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ARTICLE INFO ABSTRACT
Keywords: Study region: Puerto Rico, a tropical island in the Caribbean Sea.
Drought Study focus: This study examines how water stress in Puerto Rico is influenced by its physical
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geography using a new USGS Soil-Water-Balance Model (Version 2.0) applied to three periods: a
baseline climatology (1981-2010), a recent decade (2010-2019), and multiple drought years
(1991, 1994, 1997, 2015).

New hydrological insights for the region: Oceanic islands often experience chronic water stress due
to their size, population, land use, and geomorphology. Yet more severe, acute stress arises due to
atmospheric forcing droughts, in which decreased precipitation is accompanied by increased
temperatures, evapotranspiration, and water withdrawals. Based on our analysis of the physical
geography of Puerto Rico, we find that water stress is more likely in southern Puerto Rico during
both baseline and recent decade conditions due to reduced net infiltration within the rain shadow
of the Cordillera Central. On the contrary, chronic stress is lower in mountainous and vegetated
areas on the remainder of the island, as well as where coastal aquifers are available for aug-
menting surface water. During drought events, water stress is more common in central and
eastern Puerto Rico mainly due to reductions in precipitation and net infiltration, increased
evapotranspiration, and limited groundwater availability. Drought imposes additional chronic
stresses by reducing recharge to coastal aquifers. These coastal aquifers are recharged by direct
rainfall and streamflow from central Puerto Rico; the decreased precipitation and net infiltration
in those areas constrain water availability during drought.

1. Introduction

The insular Caribbean has great cultural diversity among the islands, but the region shares similarities regarding its rich biodi-
versity, including but not limited to tropical rain forests, endemic species, and coral reefs (Geoghegan and Renard, 2002). However,
this rich environment has limited water resources due to the islands’ small sizes, geomorphic characteristics, and prevailing climate.

Geological composition affects water availability because topography and geology play critical roles in the physiographic control of
rainfall patterns and the availability of surface and subsurface water (Hendry, 1996). In the Caribbean carbonate islands, most of the
water resources are located within the subsurface, while the limited amount of surface water is frequently hypersaline because of high
evaporative demand. Therefore, these islands are particularly vulnerable to drought as rainwater catchments and groundwater
freshwater lenses are the main water-supply options, and both rely on rainfall-driven recharge (Cant, 1996; Falkland, 1999). Water
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supplies on volcanic islands, on the other hand, are usually obtained from surface sources due to limited percolation, steep terrain, and
high runoff (Hendry, 1996). Additionally, the topography of the islands can also affect the magnitude and the location of rainfall, with
orographic uplift from the mountains resulting in more rainfall occurring on the windward side of Caribbean islands (Jury, 2020;
Martinez et al., 2019; Sobel et al., 2011).

The geology, topography, climate, and lack of economic diversity in the insular Caribbean make drought one of the most frequent
climate hazards, resulting in economic losses and water shortages (Farrell et al., 2010). The seasonal rainfall variability and the
physical geography of the Caribbean limit the ability to capture water during rainy seasons and retain it during dry seasons and
multi-year drought events. Consequently, many islands experience problems in meeting water demand during drier periods of the year
(Ault, 2016; Cashman et al., 2010; Holding et al., 2016).

A significant drying trend has occurred in the Caribbean since 1950, and drought is expected to be more frequent and severe in the
Caribbean (Cashman et al., 2010; Herrera et al., 2018; Karnauskas et al., 2018; Moraes et al., 2022). Predictions based on projected
changes in climate also indicate that freshwater stress will be one of the main environmental concerns for small island states until the
end of the century (Karnauskas et al., 2018). Understanding the water balance is important for predicting the effects of long-term
climate change on oceanic islands in tropical climates. This knowledge is vital for preparing local governments as water stress in-
creases over time.

Therefore, this work focused on the main island of Puerto Rico as a case study in the insular Caribbean. The island is used to
examine the role of physical geography on water-budget components, including potential groundwater recharge, comparing a baseline
period and multiple-drought years. Puerto Rico is part of the Greater Antilles in the Caribbean Sea, rising from sea level to 1075 m high
at the top of the Luquillo Mountains over a distance of only 10-20 km along its east coast (Garcia-Martino et al., 1996). Together with
the extreme climatic events that affect the island, the mountainous landscape introduces complexities related to variations in soils,
vegetation, and rainfall.

Past studies analyzing the hydroclimatic characteristics of Puerto Rico have focused on understanding the hydrological conse-
quences of major hurricanes (Miller et al., 2019), the precipitation variability (Keellings and Hernandez Ayala, 2019; Ramseyer and
Mote, 2018), the historical and projected climate change (Jury, 2022), as well as the spatial-temporal variability of meteorological
drought events on the island (Sori et al., 2021) and the connection between drought and the Saharan air layer (Miller et al., 2021; Mote
et al., 2017). Recent studies have used water-budget models to predict local hydrology within the rainforest area of the Luquillo
Mountains (Zhang et al., 2018), understand the role of vegetation on streamflow (Hall et al., 2022), and characterize island-wide
hydrology (Harmsen et al., 2021).

However, there is a gap in the literature regarding the use of high-resolution model to understand how the island’s physical
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geography (e.g., topography, soils, climate) affects its water balance island-wise, especially during periods drought. Therefore, this
work reduces that gap by applying the newly released, open-access, Soil-Water-Balance model (SWB2, Version 2.0) developed by the
U.S. Geological Survey (Westenbroek et al., 2018), to analyze the temporal and spatial variability in Puerto Rico’s water balance and
potential groundwater recharge. The model provided a high-resolution (300-m) platform to investigate how Puerto Rico’s physical
geography influences its water budget during a baseline period (1981-2010), a recent decade (2010-2019), and multiple drought
years (1991, 1994, 1997, 2015). Additionally, this work provided an opportunity to evaluate model performance without first cali-
brating to field observations, considering many oceanic islands in tropical climates lack such information, and an opportunity to
compare the results with another recently released regional model, GOES_PRWEB (Harmsen et al., 2021). By demonstrating the utility
of the SWB2 model in Puerto Rico, we seek to enhance the capability of other water-stressed oceanic islands in tropical settings to
assess, plan and manage their water resources.

