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ABSTRACT

The limited groundwater capacity of Puerto Rico makes rainfall critically important. In
the past, rainfall perturbations for the island led to droughts that resulted in water rationing and
threatened the biodiversity of the island’s tropical rainforest in the Luquillo Mountains. Rainfall
suppression can occur during the early rainfall season (ERS) from Saharan Air Layer influences
on thermodynamics. Global Climate Models (GCM) predict droughts to continue but are too
coarse to provide a regional analysis for Puerto Rico. GCM output from European Centre for
Medium-Range Weather Forecasts Reanalysis v5 (ERA5) and Coupled Model Intercomparison
Project Phase 5 (CMIP5) were dynamically downscaled with the Weather Research and
Forecasting Model. Analysis periods consisted of a historical period from 2014-2018 and future
periods from 2045-2049 and 2085-2089. Future aerosol measurements and atmospheric patterns
support longer dust intrusions into the Caribbean. In the Luquillo Mountains, between the
historical and end-century periods ERS rainfall decreases significantly with (80%) and without
(63%) dust. The most significant declines occur by the end of the mid-century. Similarly,
convective potential decreases, but May and June remain the most convective months of the dust

season.
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CHAPTER 1
Introduction

Puerto Rico is the smallest island of the Greater Antilles, with a land area of about 9,100
km? (Gomez-Gomez et al., 2014). The Puerto Rico archipelago, located between latitudes 17.58°
N and 18.32° N, and longitudes 65.15° W and 68.00° W, consists of the main island and three
smaller islands. Island topography mainly consists of alluvial deposits along coastal lowlands
and a mountainous interior (Fig. 1). Mountain chains in the interior span almost the entirety of
the island from east to west. In the northeast, the Luquillo Mountains feature the only remaining
tropical rainforest on the island, critical ecological species, and the headwater of nine major
rivers (Gémez-Gomez et al., 2014; Zinnert et al., 2021). The topography of the Luquillo
Mountains and the orientation relative to the trade winds result in the highest mean annual
precipitation on the island.

Precipitation in Puerto Rico has a seasonal pattern with two distinct maxima. Any
regional and global weather and climate variability, including rainfall, strongly influences the
Luquillo Mountains’ biological dynamics (Waide et al., 2013; Zinnert et al., 2021). For example,
during the early rainfall season (ERS) of 2015, the Luquillo mountains received about 50% of its
1985-2014 climatological average rainfall (Mote et al., 2017). The reduced rainfall resulted in
visible declines in streamflow and soil and vegetation health within and downstream from
Luquillo (NOAA NCEI, 2016; Zinnert et al., 2021). Global climate models (GCMs) predict
future precipitation reductions and increases in drought in the tropics (Hartmann et al., 2013;

Zhao & Dai, 2015; Herrera & Ault, 2017). These predictions and evidence from the 2015



drought have galvanized drought research at the Luquillo Long-Term Ecological Research site

(LUQ LTER).

Figure 1. Puerto Rico is located within the insular Caribbean. The central and northeast portion

of the island features the Luquillo and Cordillera Central mountains.

The LUQ LTER was established by the National Science Foundation in 1988 to study the
long-term effects of anthropogenic and natural disturbances. As a part of the LUQ LTER effort,
Mote et al. (2017) noted the role of early intrusions of the Saharan dust in the 2015 drought, and
Miller et al. (2019) sought to understand the Saharan Air Layer (SAL) role in inhibiting

precipitation over Puerto Rico. The SAL is a dry, hot air layer that extends from about 550 to



850 hPa due to desert dust outbreaks that inhibit rainfall (Dunion, 2011). This thesis investigated
the role of global climate change on the temporal extent of the SAL over Puerto Rico. More
specifically, the following questions were explored:
e How will the dust intrusion period be affected by anthropogenic warming of the oceans in
the Tropical Atlantic?
e How does the seasonality and duration of dust intrusion affect water resources in Puerto

Rico, specifically the Luquillo Mountains?

To address these gquestions, a regional numerical model, the Weather Research and
Forecasting Model (WRF), was used to simulate historical and future atmospheric conditions
over Puerto Rico. GCM output is readily available for future periods with various forcings. To
represent a warmer climate from anthropogenic and natural variability, representative
concentration pathway (RCP) 8.5 models were employed for the future simulations. The model
was run at a coarse resolution and dynamically downscaled to a higher resolution. Chapter 2
provides a summary of previous literature on the questions posed above, while Chapters 3 and 4
explain the research design and data. Chapter 5 outlines findings with further discussion and

conclusions in Chapters 6 and 7.



CHAPTER 2
Background
2.1 Mechanisms for Caribbean Precipitation Variability

Precipitation variability throughout Puerto Rico and the Caribbean is influenced by
several characteristics at differing spatial and temporal scales. Puerto Rico precipitation exhibits
a bimodal distribution, with two wet periods from late March through May and August through
November (Gamble & Curtis, 2008). The dry season typically begins in December and lasts
through mid-March. The secondary wet season is partially associated with tropical storms, while
the dry season features cooler sea surface temperatures and high wind shear (Gamble & Curtis,
2008; Ramseyer & Mote, 2017). Most of the Caribbean experiences a decrease in rainfall during
June and July, known as the mid-summer drought (MSD). The MSD is mainly influenced by an
expansion and intensification of the North Atlantic Subtropical High (NASH). The dryness
during this period is expected to intensify through the 21% century (Ramseyer & Mote, 2017).
The MSD in Puerto Rico is not as pronounced as in other Caribbean islands, but there is a slight
decline in the annual precipitation cycle signal during this period (Chen & Taylor, 2002; Gamble
& Curtis, 2008; Angeles et al., 2010).

In 1994 and 2015, Puerto Rico experienced abnormally low rainfall, resulting in
decreased water availability for agricultural and ecological activities (Larsen, 2000; NOAA
NCEI, 2016; Schwartz et al., 2019). The warm phase of the EI Nino-Southern Oscillation
(ENSO) and the positive phase of the North Atlantic Oscillation (NAO) are associated with

drier-than-normal conditions for the Caribbean (Malmgren et al., 1998; Giannini et al., 2000;



Jury et al., 2007). The ENSO warm phase, commonly known as EI Nino, is associated with
positive sea surface temperature (SST) anomalies in the Pacific, resulting in a dry atmosphere in
the Caribbean (Trenberth, 1997). The NAO is a measure of a dipole of atmospheric mass
anomalies in the tropical and North Atlantic, with one form calculated from the sea level
pressure difference between the Azores high and Icelandic Low (Charlery et al., 2006; Jury et al.,
2007).

Additional factors such as tropical cyclones, regional and local wind patterns, and dust
aerosols have been shown to interrupt the bi-modal precipitation pattern for the region (Angeles
et al., 2010; Ashby et al., 2005). The Caribbean’s location downwind of the Saharan desert
makes the area a dust sink (Prospero & Mayol-Bracero, 2013). Doherty et al. (2008) and
Prospero and Mayol-Bracero (2013) found an increase in Sahel dust emission and Caribbean
aerosol optical depth (AOD) since the early 1970s. Additionally, there is strong evidence that
desert dust emissions are sensitive to the climate (Prospero & Lamb, 2003; Mahowald et al.,
2010). Dusty periods have been related to glacial erosion, increased dust source area extent, soil
dryness, and differential surface heating that influence emission conducive wind patterns
(Kohfeld & Harrison, 2001; Albani & Mahowald, 2019). Nevertheless, there remain numerous
unknowns regarding how Saharan dust will impact precipitation climatology in the future

(Mahowald et al., 2010; Albani & Mahowald, 2019).

2.2 Dust Interactions
Mobilized desert dust can remain in the atmosphere for at least a week (Gioda et al.,
2013; Reid et al., 2002; Shao et al., 2011). Large dust particles fall out of the plume early in the

dust cycle, leaving clay and silt particles between 0.1 and 20 micrometers in diameter (Adebiyi



& Kok, 2020). Mineral dust in the atmosphere affects the climate indirectly or directly (Fig. 2).
The direct effects of mineral dust include scattering and absorbing solar and terrestrial radiation
(Albani & Mahowald, 2019). These direct effects can cause the atmosphere to cool (scattering)
or warm (absorption). Indirect effects include impacts to cloud albedo and lifetime (Albani &
Mahowald, 2019). Dust particles can aid cloud nucleation by acting as cloud nuclei in low cloud
condensation nuclei environments (Albani & Mahowald, 2019; Shao et al., 2011). Nucleation
efficiency depends on the size and density of the particles; abundant small nuclei prevent
precipitation processes because the particles experience many collisions but cannot coalesce
(Mahowald & Kiehl, 2003). Aerosols are removed from the atmosphere through dry or wet
deposition (Albani & Mahowald, 2019; Shao et al., 2011). Dry deposition occurs when the
particle collides with the surface as the result of wind and gravity. On the other hand, wet
deposition occurs if the particles are nuclei and fall to the surface as precipitation.

