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1.0 Introduction 

1.1 Study purpose 
Hurricane Irma made landfall in Puerto Rico on September 6, 2017 and Hurricane Maria made landfall in 
Puerto Rico on September 20, 2017.  These two hurricanes resulted in significant contamination of the 
environment including, but not limited to, sewer pump failures, combined sewer overflows, mudslides in the 
high mountain regions, and erosion of unpaved roads and stream banks.  All of these contaminants were 
ultimately discharged to the coastal environment impacting coastal water quality, habitats, and resources 
(i.e., seagrass, coral reefs, juvenile fish, oysters). This study is part of an extensive effort to quantify the 
water quality degradation and subsequent damages to critical coastal habitats and natural resources as a 
result of the hurricanes.  The information derived from this analysis is intended to inform restoration and 
recovery actions.  

This study estimates the impacts of Hurricanes Irma and Maria to coastal water quality and critical benthic 
habitats primarily by: (1) quantifying a change in water quality between pre and post hurricane conditions; 
and (2) identifying the acreage and locations of coral and seagrass exposed to higher levels of water quality 
degradation.  These effects on the coastal waters are characterized using satellite imagery derived ocean 
color products, like the water attenuation coefficients at the wavelength 490 nm  (Kd490) and the 
chlorophyll-a (chl-a) concentration from moderate resolution sensors.  A GIS-based analysis of rasterized 
data determined where habitats were exposed to the greatest magnitude and duration of water quality 
degradation.  Identification of the hardest hit areas may be used to help prioritize key locations for habitat 
and watershed restoration efforts.    

1.2 Background 

1.2.1 Ecosystems Status and Threats 

Coral Reefs and Seagrass in Puerto Rico 
Puerto Rico’s coastal waters contain extensive coral reef and seagrass ecosystems. NOAA benthic habitat 
mapping estimates the area of coral reef habitat in the waters of Puerto Rico to be 223,000 acres, while 
overall seagrass acreage is estimated to be 184,000 acres (NOAA, 1995, 2012, 2015).  The south and west 
coasts have a broad platform that supports extensive seagrass and coral reef communities, along with 
mangrove forests and coralline keys in protected areas.  The most extensively developed coral reefs in 
Puerto Rico are in the La Parguera area, due to low wave action, a broad shelf, and relatively low rainfall, 
terrestrial runoff, and coastal population density. Seagrass beds in La Parguera often dominate the coastal 
fringe to a depth of less than 4 meters (Ballantine et al., 2008).  Seagrass in La Parguera Natural Reserve are 
particularly important as habitat for juvenile populations of commercially important species, such as grunt 
and snapper (Garcia-Sais et al., 2008).  

Compared to the south and west, seagrass beds are essentially absent in the north (NOAA 1995, 2012, 2015) 
and the minimal reefs that do exist are dominated by macroalgae with a lower abundance of scleractinian 
coral. This paucity of coral and seagrass in the north is most likely due to large ocean swell, high wave-
related sediment transport, and lack of platforms for reef and seagrass development (Ballantine et al., 
2008).  One exception is off Luquillo and other areas on the northeast coast, which has a wider shelf with 
reefs.  However, the northeast reefs show evidence of degradation, such as high macroalgal cover, which 
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has been attributed to runoff (Ballantine et al., 2008).  On the east coast, coral reefs and seagrass beds are 
better developed when compared to the north coast.  Extensive areas of seagrass have been mapped in the 
east, extending off most of the east coast and from the mainland to the Island of Vieques (NOAA, 1995, 
2012, 2015). Fringing reefs exist along the mainland, though percent cover of scleractinian corals is low 
except for occasional stands of Elkhorn coral.  Fringing reefs around the eastern islands (i.e., Culebra and 
Vieques) are more robust than those along the eastern mainland.  The northeastern reserve in Fajardo and 
La Reserve Natural of Luis Peña Channel in Culebra contain the most diverse coral reefs in this region 
(PREQB, 2016).  A general decline in reefs along the east coast was observed in years leading up to 2008 (the 
most recently available summary; Ballantine et al., 2008).   