2. Data and methods
2.1. Study area

Puerto Rico’s main island is located in the western Tropical Atlantic, extends approximately 180 km from west to east and 65 km
from north to south, and has a quasi-rectangular shape with an area of approximately 11,700 km? (Fig. 1). The main island is pre-
dominantly mountainous (53% of the area), with a maximum altitude of 1340 m above sea level. While most of the northwest coast is
karstic (underlain by carbonates), the southern coast is predominantly discontinuous coastal sedimentary plains. These regions are
divided by a central mountain range extending from east to west called the Cordillera Central (Mendez-Tejeda et al., 2016; Miller et al.,
1997; Torres-Valcarcel et al., 2014).

Topographically driven drainage is predominantly radial from the central highlands to the sea and “consists of short, deeply incised
streams that have steep gradients in the upper reaches” (Miller et al., 1997). Puerto Rico has few perennial streams (along the southern
coast), and those rivers’ flow requires precipitation and sustained wet periods.

Annual precipitation is also topographically driven, with orographic uplift causing rainfall variation based on elevation, aspect, and
the prevailing wind direction. The topography causes greater rainfall on the eastern, mountainous, windward side (an average of
4000 mm yr’l), while the southern, leeward side is drier (an average of 700 mm yr’l) (Garcia-Martino et al., 1996; Mote et al., 2017;
Hosannah et al., 2019). Seasonal variation in precipitation also affects runoff, which is greater in Puerto Rico during the
April-November rainy seasons. There is less flow during the dry season (December—March), except in larger streams that originate in
igneous and volcanic rocks of the interior (Miller et al., 1997). Most precipitation in Puerto Rico is lost to the atmosphere by
evapotranspiration due to the high average temperature, but some water is stored within eleven surface-water reservoirs that are used
for hydroelectric power generation and irrigation (Miller et al., 1997).

Dieter et al. (2018) provide estimates of 2015 daily water withdrawals from surface water and groundwater sources as a function of
the water-use category. They presented the total water withdrawals by source together with the total population (thousands) to show
the most used source and type of water. The population is primarily served by public water utilities, with agricultural irrigation
withdrawing more surface and groundwater than all other users (Dieter et al., 2018; Table 3A. 4A).

Approximately 22% of all freshwater needs are met by groundwater withdrawals (Dieter et al., 2018) from three important aquifer
systems: Alluvial Valley Aquifers, the South Coast Aquifer, and the North Coast Limestone Aquifer. These aquifers provide critical
water sources during high water-demand periods (Miller et al., 1997, Figures 67, 74). The 3- to 8-km wide and 70-km-long South Coast
Aquifer is the primary aquifer in southern Puerto Rico (Mendez-Tejeda et al., 2016), while the North Coast Limestone Aquifer is the
most extensive and productive freshwater aquifer on the island (Lugo et al., 2001; Maihemuti et al., 2015). Although the quality of
water in the aquifers is normally appropriate for most uses, both the North Coast Limestone Aquifer and the South Coast Aquifer have
been compromised by saltwater intrusion (Miller et al., 1997; Xu, 2016). Also, these aquifers depend on direct rainfall for recharge,
which makes them vulnerable to water stress due to the high population density, industry, tourism, and irrigated agriculture, all
placing increasing demands on limited water resources (Mendez-Tejeda et al., 2016).

2.2. The soil-water-balance model version 2.0 (SWB2)

This work includes an estimation of the water-budget components and water availability (measured as net infiltration) to assess the
role of Puerto Rico’s physical geography (e.g., topography, soils, climate) on the island’s water resources. We used the SWB2 model
developed by Westenbroek et al. (2018) to accomplish this objective. The model was originally developed for application to the
tropical oceanic island of Maui, Hawai’i, in the Central Pacific Ocean, but it has been successfully applied to other oceanic tropical
islands since its release (Brewington et al., 2019; Day, 2019; Harlow and Hagedorn, 2018). SWB2 is an updated version of SWB, which
includes an option for additional input data to estimate irrigation amounts, as well as capabilities to allow the use of grids with
different spatial extents and projections to be combined without requiring resampling and resizing of the grids.

Unlike watersheds in the USA, oceanic islands in tropical climates typically lack detailed, daily, and historical onsite meteorologic,
hydrologic, geologic, edaphic (soils), and vegetation information. Thus, SWB2 was selected because it requires commonly available
tabular and gridded data types, including temperature, precipitation, land-use classification, hydrologic soil group, flow direction, and
soil-water capacity (Westenbroek et al., 2018). Another consideration was the model’s prior application to an oceanic tropical island in
the Pacific, which is similar to Puerto Rico in terms of climatic and topographic characteristics. Moreover, the Caribbean and Pacific
Islands share vulnerabilities related to their isolation, dependence on imports, and dependence on local sources of freshwater, which
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make them vulnerable to drought. They are also uniquely different from most of the mainland regions for reasons including, but not
limited to, saltwater intrusion and sea-level rise threatening their coastal aquifers (Gould et al., 2018). Even the previous versions of
SWB were applied recently in other regions of the U.S. and small tropical islands successfully (Brewington et al., 2019; Day, 2019;
Harlow and Hagedorn, 2018).

It is also important to highlight that this study aims to analyze the role of Puerto Rico’s physical geography on its water balance
island-wise, which makes SWB2 also a better fit when compared to other open-source water budget models, such as Soil and Water
Assessment Tool (SWAT) model. SWAT is a basin-scale model and is considered an effective tool for simulating hydrologic processes
and water quantity assessments based on watershed specifics (Gassman et al., 2007), which is not the focus of this study. Moreover, the
open-source, user-friendly characteristic of SWB2 and the possibility to employ a high-resolution (300-m) analysis of water budget
components are other reasons why SWB2 is a better fit than, for example, the GOES-PRWEB model (Harmsen et al., 2021), which uses a
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coarser, 1-km resolution water and energy balance model (Harmsen et al., 2021). SWB2 is also superior to SWAT modeling, which
lumps landscape features into watershed-scale parameters. However, GOES-PRWEB has been validated and used extensively in Puerto
Rico, so it is used here for comparison with SWB2 to evaluate model predictions.