This work did not intend to address the effects of dust and surface interactions through
the analysis due to the time scales necessary to study them. Still, dust deposits impact the long-
term climate and should be acknowledged because the study spans multiple 5-year periods
within the century. For example, dust minerals deposited in oceans contribute to the ocean-
atmosphere carbon exchange and excess deposition of iron minerals in the sea can slow the
exchange, increasing atmospheric carbon (Shao et al.,2011). Dust deposition onto ice and snow
increases the surface albedo, and melting can occur, leading to the release of carbon into the

atmosphere (Shao et al., 2011).
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Figure 2. The main processes that are influenced by the dust cycle (Shao et al., 2011).

2.2.1 Dust Impacts in the Luquillo Mountains

As part of long-term ecological monitoring of the Luquillo Mountains, cloud and rain
water samples were collected between 1984 and 2007 to determine the seasonal chemical make
up at three sites (Gioda et al., 2013). Analysis of these data suggested that calcium ions from dust
made up 75 to 90% of the sample concentrations. These concentrations were the highest during
the summer, and the water pH was higher than in other seasons. All samples also consisted of
iron, aluminum, and silicon, elements typically found in Saharan soils (Gioda et al., 2013). These
results indicate that Saharan dust particles were likely present in and below the convective
boundary during these rain events. A comparison of the dusty period from 1980-1989 and the
non-dusty period from 1955-1964 suggests that regional precipitation changes from changes in

dust are about the same magnitude as those from greenhouse gases (Mahowald et al., 2010). This



means that the dust could affect precipitation to the same degree as anthropogenic climate

change.

2.2.2. Dust Impacts and the Saharan Air Layer

The Saharan Air Layer (SAL) is a dust laden, warm, dry layer that extends from west
Africa across the tropical Atlantic Ocean (Dunion, 2011). The SAL can be 3 to 4 km thick and
contain 50% less moisture than the typical atmosphere (Dunion, 2011). The layer occupies the
trade wind region between 550 and 850 hPa, typically above the marine boundary layer. Features
of the SAL that influence the potential for rainfall are the consequence of changes to
thermodynamic, radiative, and microphysical processes. The strength of the trade wind
inversion, the ocean temperature, lower troposphere stability, and cloud microphysics are all
directly impacted by the SAL (Fig. 3). This thesis focused on the effects of the SAL due to a
strengthening trade wind inversion, but implications on the ocean and clouds may have indirectly
appeared in the results. For example, the warm SAL air has been shown to affect the SST and
latent heat flux over the Atlantic Ocean (Jordan et al., 2018; Strong et al., 2015; Chen et al.,
2020). Though these effects are mostly directly beneath the dust plume, this relationship could
affect the region of preferred rainfall formation (Jordan et al., 2018; Strong et al., 2015; Chen et
al., 2020). For this reason, it is important to acknowledge the multiple ways the SAL can impact
rainfall and consider their roles.

The temperature inversion created by the SAL increases atmospheric stability and limits
updraft and moisture availability for daily convection and tropical cyclone development
(Prospero & Mayol-Bracero, 2013; Dunion, 2011). Rising air cools adiabatically until reaching
the warmer and less dense SAL air, where the vertical extent of a cloud is capped (Fig. 3;

Powell, 1990). Additionally, when the dry SAL is present in the updraft region of a cloud, the air



parcels are stabilized through evaporative cooling, limiting further cloud development (Powell,
1990). As previously mentioned, nucleation is dependent on particle density. The particles in the
layer also aid in inhibiting rainfall by decreasing nucleation efficiency in the collision process.
This contributes to the layer’s ability to absorb incoming radiation, thus strengthening the
inversion and preventing nucleation. Fig. 3 shows the increase in cloud size as the dust intensity

becomes more diluted.
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Figure 3. Vertical profile of SAL air mass transported westward from its Saharan source region.
Large dust particles are depicted in a red shade, while finer particles are in yellow. The vertical
brown arrows represent deposition. Contours of potential temperature are in blue, and the marine

boundary layer is shown sloping from east to west from Kuciauskas et al. (2018).



2.3. Tropical North Atlantic Dust Transport

Mahowald et al. (2010) investigated 20" Century causes of dust variability. They found
that climate drying contributes to the increase in desert dust during the period, along with other
factors, including carbon dioxide fertilization and human land use change (Mahowald et al.,
2010). The 2021 IPCC Report supports continued drying in West Africa through the 21% Century
(Arias et al., 2021). The dust emission for this region increased from the 1950s to the 1980s and
is the most significant contributor to perturbations in the dust emissions globally (Mahowald et
al., 2010; Albani & Mahowald, 2019). Future dust emissions cannot be accurately predicted for
several reasons: the historical record is still being developed (Albani & Mahowald, 2019;
Williams et al., 2016), the spatio-temporal trends are difficult to track (Schepanski et al., 2017),
and dust is dependent on several natural and anthropogenic factors such as wind speed and land
use that are not well characterized or represented in Global Climate Models (GCMs).

The spatio-temporal patterns for Atlantic dust are influenced by NAO and ENSO from
December to February (Doherty et al., 2008). Meteorological observations suggest that dust
accumulates in the surface layer near the eastern tropical Atlantic during these months due to
advection from the land surface, but as upper and lower-level wind patterns shift with the
seasons, transport across the Atlantic becomes more efficient (Chiapello et al., 1995; Barkan et
al., 2003). This leads to the transport of dust over the western Atlantic peaking in June and July.

Though the dust aerosol load has a known seasonal trend, the mineral load and timing
vary (Fig. 4; Doherty et al., 2008; Prospero & Mayol-Bracero, 2013). Compared to 1979-1983,
the 1988-1992 dust season began earlier and transported a larger quantity of dust into the

Caribbean (Fig. 4). Additionally, Doherty et al. (2008) showed that the dust plume had shifted

10



further north in March—May during 1988-1992 compared to 1979-1983. These changes are

consistent with anticipated earlier and larger dust intrusions into the Caribbean.
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Figure 4. Doherty et al. (2008) TOMS Al analysis revealed a seasonal dust trend, with a
maximum in the summer months of Jun—Aug and a minimum in the winter months, Dec—Feb.
Monthly mean Al values were spatially averaged over the region 59°-70° W, 10°-20° N, and

temporally averaged over different periods.

Past dust outbreaks have shown that transport from the Sahara across the tropical Atlantic
typically takes about one week (Barkan et al., 2003; Gioda et al., 2013; Reid et al., 2002). The
Puerto Rico Dust Experiment (PRIDE) in July 2000 over the Caribbean islands and waters of
Puerto Rico, St. Croix, and St. Thomas was consistent with monthly and seasonal evidence of

variability in the mineral load. During the experiment, five dust events that each took

11



approximately 5-6 days to transit the Atlantic were recorded (Reid et al., 2002). PRIDE also
found that the vertical dust column was highly variable between events. As a result of the dust
events, the column could extend from the surface to an altitude of 5.23 km (Reid et al., 2002).
When the dry column reaches the tropopause during the MSD, the region may remain dry until a

tropical wave provides sufficient moisture to overcome the SAL (Reid et al., 2002).

2.4 Drought Onset, Measures, and Implications

Dryness or drought is a complex phenomenon; as a result, the onset, conclusion, and
impacts can be relative to the location and application (Seneviratne et al., 2012). Drought events
occur when a deficit in precipitation causes drier-than-normal conditions and water problems,
such as declines in streamflow (USGS, n.d.). Warmer air can also trigger drought conditions by
increasing atmospheric moisture demand. In response to the atmospheric demand, evaporation
increases, and surface drying is induced until the demand is met (Ault, 2020). Long periods of
meteorological drought can lead to agricultural, hydrological, and socio-economical droughts. A

simple model of the phenomena can be described mathematically by a water budget:
P—E=2+Ro+ G, 1)
A deficit in precipitation (P) or increased evapotranspiration demand (E) influences soil moisture
storage (g), runoff (R,), and groundwater flow (G,,) (Ault, 2020).
Meteorological drought and its scale can be measured by indicators like precipitation and
soil moisture anomalies, and drought indices. Indices typically either describe precipitation
independently or along with evapotranspiration and water storage. Drought assessments in the

Caribbean are difficult due to limited availability of data (Herrera & Ault, 2017). The Global

Historical Climatology Network has fewer than 50 stations on Puerto Rico, with significant

12



spatial gaps. These gaps make it difficult to assess how drought impacts the island, depending on
topography. Additionally, most existing gridded drought products are at spatial scales too coarse
to resolve local effects (Herrera & Ault, 2017).