Additional reef communities are present at Mona Island, an isolated, uninhabited island surrounded by deep 
water that has virtually no land-based sources of pollution.  The north shore of Mona Island is too steep for 
reef or seagrass development; the west, south and east shores have a narrow platform that supports coral 
reef and limited seagrass communities. Despite its remote location, decline in reef health has been 
documented at Mona due to bleaching, disease, and macroalgae overgrowth (Ballantine et al., 2008).  “Deep 
terrace” reefs are also present in 30 to 90 meters of very clear water off the south coast of Vieques, Isla 
Desecheo, and Bajo de Sico in Mona Passage; these deep reefs are noted as important fish and invertebrate 
habitats (Garcia-Sais et al., 2008; Monaco et al., 2008). 

A comprehensive review of the most recently-available reef studies in Puerto Rico reveals that coral cover 
has varied spatially, temporally, and between studies over the years.  Despite this variability, all studies 
report a general decline in coral cover from bleaching, disease, and the input of sediment and nutrients to 
coastal waters (Monaco et al., 2008).  Similarly, Puerto Rico’s Department of Natural and Environmental 
Resources’ 2014 Strategic Management Plan of the Coral Reefs in Puerto Rico cites conditions of lower coral 
cover, increased disease, significant algal colonization, invasion of exotic species, and overall loss of 
biodiversity in coral reef ecosystems (PREQB, 2016).  Decline in seagrass beds has also been noted at La 
Cordillera Reefs Natural Reserve, La Parguera Natural Reserve, and in Culebra due to various boating 
activities and dock construction (Garcia-Sais, et al., 2008). In addition, a recent study of seagrass in southern 
Puerto Rico found the most vulnerable seagrass habitats were associated with coastal areas of Guánica, 
Peñuelas (at El Boquete) and Santa Isabel, based primarily on mechanical damage and proximity to high 
nutrient sources (Otero et al., 2015). 

Threats to Coral Reefs and Seagrass and in Puerto Rico  
Seagrass beds are acutely impacted by boating and development activities.  Anchoring and propeller wash 
and scars can directly destroy seagrass beds and have been documented at La Cordillera Reefs and La 
Parguera Natural Reserves (Garcia-Sais et al, 2008) and at San Jacinto, Guánica and El Boquete, Ponce (Otero 
et al., 2015).  Accidental ship groundings and resultant petroleum spills also directly impact seagrass and 
other benthic habitats.  Development projects, such as dredging and construction of docks, are another 
major threat to seagrass beds.  For all of these impacts, lack of enforcement of existing rules and regulations 
has been cited as a major problem (Garcia-Sais et al., 2008, Otero et al., 2015).  One study found that 63% of 
docks in Fulladosa Bay were unauthorized and their construction had resulted in loss of at least 5% of 
seagrass beds in the bay.  Land-based sources of pollution can also negatively affect seagrass, as suggested 
by Otero, et al. (2015) who examined seagrass health along much of the southern coast of Puerto Rico and 
found the most vulnerable areas to be those near high nutrient sources.  Seagrass beds are important 
nurseries for a variety of reef organisms.  However, they also trap sediment, nutrients and pollutants, acting 
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as a natural filter.  This greatly benefits reefs because seagrass beds are generally situated between the 
land-based sources of pollution and the reef.  As such, loss of seagrass beds is thought to play an important 
role in the declining health of Puerto Rico’s coral reef ecosystems (Garcia-Sais et al., 2008).   