The SWB2 model estimates net infiltration instead of groundwater recharge. While not estimating groundwater recharge directly,
SWB2 models net infiltration as a proxy. Net infiltration corresponds to deep percolation, which is the downward water flux in the
unsaturated zone below the root zone. The difference between net infiltration and recharge is the lag time required for water to move
vertically through the unsaturated zone to the water table (Healy, 2010; Westenbroek et al., 2018). There is also a time lag between
aquifer recharge and discharge to local streams, which is a function of hydrogeologic conditions. Thus, we follow the SWB2 modeling
terminology and use net infiltration to refer to potential groundwater recharge.

The SWB2 model uses a modified Thornthwaite and Mather (1957) soil-moisture accounting method to calculate net infiltration at
a daily frequency on a grid-by-grid cell basis. It uses sources and sinks of water within each grid cell based on input climate data and
landscape characteristics. While running the model, soil moisture is updated every day as the difference between these sources and
sinks, and net infiltration is only computed when soil moisture exceeds the field capacity, otherwise it is zero.

Eq. 1 summarizes the water-budget components used in this study and explains how SWB2 quantifies net infiltration, NI, which is
defined as the deep percolation (i.e., soil percolation below the root zone that eventually becomes groundwater recharge):

NI =R - I - Roff - AET - AS (€9)]

where R is gross precipitation, I is interception, Roff is runoff, AET is actual evapotranspiration, and AS is change in soil moisture. Both
I and AS are considered storage components within the SWB2 model. Model outputs are reported in English units (inches) but are
converted to SI units here. The SWB2 model grid cell resolution was defined as 300 m for this study.

This study used the following input datasets for the SWB2 model: daily gridded climate data from Daymet (Version 3) at 1-km
resolution (precipitation, maximum temperature, and minimum temperature) from 1980 to 2019; hydrologic soil types, and avail-
able water soil capacity (AWC, 0-1-m depth) from Gridded Soil Survey Geographic (gSSURGO) database at 10-m resolution (USDA,
2020); and two land use and land cover (LULC) datasets at 30-m resolution. The 2001 LULC dataset is from the National Land Cover
Database, and the 2010 LULC dataset is from NOAA Office for Coastal Management (NOAA/OCM). All the non-transient SWB2 input
data are shown in Fig. 2. Note that Daymet Version 3 was used instead of Version 4 because preliminary analysis indicates that Version
3 performs better in Puerto Rico when compared to observed runoff (Jazlynn Hall, Columbia University, pers. comm.).

The SWB2 model requires that gross precipitation (R) exceeds the assigned interception (I) before net precipitation reaches the
ground (Harlow and Hagedorn, 2018; Westenbroek et al., 2018). Thus, we determined interception amounts for the different LULC
types based on previous studies (Harlow and Hagedorn, 2018). We defined the growing season as the period corresponding to the
April-November rainy seasons in Puerto Rico, while the dry season (December-March) is the non-growing season (Table 1).

The model estimates direct runoff (Roff) using the curve number method for the different LULC classes and hydrologic soil groups.
We assigned curve numbers based on published values (Huffman et al., 2011; Kent, 1973; Westenbroek et al., 2018), presented in
Table 2. Group A, B, C, D, A/D, B/D, and C/D soils are originally from the gSSURGO dataset (USDA, 2020), while the group W and
ROut soils correspond to water and rock outcrop categories created by the authors to account for gaps within the gSSURGO dataset. We
assign group W soils to all water and wetland landscapes (e.g., riverwash, alluvial land, and open water) and assign group ROut soils to

Table 1

Puerto Rico interception values (mm day-1) for growing (rainy) and non-growing (dry) seasons
based on land use and land cover (LULC) used as input in the Soil Water Balance Model 2 (SWB2).
The rainy season extends from April to November, and dry season from December to March.

Land Use - Land Cover Season

Rainy Dry
High Intensity Developed 0.00 0.00
Medium Intensity Developed 0.51 0.25
Low Intensity Developed 0.51 0.25
Developed, Open Space 0.00 0.00
Cultivated Crops 3.81 3.81
Pasture/Hay 2.03 0.76
Grassland/Herbaceous 2.03 0.76
Mixed Forest 5.08 5.08
Shrub/Scrub 3.81 3.81
Palustrine Forested Wetland 5.08 5.08
Palustrine Scrub/Shrub Wetland 3.81 3.81
Palustrine Emergent Wetland 0.51 0.25
Estuarine Forested Wetland 5.08 5.08
Estuarine Scrub/Shrub Wetland 3.81 3.81
Estuarine Emergent Wetland 0.51 0.25
Unconsolidated Shore 0.00 0.00
Bare Land 0.00 0.00
Open Water 0.00 0.00
Palustrine Aquatic Bed 0.00 0.00
Estuarine Aquatic Bed 0.00 0.00
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Table 2
Relationship between hydrologic soil groups and Land Use and Land Cover (LULC) Curve Numbers and maximum net infiltration (mm d~*) used as
input in the Soil Water Balance Model 2 (SWB2).

LULC Curve Numbers Hydrologic Soil Group
A B C D w ROut A/D B/D C/D

High Intensity Developed 89 92 94 95 70 95 93 94 95
Medium Intensity Developed 77 85 90 92 70 95 85 87 91
Low Intensity Developed 67 78 85 89 70 95 79 84 87
Developed, Open Space 49 69 79 84 70 95 65 75 82
Cultivated Crops 39 61 74 80 70 95 62 71 77
Pasture/Hay 39 61 74 80 70 95 62 71 78
Grassland/Herbaceous 39 61 74 80 70 95 62 71 77
Mixed Forest 30 55 70 77 70 95 56 65 74
Shrub/Scrub 35 56 70 77 70 95 59 65 74
Palustrine Forested Wetland 30 55 70 77 70 95 56 65 74
Palustrine Scrub/Shrub Wetland 35 56 70 77 70 95 59 65 74
Palustrine Emergent Wetland 30 58 71 78 70 95 56 68 74
Estuarine Forested Wetland 30 55 70 77 70 95 56 65 74
Estuarine Scrub/Shrub Wetland 35 56 70 77 70 95 59 65 74
Estuarine Emergent Wetland 30 58 71 78 70 95 56 68 74
Unconsolidated Shore 70 70 70 70 70 70 70 70 70
Bare Land 74 83 88 90 70 95 82 85 89
Open Water 70 70 70 70 70 95 70 70 70
Palustrine Aquatic Bed 70 70 70 70 70 95 70 70 70
Estuarine Aquatic Bed 70 70 70 70 70 95 70 70 70
Maximum Net Infiltration 101.6 15.24 6.10 3.05 0.76 0.25 101.6 3.05 3.05

all rock outcrops and rocky lands. We assign group C soils to grid cells with no data available, which corresponds to the main soil type
in the region (i.e., silty clay loam) according to local experts (Eric Harmssen, University of Puerto Rico-Mayagiiez, pers. comm.). We
assign group C/D soils to urban lands due to their lower permeability.