GCMs, such as the Coupled Model Intercomparison Phase 5 (CMIP5), project that the
impact of warmer temperatures is expected to increase drought risk globally due to increased
evaporative demand (Dai, 2013; Dai & Zhao, 2017; van der Schrier et al., 2013). Regional
assessment of model results show that future precipitation declines are expected to be the
greatest in the tropics and subtropics. CMIP 6 supports an increase in agricultural and ecological
drought, but the change in hydrologic drought is uncertain (Gutiérrez et al., 2021). The
Caribbean region could experience diminished rainfall totals up to 50% of the average
(Hartmann, 2013; Zhao & Dai, 2015; Ramseyer et al., 2019). Caribbean-wide, June, July, and
August, the MSD months, are expected to have the most significant decrease in precipitation
(Gutiérrez et al., 2021).

For the Luquillo Mountains, including the El Yunque National Forest, predictions for
declines in precipitation implicate increasing dry life zones at the expense of wet life zones
(Zinnert et al., 2021). Van Beusekom et al. (2017) showed that Luquillo may be more vulnerable
to wet-season drought, with cloud levels approximately equal in the dry and wet seasons.
Increased atmospheric demand near tropical mountain cloud forests alters direct and indirect
moisture availability by perturbing the cloud height and elevational temperature (Foster, 2001;
Martin et al., 2011; Zinnert et al., 2021). The average altitudinal range of plant, tree, and animal
species is heavily affected by climate changes, posing a high risk of loss in the future (Laurance

etal., 2011; Van Beusekom et al., 2015; Zinnert et al., 2021).
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Analysis of the 2015 drought suggests that regions of Luquillo are resistant and resilient
to short-term droughts. Vegetation greenness and canopy moisture levels returned to normal
within a year, and plant mortality was consistent with non-drought years (Schwartz et al., 2019).
The resistance and resilience of the forest moisture have not been analyzed over more extended
periods of drought or a dryer climate (Schwartz et al., 2019). For locations like Puerto Rico that
need more localized studies but lack available data, downscaled GCM output offers a way to
explore drought and analyze possible long-term effects. The future climate knowledge learned
through downscaled GCMs can also assist in the management of Luquillo to encourage greater

resistance and resilience.
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CHAPTER 3
Research Design
3.1 Research Objectives

Though the Sahara has long been known as a dust source and the Caribbean a dust sink,
the variability in the timing and amount of Saharan dust emitted and transported continues to
plague drought prediction (Miller & Ramseyer, 2020; Prospero & Mayol-Bracero, 2013). GCMs
are a tool that allows for future dust and precipitation scenarios to be generated and analyzed.
GCMs present the most effective way to communicate climate impacts due to their coupled
ability, but the spatial scales represented often are not fine enough for regional or local
assessments. Dynamical downscaling is one technique used to refine GCM output. This
technique derives the effects of large-scale climate processes for a region or location of interest
from high-resolution regional simulations.

In general, this research builds upon current work investigating the strength and
frequency of the trade wind inversion and modeling the convective thermodynamic structure of
the atmosphere during SAL outbreaks. Past modeling work has statistically downscaled CMIP5
Representative Concentration Pathway (RCP) 8.5 predictions for ERS rainfall and reproduced
the thermodynamic environment that contributed to the intensity of the 2015 drought, but it
remains unknown if early rainfall season intrusions like the April 2015 event will continue to
play a critical role in drought onset (Ramseyer et al., 2019; Miller et al., 2021). 1 fill this
knowledge gap by exploring the potential impact of global sea surface warming on the length of

the dust intrusion period using the RCP 8.5 scenario to simulate the predicted warming. RCP 8.5

15



depicts the climate under a worse-case warming scenario, with a radiative forcing of 8.5 Wm™.
Because climate stability is critical for the LUQ, I also investigated how atmospheric moisture is

influenced by the length of the intrusion period by analyzing hydrometeorological variables.

3.2 The Weather Research and Forecasting Model

The Weather Research and Forecasting Model (WRF) is a mesoscale numerical weather
prediction model with operational weather forecasting and atmosphere research applications.
WREF is an atmosphere model that can be run with enhanced chemistry settings and additional
parameterizations, such as land and radiation. WRF-chemistry can calculate and output emission
and gas element features. WRF-chemistry 3.8.0 was compiled, and simulations for three five-
year periods were conducted to model dust emission and transport from the Sahara and the
Middle East across the Atlantic and into the Caribbean basin. The periods consisted of the
historical period (H) 2013-2018, mid-century (MC) 2045-2049, and end-century (EC) 2085-
2089. In total, six simulations were performed.

Miller et al. (2021) conducted nine simulations to determine the dust configuration that
best modeled the March 1- May 31, 2015, dust outbreak. These simulations and those
undertaken for this study were run on the same 64 km resolution domain (Fig. 5). Though WRF
has several options for dust emissions schemes, two were tested by Miller et al. (2021): (1)
Georgia Tech/Goddard Global Ozone Chemistry Aerosol Radiation and Transport (GOCART)
and (2) GOCART with Air Force Weather Agency Modifications (GOCART-AFWA). The
GOCART scheme has been widely used in WRF-Chem studies since included in the model
version 3.2, but in 2011 the Air Force Weather Agency identified certain environmental

conditions could cause the GOCART scheme to be invalid within WRF (LeGrand et al., 2019).

16



The GOCART-AFWA scheme was developed to address issues with GOCART under eroding of
soil particles. The dust emissions scheme, GOCART-AFWA, best represented WRF-Chem AOD
and Géalvez-Davison Index (GDI) against the same products from ERA5 and NASA Terra
Moderate Resolution Imaging Spectroradiometer (MODIS) and NASA’s Aerosol Robotic
Network (AERONET) during the period.

Miller et al. (2021) also tested the dust emission sensitivity of the model with various
tuning parameters. Tuning parameters modify the onset and the magnitude of dust emission but
are usually best for regional models (Flaounas et al., 2017). These simulations were conducted to
show the source to sink dust transport from the Sahara to the Caribbean, so the default of 1.0
showed the most reasonable results. Simulations referred to as ‘dust on’ simulations all employ
the GOCART-AFWA (i.e., dust_opt = 3) aerosol scheme. The ‘dust off” simulations turned off
all atmospheric chemistry (i.e., chem_opt = 0).

Historical simulations used boundary conditions from the ERAS reanalysis dataset.
Alternatively, MC and EC simulations utilized the Community Climate System Model (CCSM)
CMIP5 RCP8.5 dataset. Direct radiative effects were turned on, allowing dust to modify the
atmospheric layer thermodynamically. This parameterization selection allows dust emission
levels to alter the dust load and structure of the SAL. Other parameterization schemes and

domain configurations can be found in Table 1.
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Table 1. Parameterization and Domain Settings for the WRF-Chem Simulations

Setting Option

Grid Spacing 64 km, 16 km

E-W grid size 252,73

N-S grid size 68, 53

Vertical levels 40 (historical), 38 (future)
Boundary layer YSU scheme

Land Surface Noah land-surface model
Radiation RRTMG

Cumulus New Tiedke scheme
Microphysics WSM6

Chemistry GOCART simple aerosol
Dust GOCART-AFWA

Dynamically downscaling the coarse resolution GCM output provided greater detail of
how changes affect the Luquillo Mountains with their steep elevation, precipitation, and
ecological gradients. Both 64- and 16-km resolution model simulations were conducted and
analyzed, with the 16 km being the result of dynamically downscaling the coarser model runs
(Fig. 5). One-way nests centered on Puerto Rico were run, and output from the coarse resolution
domain was used to derive AOD. The 16 km grid simulation output provided air temperature,

precipitation, and relative humidity. The temporal length, relatively high spatial resolution, and
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interactive chemistry make the 16 km simulations computationally expensive, so these outputs

were analyzed for three-year windows from 2014-2016 (H), 2045-2047 (MC), and 2085-2087

(EC).
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Figure 5. 64 and 16 km domains used in WRF simulations. 16 km simulations were dynamically

downscaled from the 64 km.
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CHAPTER 4
Methods

4.1. Aerosol Optical Depth (AOD)

Recent work suggests that Atlantic SSTs influence dust transport and not vice versa
(Wong et al., 2008; Chen et al., 2020). Wong et al. (2006) showed that an 850-hPa warm
temperature anomaly is related to the direction of dust transport across the Atlantic. Further
representing SAL cross-Atlantic transport and supporting a link to Atlantic SST variability,
Wong et al. (2008) found that higher SSTs indirectly shift the transport path. Increases in tropical
Atlantic SSTs result from anthropogenic climate forcing and were modeled in the future
boundary conditions. These conditions were assimilated into the WRF-Chem simulations.