The overall decline to Puerto Rico’s coral reefs has been attributed to the following top five major threats:  
elevated sea water temperature resulting in coral bleaching; coral diseases; tropical storms and hurricanes; 
unsustainable coastal development resulting in increased sediment and nutrient runoff; and over-fishing 
and damage from fishing (Monaco et al., 2008).  In 2008, when the most recent reef summary reports were 
released (Monaco et al., 2008; Ballantine et al., 2008; Garcia-Sais et al., 2008), bleaching and disease were 
emphasized as the most significant threat to Puerto Rico’s reefs.  The high temperature anomaly of 2005 
caused widespread coral bleaching, which lead to coral mortality and set the stage for large-scale coral 
disease outbreaks.  Ninety percent of corals died at some monitoring sites in Puerto Rico (Monaco et al., 
2008).  Beyond bleaching, the 2008 reports also noted that hurricanes have caused significant damage to 
reefs and associated communities in Puerto Rico, such as the large-scale destruction of Elkhorn coral 
(Monaco et al., 2008).  Given the number of storms that have affected the Caribbean since 2008, hurricanes 
will likely be more prominent in the discussion of reef threats in the upcoming State of the Reef report, due 
out by end of 2018 (Rob Ferguson, NOAA, personal communication).  

Hurricanes are natural phenomenon that reefs and seagrass have adapted to over their evolutionary history 
and some impacts from these storms are beneficial.  Intense storm waves can clear dead seagrass and fine 
sediment from systems, or may actually stimulate seagrass growth under certain conditions by enhancing 
pollination, seed dispersal, and propagation (Hernandez-Cruz et al., 2006). Hurricanes can also shift sand to 
create new recruitment areas for coral, and can flush out warm, oxygen-depleted water from enclosed 
areas, relieving thermal stress.  Yet those same hurricanes can negatively impact seagrass and coral. 
Seagrass can be scoured and de-anchored by strong currents, causing them to be uprooted and transported 
offshore (Hernandez-Cruz et al., 2006). For corals, hurricanes can cause breakage particularly for branching 
corals, abrasion of the living surface of coral through suspension and movement of coarse sand, and burial 
of coral through sediment redistribution.  As such, corals have adapted to some extent to withstand 
hurricanes, such as the growth of sturdy, rounded coral heads in high wave areas and fine branching corals 
in sheltered areas.  While hurricanes are natural weather patterns, climate change is predicted to cause not 
only sea level rise, but also more intense and more frequent hurricanes for the Atlantic/Caribbean region 
that will bring more rainfall (GFDL, 2018).  All of these changes mean that the impacts of hurricanes on reef 
environments are increasing over time and the organisms in those ecosystems will unlikely be able to adapt 
to keep pace with this change.   

In addition to the physical impacts from wave action noted above, hurricanes bring significant rainfall which 
then leads to increased runoff from land.  As development has increased in Puerto Rico, this means that 
more sediment, nutrients, and hazardous substances are carried off into the coastal zone during hurricanes.  
Excess sediment, nutrients and other pollutants can negatively impact seagrass and reef environments 
principally by decreasing light availability and thereby reducing photosynthetic capacity for growth (Garcia-
Sais et al., 2008; Otero et al., 2015).  A 2006 study in southwest Puerto Rico found that coral cover showed a 
strong correlation with light attenuation, suggesting that deterioration in water quality due to 
anthropogenic sources could result in reef degradation (Bejarano-Rodriguez, I., 2006).  

In addition to decreased light attenuation, increased sediment reaching the coast from runoff can smother 
corals when that fine material settles which has been shown to be detrimental to coral (Rogers, 1990; 
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Nugues and Roberts, 2003).  Introducing nutrients and high turbidity to what is generally an oligotrophic 
(nutrient poor) system can also favor the growth of macroalgae which may then outcompete coral for space 
on a reef, particularly when combined with decreased grazing due to overfishing (McCook, 1999; Scheffer et 
al., 2001).  Competition for space by macroalgae in Guánica Bay may also have contributed to lower seagrass 
cover, combined with increased turbidity and high nutrient input at outfalls and other discharge locations 
(Otero et al., 2015).  Hurricanes, which can bring intense rainfall, will exacerbate the impacts of decreased 
water quality and present ever-growing challenges to reef and seagrass health. 