SWB2 avoids the overestimation of net infiltration by allowing the user to assign maximum infiltration rates that specify the
maximum amount of daily recharge for each hydrologic soil type (Table 2). After reaching the maximum daily net infiltration, the
remaining water is classified as rejected net infiltration and is diverted to surface water. Therefore, the total runoff (Roff) is the sum of
the direct runoff and the rejected net infiltration. In this study, we use the same maximum infiltration rates used by Westenbroek et al.
(2018).

Additionally, three potential evapotranspiration (PET) estimation methods are available in the SWB2 model. We employed the
Hargreaves-Samani method (Hargreaves and Samani, 1985), which is considered a simplified version of the FAO Penman-Monteith
method that is not included in the model. The Hargreaves-Samani method requires spatially distributed minimum and maximum
daily temperatures, which we obtained from Daymet (Version 3). Then, SWB2 estimates actual ET (AET) as a function of PET, net
precipitation, and the current soil moisture within each grid cell. The model assumes that AET equals PET whenever net precipitation
exceeds PET. Otherwise, AET is equal to the amount of water that can be extracted from the soil via AET considering the computed
values of soil moisture retention tables of Thornthwaite and Mather (1957) and modified by Westenbroek et al. (2010). The
Thornthwaite-Mather function requires estimates of the maximum soil moisture storage capacity, which was determined using AWC
data from gSSURGO multiplied by the rooting depth within each hydrologic soil type, which was defined using Westenbroek et al.
(2018) (Table S1 in Supplementary Material).

Finally, the SWB2 model requires an initial amount of soil moisture to calculate potential soil saturation and net infiltration (or
evapotranspiration) on Day 1, which was determined using the reference value provided by Westenbroek et al. (2018) for the SWB2
model in Maui, Hawai’i. Additionally, we also ran the SWB2 model for a one-year warm-up period prior to the analysis period to
account for initial transients. A detailed control file including all the parameters used to run the SWB2 model for Puerto Rico is
provided in Supplementary Material (Table S2).

2.3. Data periods

Two periods were selected for modeling, a baseline period (1981-2010) and a recent decade (2010-2019). This data bifurcation
created a climatology reference period (baseline) that is used to evaluate whether changes are occurring in the latter period. To ac-
count for possible differences in LULC in Puerto Rico, we ran the baseline climatology using LULC from 2001 and the recent decade
with an updated LULC from 2010, with differences shown in Fig. 2.

After defining the baseline climatology (1981-2010) and the recent decade (2010-2019) to run the SWB2 model, we identified four
drought years (10% of the period of analysis) based on the lowest annual average rainfall amounts in Puerto Rico: 1994, 1997, 1991,
and 2015 (in descending order). Then, we averaged SWB2 outputs from these years to create drought years’ water budget annual maps.
This allowed us to compare the spatial distribution of net infiltration over Puerto Rico during the baseline climatology (1981-2010)
with drought years to determine regions with greater water scarcity.
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2.4. Model evaluation

Our goal was to test a model that requires no calibration, which is dependent on input parameters that accurately represent field
conditions and do not require modification. We employ this strategy because many oceanic islands in tropical climates lack field data
for model calibration. Developing field datasets in these settings is laborious, expensive, and requires long-term commitments.

We know that multiple methods are used to assess water-budget models based on the availability of data. In this study, we assessed
the SWB2 outputs in two ways: 1) by comparing SWB2 against the GOES-PRWEB (Mecikalski and Harmsen, 2019; Harmsen et al.,
2021), which is an existing water-budget model for Puerto Rico, and 2) by comparing SWB2 to observed watershed streamflow from
US Geological Survey (USGS) stream gauges.

Fig. 3 compares SWB2 with GOES-PRWEB model outputs for the decade of overlapping data (i.e., 2009-2019). Rainfall and runoff
comparisons (Fig. 3a,d) both demonstrated a positive correlation between SWB2 and GOES_PRWEB models of + 0.6 and + 0.5,
respectively. However, only rainfall correlation was statistically significant (p = 0.10), while the relationship between runoff was not
statistically significant. From 2009-2014, the rainfall input from SWB2 presented at least 30% more annual average rainfall than the
GOES-PRWEB model. Although further investigation is needed to assess which rainfall input data is more accurate (Daymet Version 3
used in SWB2, or NOAA’s Advanced Hydrologic Prediction Service (AHPS) used in GOES_PRWEB), both models’ rainfall amounts from
2015 to 2019 are in good agreement, which includes at least two extreme events: the intense drought of 2015 and hurricanes Irma and
Maria in 2017. The models’ correlation for AET was + 0.5, which is statistically significant (p = 0.10), although SWB2 seemed to
overestimate AET when compared to GOES_PRWEB.

Finally, the correlation between the SWB2 and GOES_PRWEB net infiltration was very strong (+0.8) and statistically significant
(p = 0.01). Therefore, considering that the models used different approaches to estimate the water budget as well as different input
data sources, the statistically significant correlation, together with the similarities among models’ results of annual net infiltration,
suggest that they should both be considered suitable options for estimating net infiltration in Puerto Rico.

We also analyzed the SWB2 model performance in comparison with observed streamflow data from the USGS. The watersheds
selection in Puerto Rico was based on their spatial distribution over the island and the availability of data that overlapped the most
with our period of study (1981-2019). The following watersheds were included in this study (from larger to smaller): Manati
(330.7 kmz), Guanajibo (310.5 km?), Cibuco (226.8 km?), Fajardo (38.3 km?), and Espiritu Santo (22.5 km?) (Fig. 4).