Typical measurements of AOD measure the concentration of aerosols in a column of air
by the amount of irradiance that reaches the earth’s surface. The methods for WRF use the
vertical thickness and the amount of light absorbed at 550nm. AOD is an index from 0 to 1.
Values less than 0.1 reflect clear sky conditions. In contrast, values closer to 1 indicate a hazy
sky and the presence of many aerosols. WRF 550nm extinction coefficient, perturbation
geopotential, and base-state geopotential output were used to calculate AOD (equation 2). The
base-state geopotential is constant and was set during simulation initialization based on the
location geography. Perturbation geopotential starts at zero and varied over the simulation
period. The sum of the base-state geopotential and perturbation potential in units of m/s? are

described as dz in equation 2.

550nm extinct coe
. dz

AOD = — 2)
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AOD data from WRF-chem were compared to Terra- MODIS satellite AOD for 2014—
2018 at monthly scales to assess the validity of the WRF-Chem output (Platnick et al., 2015).

Magnitude differences were quantified using percent difference (equation 3).

Percent Difference=[WRF_AOD-MODISAOD}/(WRF_AOD+MODISAOD)/2) x100% (3)

The monthly average AOD for Puerto Rico during each period was analyzed to assess changes in
the dust season. Monthly average pressure heights, wind speed, and direction provide insight into
the tropical North Atlantic (TNA) dust transport system. This information assisted in assessing if

the effects on hydrometeorology can be attributed to the dust-laden SAL.

4.2 Hydrometeorology

Water resources and availability are broad concepts, encompassing the demand, supply,
and access to water. The complex feedback between dust, temperature, and clouds increases
uncertainty about future water availability. Future perturbations to water resources in Luquillo
could have detrimental impacts on the forest structure (Zinnert et al., 2021). As previously
discussed, dust can impact atmospheric processes in multiple ways. Suspended dust particles can
act to block solar radiation, causing lower temperatures below the dust layer. On the other hand,
dust can be packed into the SAL and contribute to atmospheric warming. The warming increases
stability in the atmosphere and limits convective rainfall development.

Cloud location and micro-physics are also influenced by dust presence in the terrestrial
boundary. Evidence during SAL intrusions shows a southerly displacement of clouds (Wong et

al., 2006; Wong et al., 2008) and limited convective precipitation (Mote et al., 2017; Miller et al.,
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2020). It is also important to note that the highest elevations of the Luquillo Mountains are
almost always within the cloud deck. This supplies the surface soils and canopy with direct
moisture, even when rainfall is not occurring. Without these clouds, the associated temperature
change induces evapotranspiration rate change.

WREF output includes rainfall, but because dust can both increase and decrease rainfall, a
convective forecasting index is included in the analysis to better determine if changes are
attributed to the SAL’s effects on the thermodynamic environment or other climate drivers.
Additionally, the index used in this analysis was calculated from model output, making it almost
independent from the convective parameterizations used in the simulations (WRF Single-
Moment 6-Class Scheme (WSM6), New Tiedke scheme) and providing a more realistic
representation of where it will rain. The convective index employed in this work was the Galvez-
Davison Index (GDI). Developed to forecast tropical convection, GDI has previously been used
to assess the atmosphere’s thermodynamic structure for hydrometeorological analyses (Gélvez &
Davison, 2016; Miller & Ramseyer, 2020; Miller et al., 2017). GDI values range from -20 or less
to +45 or greater (Table 2). Positive values indicate atmospheric instability; warm and moist air
is below cooler and drier air. Negative values relate to a stable atmosphere, where cool and dry
air is at the surface. The more positive a GDI index value is, the greater the chance for scattered
or widespread thunderstorms. The overall GDI index value is derived from potential temperature,

temperature modulations at 500 hPa, and the temperature difference between 950 and 700 hPa.
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Table 2. Critical GDI Values and Convention Type

GDI Expected convective regime

>+45 Scattered to widespread thunderstorms

+35 to +45 Scattered thunderstorms and/or widespread shallow convection

+25 to +35 Scattered shallow convection and isolated to scattered thunderstorms

+15 to +25 Isolated to scattered shallow convection and a few isolated thunderstorms

+5to +15 Isolated to scattered shallow convection; any thunderstorm brief and isolated

-20to +5 Isolated to scattered shallow convection; strong subsidence inversion likely

<-20 Fair conditions, any convection should_be shallow, isolated, and produce light
rain

To inclusively account for atmospheric moisture demand impacts through
meteorological, hydrological, and ecological drought, WRF output for temperature and relative
humidity were used to calculate vapor pressure deficit (VPD). VPD is a meteorological term to
describe the difference between the amount of moisture in the air, the actual vapor pressure, and
the maximum amount of moisture in the air at a given temperature, the saturation vapor pressure

(equation 4).

VPD= e (T,)-e, 4)

Where e, is saturation vapor pressure, e, is the actual vapor pressure, and T, is the air

temperature. VPD is recorded as pressure in kilopascals (kPa) units, and saturation decreases the
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further the difference is from 0 kPa. VPD increases have been related to land evapotranspiration
limitations and photosynthesis declines (Barkhordarian et al., 2019; Yuan et al., 2019). These
relationships make it a drought indicator and a unique meteorological observation for examining
tropical forest moisture and plant function.

To address research question 2, rainfall, GDI, and VPD variables calculated from ‘dust
on’ and ‘dust off” simulations as seasonal averages were compared through various analyses. The
‘dust on’ and ‘dust off” values were first tested for normality with Shapiro-Wilks tests in R. After
normality was determined, either a paired t-test or a Wilcox statistical test was used to determine
the effect of dust on the variables. The test selected to compare the data was dependent on the
data normality. In addition to determining the effect of dust during a specific period, the change
in moisture for both simulations was also analyzed. Percent change calculations were performed
in R to assess the change from historical to future periods and between the two periods (equation
5). The ‘dust on’ and ‘dust off” simulations were analyzed separately for this portion of the

analysis.

|future value-previous value|
b *100% (5)
previous value

Percent Change=

4.2.1 Precipitation Bias Correction

The WRF model itself has a bias in all output because it is a numerical model. The GDI
is included in this analysis to assess the thermodynamic properties that effect rainfall potential,
but the actual rainfall values and locations are useful in quantifying the possibility of drought.
Before precipitation data can be analyzed, a Model Output Statistics method of precipitation bias

correction was employed. The method first derives a bias-corrected precipitation factor (BCp,)

from the mean observed precipitation (Py) divided by the control model precipitation (Pyc;
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equation 6). The final precipitation (Pr) is then derived from the future model precipitation

magnitude (Pyr) and the bias corrected factor (equations 7).

_Fo
BC, =72 ©6)
Pf = PMF * BCp (7)

The Model Output Statistics procedures were beneficial because it reduced the model
divergence from the observations to the smallest degree possible. For this analysis, NASA
Integrated Multi-satellitE Retrievals for GPM (IMERG) precipitation data served as the
observations (O), and the historical dust on output was the mean control model (MC; Huffman et
al., 2019). The IMERG data were scaled from their original 11 km grid to the WRF 16 km grid,
so the corrected rainfall contained a greater degree of accuracy. Rainfall from the historical ‘dust
off” and all future simulations were corrected as the future model (MF). The use of a change
factor statistics approach allowed the change between periods to be conserved as the values were

corrected.
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CHAPTER 5
Results
This section presents an analysis of 21%'-Century AOD in relation to predictions of
atmospheric pressure systems. AOD assessed as monthly, early rainfall season, and dust season
averages allowed multiple analyses of the period's dust climatology. The 2015 dust and drought
events suggest the model representations of early-season dust outbreaks and the resultant
moisture responses. Rainfall, convection, and vapor pressure deficit were analyzed over
historical (2014-2016), mid-century (2045-2047), and end-century (2085-2087) periods. Each
moisture environment variable served a purpose with a connection to the SAL and drought.
Convection describes the SAL interaction in cloud and storm development, rainfall details the

cloud and rain processes, and VPD describes the atmospheric demand.