1.2.2 Impact of Severe Weather 
Extreme weather events such as Hurricanes Irma and Maria can have major impacts on coastal and benthic 
ecosystems. Hurricane impacts to coral reefs and other coastal ecosystems can be variable, depending on 
their proximity and relative position to the hurricane path, and amount of precipitation (Figure 1).  

 
Figure 1. Map composite showing hurricane María trajectory, the extent of the storm winds, benthic habitat areas of Puerto Rico, 
and Post Disaster Inspection (PDI) calculated by the Federal Emergency Management Agency (FEMA). Image courtesy of FEMA. 

 
Satellite ocean color data can provide critical information on water quality conditions impacting seagrasses 
and coral reefs after these episodic events. In the case of Hurricanes Irma and Maria in Puerto Rico, satellite 
ocean color data provides the main source of information on water quality due to lost or damaged in situ 
sensors and lack of field observations after the storm. Ocean color remote sensing tools have been 
identified as a suitable technology to quantify the effects of hurricanes in water quality parameters (Gilbes 
et al., 2001; Shi and Wang 2007). These water quality products derived from satellite include the water 
attenuation coefficients at the wavelength 490nm (Kd490) and chl-a concentrations. The Kd490 is an 
important parameter for water quality because it provides a measure of “turbidity” (measure of the total 
organic and inorganic matter held in solution and suspension) in the water column and can be used to 
quantify light availability for benthic organisms (i.e., coral reefs and seagrasses). Additional information on 
how Kd490 relates to turbidity is in Section 2.2.The chl-a concentration provides a measurement of the 
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phytoplankton biomass and nutrient status (i.e., productivity), and can be used as an index of water quality. 
The chl-a can also be described as organic material in the water column contributing to light attenuation. 

2.0 Methods  

2.1 Water Quality Images and Products  
This study is focused on identifying and quantifying the effects of Hurricanes Irma and Maria on the water 
quality parameters in the coastal waters of Puerto Rico. These effects on the coastal waters were 
characterized using satellite imagery derived ocean color products Kd490 and the chl-a concentration from 
moderate resolution sensors such as the Visible Infrared Imaging Radiometer Suite (VIIRS). This sensor 
provided daily images at a spatial resolution of 750 meters. The study area of Puerto Rico was divided into 
coastal geographical regions (e.g., North, South, East, and West) to quantify the effects in water quality from 
hurricanes to these regions (Figure 2, outlined in yellow). This segmentation of the study area allows a more 
refined characterization of the major watersheds, precipitation rates, and important coastal habitats located 
in those regions. A time-series analysis provided a baseline of these water quality parameters for the regions 
from 2012 to 2017 to compare directly with the effects of hurricanes.  

In addition to the moderate resolution sensors, higher resolution sensor data is used to characterize in detail 
the effects of the hurricanes on the water quality parameters in regionally important areas. Areas such as 
the Guanica Bay/ La Parguera region and Culebra and the NE Reserve in Puerto Rico (Figure 2, outlined in 
red). High turbidity events are characterized in more detail using high resolution imagery from (~10m to 
30m spatial resolution) from Landsat 8 Orbital Land Imager (OLI) and Sentinel 2 Multi Spectral Imager (MSI) 
daily values, when available. The Landsat 8 OLI provides an image every 16 days, while the Sentinel 2 MSI 
provide an image every 10 days. In addition, point locations were established using a gridded point selection 
within the regions. These points were then expanded using a 5x5 pixel box to maximize coverage of the 
areas within the regions and obtain values as close to shore as possible (Figure 2).  