From the SWB2 model, we used Roff (runoff + rejected net infiltration) and converted the model outputs to streamflow (m3 s Hto
create the simulated data and compare it with the observation. In the observation data, we performed baseflow separation through the
Web-based Hydrograph Analysis Tool (WHAT) system, which used the Eckhardt filter method and was tested to provide more
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Puerto Rico: Watersheds Used for Model Evaluation N

A
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50035000 - Rio Grande de Manati
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50063800 - Rio Espiritu Santo
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Fig. 4. Puerto-Rican watersheds selected from the U.S. Geological Survey for SWB2 model evaluation; Manati (330.7 kmz), Guanajibo (310.5 kmz),
Cibuco (226.8 km?), Fajardo (38.3 km?), and Espiritu Santo (22.5 km?).

consistent results than a manual separation of baseflow (Lim et al., 2005). We selected the parameter “perennial streams with hard rock
aquifers” for all watersheds analyzed because they are all located in the mountainous area of the island.

Finally, we compared the simulated versus observed direct runoff by running three model performance statistical tests commonly
used in previous studies (Ang and Oeurng, 2018; Kumar et al., 2017; Moriasi et al., 2007), which are the Nash-Sutcliffe efficiency
(NSE), the RMSE-observations standard deviation ratio (RSR), and the percent bias (PBIAS). We perform the statistical tests separately
for each period of analysis because we have used different LULC to run the SWB2. The definition of each model performance test is
summarized below, with additional details available in Moriasi et al. (2007):

e NSE indicates how well the plot of observed versus simulated data fits the 1:1 line by a normalized statistic that determines the
relative magnitude of the residual variance (“noise””) compared to the measured data variance (“information”). NSE ranges from
—oo0 and 1.0 (1 inclusive), where 1.0 is the optimal value. Values between 0.0 and 1.0 are viewed as acceptable levels of
performance.

RSR standardizes the RMSE, which is one of the commonly used error index statistics, using the observations standard deviation.
RSR is calculated as the ratio of the RMSE and standard deviation of measured data. It varies from the optimal value of 0, which
indicates zero residual variation and perfect model simulation, to a large positive value. Therefore, the lower the RSR the better the
model simulation.

PBIAS measures the average tendency of the simulated data to be larger or smaller than the observed data. The optimal value is 0.0,
with low-magnitude values indicating accurate model simulation. Positive values mean model underestimation bias, and negative
values mean model overestimation bias.

The timeseries presented in Figs. S1 and S2 provide a comparison of the monthly average simulated versus observed direct runoff
for Puerto Rico during the baseline climatology and recent decade, respectively. Overall, the model was consistent in predicting peak
flows over time, mainly in the larger area watersheds, while it underestimated most of the low flows. In the small watersheds located in
the Luquillo Mountains, such as Fajardo and Espiritu Santo, the model slightly underestimated the flow over time. These poor pre-
dictions of lower flows are likely due to the lack of consideration of aquifer hydraulic behavior in the SWB2 model.
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Fig. 5 shows both scenarios together and reinforces that the model better simulated average and peak flows (mainly for Manati,
Cibuco, Guanajibo), but underestimated low flows, while for Fajardo and Espiritu Santo basins, the model is overall underestimating
the flow. However, the relationship between the simulated and observed data is very strong and statistically significant (p = 0.01) for
all watersheds, with a correlation coefficient > +0.8, except for Manati in the recent decade, which presented a correlation coefficient
of +0.7.

Moreover, the model performance statistics for Puerto Rico for the baseline climatology (Table 3) indicated that the best simulation
occurred in Guanajibo with both NSE (0.75) and RSR (0.50) rating as good model performance, while its PBIAS indicates the model has
a very good performance with an overestimation of only 2.9% of the flow. Cibuco came next, with a similar model performance
indicating a good rate for NSE (0.71) and RSR (0.54) and very good for PBIAS (+8.2%), while the simulation of direct runoff for Manati
was satisfactory in all model performance statistics (NSE = 0.52, RSR = 0.69, PBIAS = —23.5%). For smaller basins, SWB2 was very
close to satisfactory for Fajardo’s NSE (0.45) and RSR (0.74) but it did not have a satisfactory performance for Espiritu Santo.

In the recent decade, on the other hand, the SWB2 performed slightly better for Fajardo and Espiritu Santo but slightly worse for
Manati, Cibuco, and Guanajibo. In fact, the Fajardo simulation in the recent decade had a satisfactory NSE (0.60) and RSR (0.63), with
a PBIAS indicating the model underestimated only 34% of the flow (Table 3). For Guanajibo and Cibuco, the model performed very
similarly and kept a good NSE and RSR, and very good PBIAS, while Manati was slightly below the satisfactory performance. Overall,
Espiritu Santo was the watershed simulation with the worst performance when comparing all the statistical tests and periods, which
was expected as the smaller watershed analyzed here.

The slightly better performance of the model in the larger watersheds during the baseline climatology (1981-2010) than in the
recent decade (2010-2019) may be related to the fact that the Caribbean, in general, has been presenting a negative trend in drought
index indicating more frequent and severe drought events (Herrera and Ault, 2017; Herrera et al., 2018; Moraes et al., 2022). Because
the model did not well-reproduce low flows in Puerto Rico, we hypothesize that the increase in the occurrence and intensity of drought
events may have affected the overall model performance in the recent decade, together with the fact that there is a lack of consid-
eration of aquifer hydraulic behavior in the SWB2 model. Therefore, this limitation of the model should be taken into consideration
when analyzing the results from the drought years, particularly because they are linked to low flows.

On the other hand, the observed improvement in SWB2 performance during the recent decade in smaller watersheds located within
the Luquillo Mountains could be related to the increase in data availability and equipment recently installed by the Long-Term
Ecological Research (LTER) project within the tropical rainforest. This, along with newly available daily rainfall data from an
updated version of Global Historical Climate Network (Thornton et al., 2016), has probably improved model performance in Fajardo
and Espiritu Santo. However, we believe that the accuracy of the Daymet rainfall data and its spatial resolution of 1 km may have a
larger effect in smaller watersheds, like Espiritu Santo, when compared to the larger basins. This basin contains fewer than 22 grid cells
of rainfall data, a coarse resolution for the accuracy and analysis of rainfall needed in the steeply slope terrain located in the Luquillo
Mountains.