5.1 WRF AOD Error

Model AOD performance was considered to assess the validity of the magnitude and
timing of Puerto Rico dust intrusions. Model performance was determined through percent
difference calculations from the MODIS satellites AOD product. All AOD analysis uses the
coarse resolution output, which allowed the full transport path to be analyzed. The model
performance analysis is focused on Puerto Rico’s historical AOD and not the entirety of domain
1 because the spatial analysis was bounded by Puerto Rico’s extent between 17.84°N to 18.57°N
and 65.21°W to 67.96°W. Additionally, transport timing and Puerto Rico’s dust magnitudes

were more critical to this analysis than emission magnitudes over Saharan Africa.
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Previous work that established the best model setup resulted in WRF-chem AOD
estimates greater than Terra MODIS and AERONET. Similarly, the simulations conducted for
this work resulted in overestimated monthly dust magnitudes (Fig. 6). Nonetheless, the
seasonality of dust was captured. The AOD magnitude error increased as the dust season
progressed, with August displaying the greatest percent errors. The additional dust in the model
could be due to Terra MODIS being a composite of 24-hour AOD, while WRF AOD is an
average of 4 instantaneous times per day. If one time stamp is over simulated, the overall daily
WRF AOD would be too high. Additionally, MODIS data had to be interpolated from 1°
resolution (approximately 111 km) to 64 km to be compared to the WRF output. Since the
observed dataset had less spatial accuracy than the model data, there are spatial differences that
may be simulated by the model, but not reflected in observations.

For Puerto Rico, during ERS months, the model overpredicted up to 10% of the AOD.
The lower error during the ERS, compared to the MSD, could correspond to the influence of
clouds (Fig. 6). AOD days with cloud cover equal to or greater than 0.1 were excluded from the
model analysis to eliminate cloud contamination in the height perturbation output used in the dz
term of the AOD calculation. The exclusion of these cloudy days could also drive the seasonality
differences in WRF’s ability to predict magnitudes. The model performed better over larger land
masses in the eastern Caribbean, like Puerto Rico. This could be due to the model responding to

land and ocean radiative differences.

27



WRF-MODIS March AOD Percent Difference WRF-MODIS April AOD Percent Difference

3 <P 5 B
M - 2 M - T -
= i
o o
WRF-MODIS May AOD Percent Difference WRF-MODIS June AOD Percent Difference
5 <’ - f f : : -7 -
- e i ! - Q
d ] & 20 O
o
WRF-MODIS July AOD Percen! t Difference WRF-MODIS August AOD Percen! t Difference
s
|
" .
i P
=2
JU o

L

Figure 6. Historical mean monthly AOD percent difference from Terra MODIS mean-monthly

AOD.

5.2 Synoptic Environment
5.2.1 2015 Case

Considering that the historical simulations were the baseline in this analysis, the 2015
anomalous dust outbreak in the ERS was analyzed to ensure that the model represented known
events. As previously discussed, the NAO plays a significant role in dust transport across the
TNA and drought in the Caribbean. During the 2015 drought, a positive NAO strengthened both
the NASH and Caribbean Low-Level Jet (CLLJ), leading to an increase in trade wind

windspeeds beginning in March 2015 and continuing until February 2016 (Herrera et al., 2020;
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Mote et al., 2017). The WRF model characterized the ERS of 2015 with lower heights (pressure)
and faster wind speeds compared to the entire historical period (Fig. 7).

With an expanding NASH during this period, heights are expected to be near normal or
increased. Though the heights were lower than the period average, the expanded NASH is
slightly north of Northern Africa, and isoheights are closely grouped, indicating quickly
changing heights in the north Atlantic, both features associated with a positive NAO (Fig. 7;
Appendix A). The change in height with latitude results in higher surface wind speeds from the
northeast during the season. This increase in wind speed is correlated with anomalous trade
winds that advected dust across the Atlantic during April. ERS temperature at the surface and
850-hPa also indicated lower or near normal temperatures for Puerto Rico and the eastern
Caribbean (Fig. 7). Lower temperatures in 2015 may indicate that the surface air was cooler and
drier than normal, resulting in greater stability, and less convection and rainfall than typical for

the season.
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WRF ERS 2015 950-mb Height (m) and wind Anomaly

wind speed (kt)

WRF ERS Average Surface Temperature Difference WRF ERS 850mb Average Temperature Difference
2015 vs Historical 2015 vs Historical
exp:dust on exp:dust on

Figure 7. 2015 early rainfall season average height, wind, and temperature anomalies. The
baseline period for analysis is the full historical period (2014-2018). Top: surface height and

wind speed anomaly; left: surface temperature anomaly; right: 850 hPa temperature anomaly.

Fig. 8 shows the vapor pressure deficit anomaly at 850 hPa for April and June averaged
over the ERS of 2015. These figures further indicate that the 2015 season had the greatest
influence on the 2014-2016 period. Moisture impacts from the SAL could be evident at the

bottom of the layer, typically near the 850 hPa pressure level. April and ERS averages of VPD in
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2015 reflect anomalies of a more saturated atmosphere than the historical average in eastern
Puerto Rico but less saturated in the western portion of the island (Fig. 8). June anomalies
indicated greater moisture over the water bodies near the Caribbean but slight dryness or near-

normal conditions over Puerto Rico.

WRF April 850mb Average VPD Difference WRF June 850mb Average VPD Difference WRF ERS 850mb Average VPD Difference
2015 vs Historical 2015 vs Historical 2015 vs Historical
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Figure 8. Vapor pressure deficit anomalies for April 2015, June 2015, and over the entire ERS. A
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baseline of 2014-2017 is used to calculate anomaly.

5.2.2 Model dust and synoptic representations

To further understand the relationship between the model synoptic environment and
model dust, the model ability to transport dust in 2015, as well as the conditions during the
intrusions, were analyzed. The WRF model over-simulated erosion in the Sahara during all
seasons but resolves the transport areas well (Fig. 9). The model better simulated the amount of
dust transported than eroded, meaning that near the Caribbean, WRF AOD is similar to MODIS
AOD for the respective period. 850-hPa heights and wind speeds in April show established

transport paths across the Atlantic, as noted by geostrophic easterly winds (Fig. Al). In April

31



2015, dust advected off the coast of Africa spanned a larger coastal region in the model
simulations than MODIS, but dust was accurately transported across the southern north Atlantic
by high pressure centered in the central Atlantic (Fig. Al). The greatest concentration of dust in

April mostly moved over the Lesser Antilles and South America.
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Figure 9. WRF modeled, and MODIS AOD averaged for April, June, and the early rainfall

season of 2015.

By June, 850-hPa heights within the transport region increased, as the NASH strength
increased. In addition to the strengthening of the high pressure between April and June, the

pressure contours expanded to the southwest (Fig. A2). The change in height with latitude led to
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increased wind speeds, while the direction of expansion allowed dust flow to reach northern
Atlantic regions that include the Caribbean.

Above the SAL region, the 500-hPa heights indicated the development of an upper air
trough between April and June in the tropical Atlantic (Fig. A2). The trough, extended from the
northeast Atlantic, further identified high pressure near Europe. Trough height and location show
cool upper-level air unable to penetrate regions where warmer air associated with the SAL exists.
The environment from April to June agrees with a strengthening of the trade wind inversion
during the dust season and is spatially consistent warm temperatures below the SAL.

Overall, during the ERS, WRF overpredicted the dust magnitude but the atmospheric
environment showed elevated dust levels during appropriate periods in 2015 (Fig. 10). At 850
hPa, the season average wind direction is from the northeast, guided by a weak high-pressure
system in the central North Atlantic. Speeds in the transport region were primarily between 12
and 16 knots (6 — 8 m/s), supporting the possibility of wind-assisted dust transport in the mid-
troposphere. Winds in the upper troposphere were not zonal and showed rotation in the wind
direction across the Atlantic. Though a slight trough is present in the season-averaged height, it
is not as evident as in June. The 2015 ERS average wind speed contours at 500-hPa depicted a
pattern similar to the April average, suggesting the early season pattern remained for an extended

period.
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Figure 10. 2015 ERS averaged 500 and 850 hPa heights, wind speed, and wind direction.

