changes in the Caribbean
Region. Some studies point toward mild increases in flow, others point toward mild decreases in
flow.

3.4. Summary of Future Climate Projection Findings

There is strong consensus in the literature that air temperatures will increase in the study area,
and throughout the country, over the next century. The studies reviewed here generally agree on
an increase in mean annual air temperature of approximately 2 °C to 4 °C (3.6 °F to 7.2 °F) by
the latter half of the 21 century for the Caribbean Region. The largest increases are projected for
the summer months. Reasonable consensus is also seen in the literature with respect to projected
increases in extreme temperature events, including more frequent, longer, and more intense
summer heat waves in the long-term future compared to the recent past.

Projections of precipitation in the study area are less certain than those associated with air
temperature. Results of the studies reviewed here are roughly evenly split with respect to
projected increases vs. decreases in future annual precipitation. This is not unexpected as,
according to the third NCA (Carter et al., 2014); the southeast region of the country (inclusive of
the Caribbean Region) appears to be located in a “transition zone” between the projected wetter
conditions to the north and dryer conditions to the west. There is, however, moderate consensus
among the reviewed studies that future storm events in the region will be more intense and more
frequent compared to the recent past.

Similarly, clear consensus is lacking in the hydrologic projection literature for the study region.
Projections generated by coupling GCMs with macro-scale hydrologic models in some cases
indicate a reduction in future streamflows but in other cases indicate a potential increase in
streamflows. Of the limited number of studies available, results are approximately evenly split
between the two.

A number of studies reviewed here employed probabilistic modeling methods to capture and
quantify some of this projection uncertainty, resulting from both climate and runoff modeling
steps. These methods frame output in the form of probability distributions that can be viewed as
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characterizations of likelihood of occurrence (risk) or levels of consensus among modeling
scenarios.

The trends and literary consensus of observed and projected primary variables noted above are
summarized for reference and comparison in Figure 3.4.

OBSERVED PROJECTED
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4. Business Line Vulnerabilities

The Caribbean Region encompasses Puerto Rico and the U.S. Virgin Islands. USACE
recognizes the potential impacts of future climate considering the exposure and dependency of
many of its projects on the natural environment. To assess the potential vulnerabilities that
climate change may pose on USACE’s missions, a set of primary USACE business lines were
identified. They include:

e Navigation

¢ Flood Risk Management
e  Water Supply

e Emergency Management
e Regulatory

e Military Programs

USACE is responsible for navigation projects in the Caribbean Region. By the middle of the
century, the frequency and intensity of large storm events and associated flooding are expected
to increase. In the summer months in particular, the Caribbean Region may experience increases
in ambient air temperature and a broader range of extremes in water availability, which has
implications for water levels and thus the ability for vessels to navigate and dock at ports.

USACE implements several flood risk management projects in the region to avoid flooding.
Uncertainty exists with regard to impacts of climate change on flood-risk management needs due
to the lack of consensus for future precipitation patterns. However, flood risk management
projects may be very important for reducing the residual flooding impacts due to extreme storm
events, which are predicted to be more frequent and intense.

USACE also maintains and operates a fresh water supply for municipal and industrial water uses.
Managing competing water needs can be a challenge, especially when water demand is high and
water supply is low. While this report does not highlight the impacts of sea level change, changes
in coastal conditions can have impacts which penetrate to inland water bodies. Sea levels along
the Caribbean coastline of the United States are projected to increase and may exacerbate salt
water intrusion into freshwater water supply. Tools and information related to sea level change
can be found on the USACE Responses to Climate Change website (USACE, 2014). Water
supplies may also be strained due to increased temperatures and heat waves in the summer
months. Maintaining necessary flows for competing sources such as navigation and ecosystem
management, may present some significant, additional challenges to an already complex water
resource system.

USACE has extraordinary capabilities to respond to natural disasters and other emergency
situations throughout the country, and it is a top priority. There are designated emergency
managers and assigned staff in each region and subregion that are able to quickly mobilize.
Extreme storm events are capable of creating emergency situations in which USACE would be
needed to provide assistance in the Caribbean Region. These types of storms are capable of
intense precipitation, winds, and storm surge in coastal areas. Since these may occur more
frequently, USACE can expect an increased need for their assistance in disaster response and
recovery.
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USACE’s regulatory mission has a serious commitment to protecting aquatic resources while
allowing for reasonable development. The climate projections may have indirect implications for
permitting in the region, and may result from modifications in federal laws and guidance. This
may spur stricter regulations or an increase in the permitting breadth and depth. While most of
the permitting processes may not change, the volume and frequency of the permitting
requirements may increase — thus increasing the permitting costs for projects.