Moreover, the basins where the model performed better (e.g., Manati, Cibuco, Guanajibo, Fajardo) all have a large portion of group
C soils (e.g., silty clay loam), which is the most common soil type in Puerto Rico. This may indicate that the SWB2 model performs
satisfactorily for most of the areas on the island. Although we recommend caution interpreting the results of the SWB2 model mainly
for areas located in the steep slope of the Luquillo Mountains, where the model is mostly underestimating streamflow, we believe the
model has performed well in Puerto Rico without the need for calibration, and it should be considered as an option for future studies
interested in water budget modeling on this and other oceanic islands with tropical climates.

3. Results
3.1. Baseline climatology versus recent decade

Annual net infiltration in Puerto Rico had a similar spatial distribution when comparing the baseline climatology (1981-2010) and

Table 3

Evaluation of SWB2 model performance for Puerto Rico during two periods: the baseline climatology (1981-2010) and the recent decade
(2010-2019). The performance rates are highlighted as follows: satisfactory performance is in yellow, good performance is in green, and very good
performance is in blue, all according Moriasi et al. (2007). Gray values are almost satisfactory performance.

Area Baseline Climatology Recent Decade
Watershed 2

(km®) PBIAS NSE RSR PBIAS NSE RSR
Manati 330.7 -23.5% 0.52 0.69 -39.9% 0.35 0.81
Guanajibo 310.5 2.9% 0.75 0.50 -8.8% 0.66 0.58
Cibuco 226.8 8.2% 0.71 0.54 -0.6% 0.69 0.56
Fajardo 38.3 43.5% 0.45 0.74 34.0% 0.60 0.63
Espiritu Santo 22.5 50.3% 0.28 0.85 40.7% 0.34 0.81
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the recent decade (2010-2019). Figs. 6(a) and 7(a) show that the estimated net infiltration was greater in the central-west and
northern portion of the island ranging from 600 to 900 mm yr~! (baseline) to 700-1000 mm yr~! (recent decade). The greatest net
infiltration occurred in eastern Puerto Rico, in lower elevations of the Luquillo Mountains/El Yunque National Forest, where it reached
values greater than 1500 mm yr~! during both periods of analysis. When examining the other water budget elements, we see that
central and eastern Puerto Rico were areas with greater values of AET and runoff, when compared to other areas within the island, but
they were also the areas with the greatest annual rainfall (> 2500 mm yr’l). Therefore, the abundant rainfall in those areas provided
extra water available for net infiltration. Another characteristic of the areas with greater net infiltration in Puerto Rico is that they are
in the heavily vegetated mountainous areas of the island (i.e., Cordillera Central and Luquillo Mountains) and have soil types B and C
with greater infiltration rates (Fig. 2¢). Southern Puerto Rico, on the other side, was where the lowest amount of net infiltration
occurred in both periods. That region is known for its dry climate, and we can see that while the annual rainfall was < 1000 mm yr-,
the annual AET was as high as in the rest of the island (~ 750 mm yr’l), which contributed to its lower annual net infiltration (<
200 mm yr’l).

While water-budget components are geographically similar between periods, there are some important differences in the amount of
water distributed across the island, which can be evaluated by taking the difference between the recent decade minus the baseline
climatology (Fig. 8). In central and western areas, net infiltration was at least 250 mm yr~! greater in the recent decade than in the
baseline climatology, while AET was similar, and runoff increased in the recent decade (> 100 mm yr_l). The increased rainfall on
most of the island could explain these differences, with the central-west region receiving at least 400 mm yr~! more rainfall in the
recent decade than during the baseline climatology. Yet, the opposite occurred in the Luquillo Mountains, where less rainfall was
registered from 2010 to 2019 (< —250 mm yr’l), along with less runoff (< —200 mm yr’l) and less AET (< —50 mm yr’l).
Consequently, net infiltration decreased in eastern Puerto Rico in the recent decade (< —100 mm yr~1).

In addition to the spatial distribution of rainfall, the temporal distribution is also important. The greatest rainfall occurred in the
recent decade (Fig. 9), with Hurricanes Irma and Maria in 2017 and other large events in 2010 and 2011. Three of the four years with
the lowest rainfall totals (i.e., 1991, 1994, 1997) occurred during the baseline period, while only one (2015) occurred during the recent
decade.

Along with rainfall, LULC changes may also affect net infiltration differences between the baseline climatology and the recent
decade. In Fig. 2(a,b), we see a reduction in the herbaceous category between 2001 and 2010 LULC, with a concomitant increase in
cultivated crops in the central area. Greater rainfall in central Puerto Rico and less herbaceous vegetation to intercept rainfall increases
net infiltration. On the other hand, the conversion of herbaceous to developed land in eastern Puerto Rico, together with decreased
rainfall, may have contributed to the decrease in net infiltration during the recent decade.
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Fig. 7. Annual water-budget components during the recent decade (2010-2019): (a) net infiltration, (b) rainfall (gross precipitation), (c) actual ET,
and (d) runoff. Black contour in northeastern Puerto Rico indicates El Yunque National Forest in the Luquillo Mountains.
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Fig. 8. Difference between recent decade and baseline climatology for water-budget components: (a) net infiltration, (b) rainfall (gross precipi-
tation), (c) actual ET, and (d) runoff. Black contour in northeastern Puerto Rico indicates El Yunque National Forest in the Luquillo Mountains.
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Fig. 9. Annual water-budget components for 1981-2019. Blue bars represent rainfall inputs, colored bars represent water withdrawals, purple is
actual ET, yellow is runoff, orange is net infiltration.
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3.2. Drought years versus baseline climatology

We selected four years (in descending order: 1994, 1997, 1991, 2015) to represent drought conditions (see Methods section).
Fig. 10 shows the annual spatial distribution of the water budget components during those drought years and indicated a much smaller
area as well as lower values of net infiltration when compared to the baseline climatology.

During drought years, Puerto Rico had only small areas of net infiltration still occurring in the central-west of the island, with
values between 300 and 500 mm yr}, and in the lower elevations of Luquillo Mountains/El Yunque National Forest (< 800 mm yr ).
Most of the island, however, has minimal net infiltration (< 200 mm yr’l). Most of southern Puerto Rico receives less than
700 mm yr‘l of rainfall, while a similar amount of water was lost through AET (Fig. 10b,c), which resulted in little water for net
infiltration (< 100 mm yr~1). The northern area of Puerto Rico also suffered from lower precipitation and higher AET, resulting in
infiltration concentrated in a small area.