5.3 Annual Dust Season

Considering the influence of a warming ocean on the atmosphere, pressure level heights
are expected to increase in the future. Between the historical period and the mid-century, the
annual average ERS 850 hPa pressure in the north Atlantic and Caribbean could rise by 5-10 m
(Figs. 11, B11). An additional increase of 8-10 m could be expected between the MC and EC
(Fig. B11). Increases in atmospheric height might lead to changes in El Yunque’s ecosystem. As

the cloud level rises the expected heights may cause the cloud base to rise above the forest
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surface. The increase in atmospheric pressure expanded the Atlantic and South America areas
impacted by dust in the ERS (Fig. 11). Doherty et al. (2008) support that an extended dust season
could result from increased dust emissions and/or changes to the transport path. Though the
simulations did not suggest increased emissions during the dust season (March—September), they

did show a wider region of the Atlantic transporting dust (Fig. 15).

wind speed (kt)

Figure 11. ERS annual average heights, wind speed, and direction at 850 hPa.
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The upper atmosphere also responds to surface temperature changes, with height
increasing 80-100 m between the H and EC (Figs. B5, B6). This indicates a persistent warm
layer below, and likely in the 850 — 500 hPa region, the location of the SAL. Similar to June
2015, the June 500 hPa average heights in the future exhibit a westward extending pressure
gradient from the Sahel to the Caribbean (Fig. B2). The upper-level trough in the historical
average 500-hPa heights steer higher concentrations of dust into the southern Caribbean, but the
emerging future synoptic pattern could develop a more direct path into the Greater Antilles. The
movement of the warm air aloft from the Saharan region westward also leads to a more
structured wind pattern in the future. The change in wind direction would move warm, dry
Saharan air across the Atlantic at faster speeds.

Wind direction and speed changes at 700-hPa are similar to those at 500-hPa. Doherty et
al. (2008) found a wind direction shift between the equator and 15°N when comparing the 1989
1993 period to 1979-1983. The change they reported resulted in the ERS plume shifting
northward and arriving earlier in the Caribbean. Mid- and end-century ERS average wind
direction at 700-hPa shows winds becoming more zonal in the eastern Atlantic, allowing dust to
move off the coast during the season. As the dust travels west, during the future period, the
direction is either westward or northwestward, both flows that would move dust into the

Caribbean (Fig. 12).
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Figure 12. ERS 700 hPa pressure level heights, wind speed and wind direction for the Historical,
IC, and EC.
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5.4 WRF AOD
5.4.1 Time Series

The historical dust pattern displayed a gradual increase at the start of the season in May,
with a steep decline after the peak in September (Fig. 13). The historical AOD monthly mean did
increase during the ERS. Most of the increase occurred in April, with March often experiencing
the clearest sky conditions of the year. Historically and represented through these simulations,
aerosols were more present in the ERS months of April and May. A 0.02 difference in April and
May AOD indicates that sky conditions and aerosol volumes were nearly similar.

The location and strength of the NASH strongly influence the direction of the surface
winds in the future, supporting continuous dust erosion in the Sahara and subsequent motion into
the Caribbean. In the future, aerosol magnitudes are predicted to quickly increase, beginning in
April. The July increase of dust aerosols in the MC and yearly variability in ERS months mean
AOD contribute to changes in the annual curve (Figs. 13, C2). During the MC, the annual dust
season peaked in July, but dust aerosols continued to increase through September. By the EC,
AOD indicates an exponential increase in the monthly mean until July, and magnitudes remain
the same through September. The July yearly increase in dust suggests a change in the dust
season from a one-month peak to three. The annual monthly average AOD did not change
between the periods except during the MC when peak season averages are predicted to be the

highest of all periods.
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Figure 13. Spatially averaged monthly AOD for Puerto Rico bounded by 17.84°N to 18.57°N
and 65.21°W to 67.96°W for (A) the historical period from 2014 to 2018, (B) the mid-century

period from 2045 to 2049, and (C) the end-century period from 2085 to 2089.

5.4.2 AOD Spatial Analysis

Spatial analysis of AOD averages during ERS and MSD months agree in magnitude with
monthly time series. Although average magnitudes are similar in March and April during all
periods, the future periods carry dust into the South American coast instead of the aerosols
collecting at the African coast, as the historical records indicate (Figs. 14, D1, D2). On average,
less dust is emitted from the Sahara during May of the MC and EC than historically, but higher
quantities of dust can reach the Caribbean region earlier due to changes in wind direction and

wind speed in the future (Fig. D3). Averaging the monthly means of the ERS months for the
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respective periods agrees with a change in dust seasonality. The MC ERS mean has the greatest

difference from the historical, where an AOD of 0.2 to 0.6 is recorded for the Lesser Antilles.

Historical ERS Mean AOD

aov

Figure 14. ERS (March—May) averaged AOD. AOD scale ranges from 0 to 1.4, where higher
values indicate higher dust magnitudes. (A) historical ERS average from 2014 to 2018; (B) mid-

century ERS average from 2045 to 2049; (C) end-century ERS average from 2085 to 2089.

The MSD months of June, July, and August progressively increase AOD during each
period (Figs. D4-D6). AOD increases during these months can be attributed to greater erosion in
the Sahel and a northward shift in the central transport region. The synoptic maps discussed in
Chapter 4 also agree that wind speeds increase in the westward direction during the MSD
months. MC AOD is likely the highest because of NASH strength during the MSD months in
2045, 2048, and 2049. Though AOD in the MSD months in 2085 and 2086 is similar to the

pattern seen in the MC, the latter 3 years decrease the mean, making the period less dusty (Fig.
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C3). These relationships result in a nearly similar dust season AOD average for the MC and EC

that are 0.1-0.2 AOD indices different from the historical average (Fig. 15).

Historical Dust Season Mean AOD

aov

Figure 15. Dust season (March—September) averaged AOD for (A) the historical period from
2014 to 2018, (B) the mid-century from 2045 to 2049, and (C) the end-century from 2085 to

2089.

5.5 Moisture Environment
5.5.1 Precipitation

‘Dust on’ simulation rainfall from WRF overestimated the annual historical rainfall
(Appendix E). Though the ‘dust off” annual map better captured the spatial pattern of rainfall
observations over the Atlantic and the Caribbean Sea, the dust on map overestimations best
reproduced the locations of the greatest and least rainfall. Both simulations and observations

agree that rainfall was the highest in the island’s western portion. Though the highest annual
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precipitation is expected to be near the Luquillo Mountains, the resolution of the simulations
limits the ability for this to be reflected and only featured high rainfall in the LUQ region
compared to its surrounding.

Annual rainfall does not convey the declines that occur specifically during the early
rainfall season. Dust did significantly affect the rain during all periods. The difference in the
medians during the mid-century is the least significant of the three periods. The ‘dust on’ and
‘dust off” similarity in rainfall during the MC highlight that the atmospheric changes because of
climate change are similar to the changes induced by dust. Annual and ERS rainfall will decrease
island-wide (Fig. 16). Southwest and south-central Puerto Rico remain the area with the greatest
precipitation in all periods. By the EC, the LUQ region rainfall decreases by about 1000 mm/yr.
A significant amount of this decline is during the ERS, with Luquillo rainfall decreasing by 80%
between the historical and EC with dust and 63% without. Though dust impacts influence the
rainfall declines significantly between the MC ERS average and EC ERS average, climate
perturbations have a more significant impact. Rainfall decreases about 11% between early
rainfall season MC and EC in ‘dust on’ simulations, but there is about a 20% decrease in rainfall

for ‘dust off” simulations.
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Figure 16. ERS rainfall for all analysis periods. Left: ‘dust off” simulations; right: ‘dust on’

simulation.

5.5.2 GDI

GDlI is useful in determining thermodynamic signatures of the SAL, like mid-
tropospheric warming and enhanced stability (Miller et al., 2017). Positive GDI values indicate
instability and greater potential for convective storm development, while negative values indicate
greater stability and possible subsidence inversion. Though separate from rainfall, GDI values do
not show normality. A Wilcox test is again used because the data are non-parametric. Much like
the rainfall, historical early rainfall season GDI is over simulated in the ‘dust on’ simulation. The

dust has a significant influence on the convection as well. Within the LUQ region, the ‘dust on’
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GDlI reflected a slightly more convective environment than the ‘dust off”. Though both
simulation values reflected short-lived rainfall events are most likely, the ‘dust on’ value
indicated more potential for scattered thunderstorm development (Fig. 17). LUQ GDI value
decreases over 100% by the MC and an additional 29% between the MC and EC in both
simulations.

GDI becomes increasingly negative in the future for both ‘dust on’ and ‘dust off®
simulations annually and in the ERS. Rainfall will be suppressed due to decreased convective
development in the western Atlantic. The transition from many shallow and isolated
thunderstorms to a strong subsidence inversion is likely induced by the rising atmospheric
pressure. Eastern Puerto Rico convection declines faster than the western portion of the island,
making the LUQ a region impacted by the mid-century. Monthly averages of GDI over the
periods show that the greatest changes in stability occur during March, April, July, and August.
Synoptic environment averages suggest that atmospheric patterns set during April intensify
through the ERS. The maximum GDI for all periods is in May and June. Mid- and end-century

GDI for May and June have the least spatial change in the thermodynamic stability.
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Figure 17. Galvez-Davison Index values averaged over the ERS months for the historical period,

MC and EC.