In addition, USACE provides engineering, construction, real estate, environmental management,
disaster response, and other support or consulting services for the Army, Air Force, other
assigned U.S. Government agencies, and foreign governments. Environmental management
services include the rehabilitation of active and inactive military bases, formerly used defense
sites, or areas that house excess munitions. Expected changes in climate may necessitate
adjustments in rehabilitation approaches, engineering design parameters, and potential types of
military construction/infrastructure projects that USACE may be asked to support.

USACE projects are varied, complex, and at times, encompass multiple business lines. The
relationships among these business lines, with respect to impacts from climate change, are
complicated with cascading effects. Such interrelationships must be recognized as an essential
component of future planning efforts when considering the best methods or strategies to adapt.
Figure 4.1 summarizes the projected climate trends and impacts on each of the USACE business
lines.
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CLIMATE VARIABLE VULNERABILITY

By the end of the century, increased ambient air temperatures are expected to create the following
vulnerabilities on the business lines in the region:
* L oss of vegetation from increased periods of heat and variable streamflows may have impacts on
vegetation within the region, which is important for sediment stabilization in the watershed.
* Loss of non-drought resistant vegetation may result in an increase in sediment loading, potentially

l:crsased causing geomorphic changes in the tributaries to the river system.
mElent * Variable flows, have implications for maintain water levels in the rivers and lakes.

Temperatures * Risk of wildfires during hot and dry conditions may cause an increased risk of wildfires, especially in
heavily forested and dry areas. Flora and fauna that are not drought resistant can also be impacted by
longer drought conditions, which may reduce opportunities for recreational wildlife viewing.

BUSINESS LINES IMPACTED: ima) &£

Air temperatures are expected to increase 2-4°C by mid century, with the number of heat wave days per
year increasing by 50-80 days. This is expected to create the following vulnerabilities on business lines in the
region:

Increased * Increased water temperatures leading to water quality concerns, particularly for the dissolved

Maximum oxygen (DO) levels, growth of nuisance algal blooms and influence wildlife and supporting food

Temperatures supplies.

* Increased evapotranspiration.
* Human health risk increases from extended heat waves, impacting recreational visitors and
increasing the need for emergency management.

BUSINESS LINES IMPACTED:

Extreme storm events may become more frequent and intense over the coming century which are
expected to influence the following vulnerabilities on business lines in the region:
* Increased runoff during an event, which may carry pollutants to receiving water bodies, decreasing

Increased Storm water quality.
Intensity and * Increased erosion with subsequent changes in sediment accumulation rates and creating water
39 TN

W& Frequency quality concerns.
* Change in engineering design standards to accommodate new extreme storms magnitudes.

* Increased flash flooding, which may have negative consequences for all infrastructure, habitats, and
people in the area.

BUSINESS LINES IMPACTED: i £ &

Streamflow may have more variability in the region. This may result in:
* |ncreased flows and runoff, which may carry pollutants to receiving water bodies, decreasing water

quality.
?;..':' Streamflow * Increased erosion with subsequent changes in sediment accumulation rates and creating water
f\\’\/ Variability quality concerns.

* |ncreased flooding, which may have negative consequences for all infrastructure, habitats, and
people in the area.

* Loss of vegetation from increased periods of drought and reduced streamflows may have impacts on
vegetation within the region, which is important for sediment stabilization in the watershed. Loss of
non-drought resistant vegetation may result in an increase in sediment loading, potentially causing
geomorphic changes in the tributaries to the river system.

* Decrease in flows may result from periods of drought and reduced streamflow has implications for
maintain water levels in the rivers.

BUSINESS LINES IMPACTED: i) £ &

NOTE: The Regulatory and Military Program business lines may be impacted by all climate variables

“ = Navigation ‘ = Flood Risk Management ’ = Ecosystem Restoration h = Hydropower SO — Recreation A: Water Supply @: Emergency Management

Figure 4.1. Summary of projected climate trends and impacts on USACE business lines
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