Puerto Rico had a reduction in net infiltration of at least 150 mm yr~! during drought years, except for some rock outcrops located
in the north of the island, which showed no difference (Fig. 11). However, the areas most affected by drought were parts of central and
northern Puerto Rico as well as the Luquillo Mountains, where the reduction in net infiltration was more than 400 mm yr~! below the
baseline period. Gentral and eastern Puerto Rico were areas where the greatest departure in precipitation occurred (< —700 mm yr~ 1),
together with a reduction in runoff (< —400 mm yr ). Although AET mostly decreased over the island during drought years, central-
west and eastern Puerto Rico registered similar amounts of AET when compared to the baseline climatology.

Together with large reductions in rainfall, higher AET could also explain why central-west and eastern Puerto Rico had the greatest
difference in net infiltration during drought years. The difference in net infiltration in southern Puerto Rico was smaller than the rest of
the island (< —100 mm yr~ ') when comparing drought years and the baseline climatology.

4. Discussion
4.1. Baseline climatology versus recent decade

The role of physical geography (e.g., topography, vegetation, climate) on the water cycle is evident when comparing the drier south
with the wetter east and central Puerto Rico (Figs. 6 and 7). Southern Puerto Rico is known as a drier region (lower humidity and
precipitation, higher PET) and is classified as a “dry forest” (Holdridge, 1967). The lower humidity is related to its geographic location
on the leeward side of the Central Mountain Range (i.e., Cordillera Central), which creates a shield blocking the Atlantic moisture and
making the south drier than other regions of Puerto Rico (Torres-Valcarcel et al., 2014). Moreover, recent studies confirmed the
dryness of this region by showing that the potential evapotranspiration is greater than rainfall from 2009 to 2018, indicating a greater
water demand than water supply and resulting in dry soils and low groundwater recharge in southern Puerto Rico (Harmsen, 2019).
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Fig. 10. Annual water-budget components during drought years (1991, 1994, 1997, and 2015): (a) net infiltration, (b) rainfall (gross precipitation),
(c) actual ET, and (d) runoff. Black contour in northeastern Puerto Rico indicates El Yunque National Forest in the Luquillo Mountains.
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Fig. 11. Difference between drought years and baseline climatology for water-budget components: (a) net infiltration, (b) rainfall (gross precipi-
tation), (c) actual ET, and (d) runoff. Black contour in northeastern Puerto Rico indicates El Yunque National Forest in the Luquillo Mountains.

The presence of group D soils with lower infiltration rates (Fig. 2¢), could also contributed to lower net infiltration rates in the south.
Orographic uplift of northeasterly winds from the Atlantic Ocean along the Cordillera Central and Luquillo Mountains results in
greater rainfall that makes these regions wetter than the rest of the island (Hosannah et al., 2019; Sobel et al., 2011). Additionally,
these mountains are covered by evergreen tropical vegetation, with the Luquillo Mountains being the location of the El Yunque
National Forest. The presence of forests can affect the water cycle through their high absorption of solar radiation due to low albedo,
resulting in energy available for evapotranspiration of water, cloud formation and possible local showers (Scheffer et al., 2005).

In Eastern Puerto Rico, the decrease in rainfall in the recent decade may be influenced by the Saharan Air Layer (SAL) intrusion in
the island. In 2015, for example, the Caribbean registered the highest dust concentration from 1980 to 2016, while an increasing trend
in dust mass concentration has been reported since 1991 (Hosannah et al., 2019). It is known that SAL peaks from late June to
mid-August and can propagate westward across the Atlantic Ocean, bringing anomalously hot, dry air in the low to the middle
troposphere (around 700 hPa), producing thermodynamically stable conditions and limiting rainfall in the insular Caribbean, in
general, and in Puerto Rico, in particular (Kuciauskas et al., 2018; Mote et al., 2017). Therefore, with the increase in dust concentration
in the recent decade, the orographic effect that plays an important role in keeping eastern Puerto Rico wetter than most of the island
may have been suppressed.

However, local factors may have played an additional role in precipitation variability, with the observed rainfall increase in central-
west Puerto Rico during the recent decade being related to local island processes such as surface heating, orographic uplift, and sea-
breeze trade-wind convergence that can overcome drought and SAL episodes (Hosannah et al., 2019). These local variations in pre-
cipitation over Puerto Rico were well represented during the 2015 drought event, when the east was severely affected by drought
(Miller and Ramseyer, 2020; Mote et al., 2017), while the western side had sites registering positive precipitation anomalies (Ho-
sannah et al., 2019).

4.2. Drought years versus baseline climatology

Overall, the island had much less net infiltration during drought years, with areas in the south close to 0 mm yr~!. When analyzing
the relationship between rainfall, runoff, and AET (Fig. 10) over the island during the drought years, it is also possible to see that at
least two-thirds of the rainfall was lost as AET, and the remaining third was divided between runoff and net infiltration. Past studies
suggested that high AET is one of the primary reasons for the lack of surface water availability, the vulnerability to drought, and
changes in groundwater recharge on small tropical islands (Gamble, 2004; Holding et al., 2016).

A recent study analyzing historical meteorological drought in Puerto Rico from 1950 to 2019 indicated a high frequency of monthly
extreme drought conditions in the northeast of the island (Sori et al., 2021). This is the region where we found the decrease in net
infiltration to be greater than 400 mm yr~! below the baseline period during drought years. We know that for drought years, such as
1994 and 2015, one of the reasons for the greater reduction in rainfall in eastern Puerto Rico was the intrusion of the SAL, as previously
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discussed. The inhibition of rainfall produced by SAL was likely more intense over the mountainous regions of Puerto Rico due to the
stable thermodynamic conditions that suppressed the orographic uplift, resulting in less local rainfall (Miller and Ramseyer, 2020;
Mote et al., 2017).