5.5.3 Vapor Pressure Deficit

VPD is the only hydrometeorological variable in this analysis that was normally
distributed. As such, a paired t-test is conducted for all analysis periods. Historical and end-
century ERS VPD were significantly different in the ‘dust on’ and “dust off” simulations.
Conversely, mid-century VPD means are the same in the two simulations, indicated by an
accepted null hypothesis with a p-value equal to 0.09. VPD supports rainfall estimates in that
conditions are similar for MC “dust on’ and ‘dust off” simulations. The ‘dust on’ and ‘dust off’
VPD output differed most in the historical period. This further suggests that the ERS
environment induced by the RCP8.5 scenario has an equal or greater hydrologic impact than

dust.
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Both simulations agree that majority of the surface will be more saturated in the future,
except for areas in southwest Puerto Rico. Rising air temperatures in the future will increase the
saturation vapor pressure, so future VPD would be expected to be higher than the historical
period. Since the opposite was modeled at the surface (950 hPa), two factors could be
influencing model saturation vapor pressure. First, the model uses a climatology for the land
surface, including greening periods for vegetation, soil properties, and land use designation.
Regardless of atmospheric changes impacting these inputs, all periods use the same land use
climatology from MODIS. Secondly, trade winds will continue to bring tropical moisture over
PR. Considering warming and rainfall decreases in eastern PR, the land surface model slows
plant function, and the atmosphere retains the advected moisture. This leads to the EC’s 10-12%
increase in atmospheric saturation. In southwest PR, the surface is predicted to be less saturated
in the future, with the demand increasing by 7-11% by the EC. The region of higher atmospheric
moisture demand corresponds to the area that consistently features higher rainfall and greater
potential for storm development. The higher temperatures again play a role in saturation vapor
pressure, but because precipitation occurs more often in this region, the land surface model
increases evapotranspiration in periods. This leads to increased demand when rainfall is not

occurring.
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Figure 18. Mid-century and end-century ERS VPD differences from Historical.

5.5.4 Drought Connections

Dynamic downscaling was effective at capturing historical and future thermodynamic
influences of dust. Hydrometeorological variables that are influenced by dust and can indicate
drought potential were analyzed for three-year periods. Warming introduces early rainfall season
rainfall declines that are exacerbated by dust through the mid-century. The mid-century dusty
period moisture environment supports similarities in considering greater radiative forcing and
greater radiative forcing with emissions. Dust may be important in convective development in
the mid and end centuries, but the spatial heterogeneity in Puerto Rico’s landscape is significant
to the moisture environment changes. Frequently shallow convective rainfall events, increase the

vapor pressure demand, and indicate possible frequent local droughts. Eastern Puerto Rico is
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more likely to experience widespread drought as evaporation is greater than rainfall. These

connections are explored further in Chapters 6 and 7.
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CHAPTER 6
Discussion

Future simulations using RCP 8.5 have higher temperatures and greater carbon dioxide
loading. Rising atmospheric height related to climate warming does amplify the North Atlantic
Sub-tropical High (NASH). Doherty et al. (2008) related increased dust levels in the Caribbean
to a westward displacement of the NASH that moves dust from the African coast, similar to the
long-term pattern that emerges in the future. They noted that dust was typically transported from
the Sahara region only during these times. Model analyses of the historical early rainfall season
(ERS) shows a westward place NASH with the highest ERS average aerosol optical depth
(AOD) centered over the Sahara. The future ERS synoptic environment does not displace the
center of the NASH from its historical ERS position, which aids in Puerto Rico’s ERS mean
AOD being 0.2 for all periods. Instead, the strength of the NASH controls the transport pathway,
and future dust is entrained from the Sahara and Sahel regions (Fig. B11). Transport from the
Sahel seems to be directly related to trade wind increases (Fig. 12), while the sub-tropical high
location induces transport from the Sahara (Fig. 11). Higher windspeeds in the central tropical
Atlantic further assist the transport by keeping aerosols within the SAL. This study’s monthly
AOD time series show elevated dry season AOD levels compared to Fig. 4 from Doherty et al.
(2008). Comparing Doherty et al. (2008)’s 1988-1992 monthly AOD to the modeled historical
AOD shows the 20142018 peak is two months later. In the future, the peak season will be

longer than the 1988-1992 and 2014-2018 seasons.
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The AOD analysis is limited by the model’s ability to represent the land surface. As
previously mentioned, land use and drought significantly influence the Sahara landscape, so dust
emission regions could be misrepresented in the future because the landscape is not dynamic in
WRF. The AOD portion of this work relied on 64 km output because the dynamic downscale
within WRF did not capture the domain 1 dust. This limited the overall analysis, as a correlation
between AOD and moisture would be limited. Moisture values would be based on the average of
90 pixels, while AOD would be three pixels. An addition routine, convert_emiss.exe, should
have been run before WRF’s dynamic downscaling routine called ndown. Convert_emiss.exe
preforms the interpolation of emissions from the coarse model output to ensure grid mapping is
conserved correctly. The requirement for emissions mapping was unknown before reaching post-
processing. 16 km and 4 km resolution dust would improve this analysis. Still, the synoptic level
analysis is a valuable predictor of the ability of dust to be transported into the Caribbean during
future early rainfall seasons.

The western Caribbean, more specifically Puerto Rico and the US Virgin Islands, are
expected to experience up to 327% more dry days through the end of the century (Gutiérrez, et
al., 2021). A 16 km resolution could not resolve local effects like orographic rainfall from the
Luquillo Mountains, but GDI values did convey the potential for shallow convection along
mountainous areas in the western and eastern portions of the island. Jury (2022) found increasing
evaporation at the same rate as rainfall received in the western Puerto Rico, indicating moisture
recycling similar to the VPD relationship discussed in 5.5.3. Projections for eastern Puerto Rico,
where Luquillo is located, are less clear. The surface VPD changes correspond to the arid

environment that is predicted in the future (Gutiérrez et al., 2021). In areas that maintain

50



moisture on the eastern side of the island, much of the water vapor may not be recycled as
rainfall. This may lead to evaporation and rainfall imbalances that cause long-term drought.
Recent work by Gutleben et al. (2022) analyzed winter dry season transport of dust into
the Caribbean. The key findings of this analysis were that winter dust remained near the marine
boundary layer and was always found with water vapor, smoke, and other aerosols. Even during
the dry season, aerosol radiative effects are induced that impact shallow cloud processes. These
results become interesting when considering a deepened marine boundary layer and greater
aerosol concentration in RCP 8.5 simulations. The dust limited the warming effect of carbon

dioxide at the surface, resulting in wetter conditions in the future ‘dust on’ analysis.
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CHAPTER 7
Conclusion

Puerto Rico is a groundwater-limited island in the eastern Caribbean. Plants, people, and
animals on the island depend on large-scale convection and rainfall for daily water needs. The
northeastern portion of the island features the Luquillo Mountains, the only remaining tropical
rainforest on the island. The geographical location in relation to the trade winds and mountain
peak heights has historically made the Luquillo Mountains the wettest location in Puerto Rico
(Gomez-Gomez et al., 2014). A stabilized normal climate is critical for the plant and animal
species of the rainforest (Zinnert et al., 2021). Deviations in precipitation normal could
decrease the water available within and downstream of the Luquillo Mountains (Zinnert et al.,
2021). Decreased rainfall was evidenced in 197677, 1993-95, and 2015-16, and Earth System
Models suggest future declines in annual precipitation for the Caribbean (Larsen, 2000;
Hartmann et al., 2013).

During the reduced precipitation periods, drought was induced. Droughts are expected to
increase in Puerto Rico due to warming temperatures and rainfall declines, but the mechanisms
that will control the early rainfall season declines have not been thoroughly investigated. One
factor that enhanced precipitation perturbations was the presence of the SAL (Mote et al., 2017).
While dust interacts with the atmosphere and oceans in various ways, the Saharan Air Layer
(SAL) is very dry and warm. It can extend through a broad layer of the atmosphere, reducing

moisture by limiting water vapor bonding processes (Fig. 3; Dunion, 2011; Reid et al., 2002).
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The warm layer also stabilizes the atmosphere, reducing the updraft necessary for cloud
formation.
This thesis answered two questions:
. How will the dust intrusion period be affected by anthropogenic warming
of the oceans in the Tropical Atlantic?
. How does the seasonality and duration of dust intrusion affect water
resources in Puerto Rico, specifically the Luquillo Mountains?
A historical period from 2014 to 2018 or 2014 to 2016 served as the baseline climatology to
analyze AOD and water-related variables, respectively. Future periods from 2045 to 2049 (2045
to 2047), described as the mid-century, and 2085 to 2089 (2085 to 2087), described as the end-
century, used boundary conditions from CMIP5 RCP8.5 to represent the weather under higher
sea surface temperatures. Mean monthly values were compared spatially and temporally across
the years to quantify Aerosol Optical Depth (AOD) changes over time. The early rainfall season
thermodynamic influence of dust was then analyzed with the Galvez-Davison Index (GDI). To
further convey the thermodynamic changes, total rainfall and vapor pressure deficit are analyzed
to determine how water resources are impacted.
Dust transport from the Sahel to the Caribbean is controlled by trade winds over Northern

Africa, North Atlantic Oscillation (NAO), and EI Nino (Prospero & Mayol-Bracero, 2013).
Positive NAO increases the strength of the NASH, which subsequently increases speeds in the
trade wind over the Tropical North Atlantic (Herrera et al., 2020). Westward placement of the
Atlantic sub-tropical high is associated with dust transport from the Sahara to the Caribbean.
Increased strength and a westward placement of NASH create an environment conducive to

transporting dust into the Caribbean during the early rainfall season (ERS) through the mid-
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summer drought (MSD). This influence is the strongest during the mid-century. Anomalous
westerly winds at 700 hPa during the ERS and 850 hPa during the MSD drive higher peak AOD.
Changes in the synoptic environment extend through the troposphere. Historical June 500 hPa
analysis showed a trough extended from western Europe that supported northeasterly wind
movement in the central tropical Atlantic. Future simulations suggest winds June 500 hPa winds
are easterly. During both the mid- and end- century wind speeds are higher and easterly,
suggesting that the SAL reaches 500 hPa heights and transport from the Sahel will occur in the
MSD.

Along with the increased chance of dust outbreaks during the ERS, aerosols remain aloft
for more extended periods in the absence of rainfall in the future. The presence of the dust
particles significantly affects the moisture environment, although changes in moisture associated
with increased CO2 under RCP 8.5 also considerably impact the moisture. During the Mid-
century, these aerosols equally lead to decreases in water availability, signifying that the cooling
effect of dust will play a critical role in a warmer climate. This detail will be important as
Saharan dust emission predictions can be made more confidently.

The LUQ will be significantly impacted by future droughts and experience annual and
ERS rainfall means less than historically recorded. Though atmospheric moisture may still be
available, convection is limited by increased stability from mid-tropospheric warming due to
changes in CO2 and dust aerosols. Shallow daily convection may persist and assist in the tropical
forest’s resistance to drying. Simulations combining both dust effects and a warmer climate
reflect a wetter Luquillo. Still, the declines on the island’s eastern side are sharper than those on
the western. Nonetheless, island-wide reductions occur, with the mean percent change from the

historical to MC being 69% (‘dust on’) and 52% (‘dust off”).
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Future work should first produce a 5-yr analysis for the moisture variables. There are
plans to dynamically downscale to 4 km, but before that is undertaken, 16 km simulations should
be re-run with the emissions mapped. To downscale emissions output, convert_emiss with the
namelist prep_chem_sources should be executed before running ndown. Though this 64 and 16
km analysis well represented the historical and future dust and moisture environments of Puerto
Rico, the combination of higher resolution data and a complete vertical analysis will benefit
Luquillo management. The synoptic analysis can be enhanced by using an average of the SAL
rather than analyzing layers typically at the top and bottom separately. The GDI component for
the inversion index and mid-level warming can also be explored along with GDI at monthly
scales to understand the moisture and temperature relationship through the layer. Spatially
precise cooling and warming effects of dust can be assessed, as well as the response within the

tropical rainforest because local processes can be reflected in greater detail.
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Appendix A: 2015 Case

WRF April 2015 Historical Average 850-mb Height (m) and winds
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Figure AL. April 2015 500 and 800 hPa heights and winds. Pressure level height is shown in the

red contours, wind speed in the filled color contours and wind direction via barbs.
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WREF June 2015 Historical Average 850-mb Height (m) and winds
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Figure A2. June 2015 500 and 800 hPa heights and winds. Pressure level height is shown in the

red contours, wind speed in the filled color contours and wind direction via barbs.
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Appendix B: Annual Synoptic Environments

WRF April Historical Average 500-mb Height (m) and winds

WRF April 500-mb Height (m) and wind (Mid-Century)
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Figure B1. April 500 hPa pressure level heights, wind speed and wind direction for the

Historical, IC, and EC.
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WRF April 500-mb Height (m) and wind Anomaly (Midcentury)
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Figure B2. April 500 hPa future anomalies. Positive values indicate higher values in the future

period.
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WRF 500-mb Height (m) and wi

wind speed (kt)
Figure B3. June 500 hPa pressure level heights, wind speed and wind direction for the Historical,

IC, and EC.
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Figure B4. June 500 hPa future anomalies. Positive values indicate higher values in the future

period.
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Figure B5. ERS annual average heights, wind speed, and direction at 500 hPa.
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Figure B6. ERS 500 hPa future anomalies. Positive values indicate higher values in the future

period.
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WRF April Historical Average 850-mb Height (m) and winds
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Figure B7. April 850 hPa pressure level heights, wind speed and wind direction for the

Historical, IC, and EC.
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WRF April 850-mb Height (m) and wind Anomaly (Midcentury)
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Figure B8. April 850 hPa future anomalies. Positive values indicate higher values in the future

period.
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WRF June Historical Average 850-mb Height (m) and winds
[ — e

16 24

wind speed (kt)
Figure B9. June 850 hPa pressure level heights, wind speed and wind direction for the Historical,

IC, and EC.
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Figure B10. June 850 hPa future anomalies. Positive values indicate higher values in the future

period.
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WRF ERS 850-mb Height (m) and wind Anomaly (Midcentury)
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Figure B11. ERS 850 hPa future anomalies. Positive values indicate higher values in the future

period.
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Appendix C: WRF ERS and Dust Season AOD Timeseries

WRF Puerto Rico Historical ERS & MSD Average Monthly AOD

Figure C1. Monthly mean AOD for the Historical period during the ERS season and MSD

months of March through September.
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WRF Puerto Rico Mid-Century ERS & MSD Average Monthly AOD
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Figure C2. Monthly mean AOD for the mid-century period during the ERS season and MSD

months of March through September

WRF Puerto Rico End-Century ERS & MSD Average Monthly AOD
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Figure C3. Monthly mean AOD for the end-century period during the ERS season and MSD

months of March through September
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Appendix D: Aerosol Optical Depth

Historical March Mean AOD

Mid-century March Mean AOD End-century March Mean AOD

)

Figure D1. March averaged AOD for the historical, mid-century and end century periods.

Historical April Mean AOD

End-century April Mean AOD

Figure D2. April averaged AOD for the historical, mid-century and end century periods.
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Historical May Mean AOD

-

End-century May Mean AOD

Figure D3. May averaged AOD for the historical, mid-century and end century periods.

Historical June Mean AOD

Figure D4. June averaged AOD for the historical, mid-century and end century periods.
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Historical July Mean AOD

End-century July Mean AOD

Figure D5. July averaged AOD for the historical, mid-century and end century periods.

Historical August Mean AOD
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Figure D6. August averaged AOD for the historical, mid-century and end century periods.

aov

14

12

10

08

06

04

02

00

aov



Appendix E: Rainfall

IMERG Annual Precipitation (2014-2016)
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Figure E1. IMERG annual rainfall for January 2014 through December 2016 (mm/yr).
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Figure E2. WRF “dust off” simulation annual H rainfall (mm/yr).
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WRF Annual Precipitation (2014-2016)
Exp: Dust On
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Figure E3. WRF ‘dust on’ simulation annual H rainfall (mm/yr).

WRF Annual Precipitation (2045-2047)
Exp: Dust Off

Figure E4. WRF ‘dust off” simulation annual MC rainfall (mm/yr).
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WRF Annual Precipitation (2045-2047)
Exp: Dust On
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Figure E5. WRF ‘dust on’ simulation annual MC rainfall (mm/yr).
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Figure E6. WRF “dust off” simulation annual EC rainfall (mm/yr).
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WRF Annual Precipitation (2085-2087)
Exp: Dust On

Figure E7. WRF ‘dust on’ simulation annual EC rainfall (mm/yr).
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