Additionally, the drought events of 1994 and 2015 were also related to the positive phase of the North Atlantic Oscillation (NAO)
that occurred during the winter preceding the SAL intrusion and the drought event (Mote et al., 2017). This contributed to a stronger
North Atlantic subtropical high (NAHP) and stronger trader winds over Tropical North Atlantic, which could have helped to bring
more dust from SAL events toward Puerto Rico. The greater intensity of the 1994 and 2015 droughts in Puerto Rico was registered in
other studies (Alvarez-Berrios et al., 2018; Mote et al., 2017), and the water budget presented here (Fig. 9) suggested they also share a
water deficit occurring in the prior year. This indicates that an imbalance in water before a year with low rainfall are ingredients that
may result in intense droughts.

Although recent work indicated that intense drought events are becoming more common on the east side of the island and its
rainforest in the Luquillo Mountains (Alvarez-Berrios et al., 2018; Mote et al., 2017), a recent study suggested that forested areas are
more resilient than deforested areas when drought events occur (Hall et al., 2022). The authors demonstrated that forest cover in-
creases water storage and hillslope infiltration that may reduce drought impacts on streamflow in Puerto Rico, “highlighting main-
tenance of forest cover as an important water management strategy to increase infiltration” (Hall et al., 2022).

It is also important to highlight the potential effects of drought on aquifers. The area in northern Puerto Rico, where net infiltration
reduction occurred, is situated above the North Coast Limestone Aquifer (Fig. 2b), which indicates a substantial reduction in
groundwater recharge during drought events. The North Coast Limestone Aquifer is considered the most extensive and productive
freshwater aquifer on the island, with its groundwater serving as an important source for local ecosystems and public water supply
(Lugo et al., 2001; Maihemuti et al., 2015; Padilla et al., 2011). Therefore, the reduced rainfall in north and central Puerto Rico during
drought years (Fig. 11 b) may directly affect the recharge of the North Coast Aquifer because parts of this aquifer are almost exclusively
recharged by direct rainfall, while other areas are recharged both by direct rainfall and the streams from Cordillera Central (on the
volcanic rocks) that infiltrate underground when they cross onto the karst areas (Mendez-Tejeda et al., 2016).

Differences in net infiltration in southern Puerto Rico, where the South Coast Aquifer is located, were smaller than on the rest of the
island (< —100 mm yr~') during drought years when compared to the baseline climatology. This aquifer is also recharged by direct
rainfall and streams flowing out of the Cordillera Central (Mendez-Tejeda et al., 2016). Therefore, the impacts of drought in the South
Coast Aquifer recharge may come not only from the reduction in local rainfall and net infiltration but also from the decreased rainfall
felt in central Puerto Rico, which affected the mountainous river’s streamflow. Southeastern Puerto Rico was classified as the area of
the island most exposed to any classification of drought from 2000 to 2016 (Alvarez-Berrios et al., 2018), while some studies indicated
that the South Coast Aquifer has already been suffering from lower recharge and higher groundwater demand in the recent decade
(Harmsen, 2019; Torres-Gonzalez and Rodriguez, 2016).

Moreover, the South Coast Aquifer’s groundwater was the principal source of potable water for cities along the southern coast of
Puerto Rico and the primary source of water for agricultural irrigation (Torres-Gonzalez and Rodriguez, 2016). Therefore, the lack of
net infiltration and groundwater recharge during drought events (when surface water is limited) creates severe water stress. While one
solution would be to develop energy-intensive desalination plants as an alternative water supply, this creates additional problems as
desalinization is based on the use of fossil fuels; increased use of desalinization would increase air pollution and emissions of
greenhouse gasses in the island (Mendez-Tejeda et al., 2016).

5. Conclusions

This study analyzed how the physical geography of Puerto Rico affects the island’s water budget during a baseline climatology
(1981-2010), a recent decade (2010-2019), and drought years (1991, 1994, 1997, and 2015). Results indicated that central-west,
north, and eastern Puerto Rico had greater net infiltration than the south during baseline climatology and the recent decade. The
greatest net infiltration occurred in mountainous and highly vegetated areas of the island, such as the Cordillera Central and the
Luquillo Mountains, highlighting the important role of topography in creating orographic rainfall and vegetation as a source of
moisture. The presence of group B and C soils, with higher infiltration rates, may have also contributed to the greater amount of net
infiltration in those areas.

However, rainfall variability in the recent decade has affected the net infiltration, with the central-west and northern Puerto Rico
receiving more rainfall, followed by greater net infiltration, and the east registering a decrease in both variables, which could be a
consequence of large-scale atmospheric circulation mechanisms. Meanwhile, Southern Puerto Rico experienced lower net infiltration
during both analysis periods. The location of the south, on the leeward side of the Cordillera Central, together with the presence of
more group D soils (with lower infiltration rates), and greater areas of cultivated crops than natural vegetation, may have all combined
to cause lower net infiltration there.

During drought years, the entire island reduced its net infiltration as a consequence of reduced rainfall, with the worst scenarios
occurring in the central-west and eastern Puerto Rico (potentially affecting tropical forests and their soil moisture) as well as in parts of
the north (where the productive North Coast Aquifer is located). While reductions in net infiltration during drought events were less
dramatic in southern Puerto Rico than in other areas of the island, these reductions aggravated the persistent water stress by reducing
recharge in the South Coast Aquifer, which already suffers from low recharge and high groundwater demand.

These findings are the first that we know of to highlight the role of physical geography on Puerto Rico’s water budget and net
infiltration while comparing the baseline climatology, the recent decade, and drought years. Thus, we expect they will be useful to help
the local government in planning for water management and drought events. Moreover, we showed that SWB2, a newly released, open-
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source water budget model, provides a useful platform for incorporating the physical geography of a tropical oceanic island in water
planning and management. Even without calibration, the model performed satisfactorily, and very well in some cases, in matching
observed streamflow from watersheds across Puerto Rico. This suggests that the model is suitable for use on other oceanic islands in
tropical settings where data suitable for model calibration are lacking.

Finally, the authors note the limitations of the SWB2 model, mainly in reproducing low flows. Therefore, we suggest that future
work should test the SWB2 model performance in Puerto Rico using different model parameters we have used here and even testing
different datasets, as well as adding input data we did not find by the time of this research, such as fog interception or irrigation. The
application of the SWB2 model in other Caribbean islands would also be interesting and allow for the comparison of SWB2 perfor-
mance in different areas of the Caribbean.
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