 
Figure 2. Map of Puerto Rico showing the regional area divisions for the moderate resolution (yellow box), higher resolution (red 

box), and point locations (green). 
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2.1.1 VIIRS (moderate resolution sensor) 
The VIIRS images were acquired free of charge through the NOAA Coast Watch website 
(https://coastwatch.noaa.gov/) at Level 2 Science Quality. These images were gridded to and cropped to 
include only the Puerto Rico and USVI regions and further co-registered to ensure pixel overlapped for the 
time-series. Approximately 1,825 daily images were analyzed from January 2012 to December 2017 and the 
images were organized into monthly composites. Due to the limitations of cloud cover over the selected 
regions, approximately 30-60% of images were usable to develop the 72 monthly composites (January 2012-
December 2017). Both land-mask and cloud-mask were preserved to ensure data reliability. The products 
values for Kd490 and chl-a concentrations were extracted from the images using a gridded point selection 
within the regions (Figure 3).  The images were processed and stored in NetCDF (.nc) format and exported in 
GeoTiff (.tif) format for use in other GIS mapping platforms. 

 

 

Figure 3. VIIRS moderate resolution satellite imagery products for chl-a concentration (top) and Kd490 (bottom).  

https://coastwatch.noaa.gov/
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The satellite imagery products were evaluated to quantify the potential impacts in the water quality in 
Puerto Rico. The 2012-2016 monthly means for the chl-a and Kd490 concentrations were used as the 
baseline values for these parameters, and then compared with the monthly averages from 2017 to evaluate 
potential impacts. The pixel point locations were evaluated to quantify the difference from coastal to 
oceanic waters around Puerto Rico. 

2.1.2 Landsat 8 OLI and Sentinel 2 MSI (High Resolution)  
The Landsat 8 OLI imagery were acquired free of charge through the Earth Explorer website 
(https://earthexplorer.usgs.gov/) at Level 1. The Sentinel 2 MSI images were downloaded free of charge 
from the Sentinel data Hub (https://scihub.copernicus.eu/dhus/) at level 1C. The area selected for the 
higher resolution sensor analysis was the Guanica Bay/ La Parguera region and Culebra and the NE Reserve 
and was focused in evaluating very near-shore environments before and after the hurricanes. Due to 
limitations in cloud cover and temporal resolution a limited amount of images were found and used for the 
analysis (Table 1).  

Table 1. Collection dates of Landsat images used in analysis. 

Selected Area Sensor Dates (MMDDYYY) 
Guánica / La Parguera Sentinel 2 MSI 09/05/2017 
Guánica / La Parguera Sentinel 2 MSI 10/25/2017 
Guánica / La Parguera Landsat 8 OLI 11/04/2017 
Guánica / La Parguera Landsat 8 OLI 12/06/2017 

NE Reserve Sentinel 2 MSI 01/08/2017 
NE Reserve Landsat 8 OLI 10/12/2017 
NE Reserve Sentinel 2 MSI 12/09/2017 
NE Reserve Sentinel 2 MSI 02/02/2018 

 

The images were cropped to include only the selected areas of Guanica Bay/ La Parguera region and Culebra 
and the NE Reserve regions. These images were processed and applied the ACOLITE processing tool 
(https://odnature.naturalsciences.be/remsem/software-and-data/acolite) for correction of atmospheric 
effects and obtain water leaving reflectance for ocean color algorithm application (Vanhellemont and 
Ruddick, 2014). Both land-mask and cloud-mask were applied to ensure data reliability. The products 
extracted from these images (Figure 4) include the Kd490, chl-a concentration, KdPAR, suspended particle 
matter (SPM, Nechad et al., 2016), and turbidity (Formazin Nephelometric Unit (FNU), Dogliotti et al., 2015). 
Only the Kd490 and chl-a concentrations were used in this study.  

A change detection analysis was performed to the high resolution imagery for the areas in Guanica / La 
Parguera and Culebra and the NE Reserve regions. This analysis focused on highlighting positive differences 
after the storm in nearshore environments and if these conditions persisted for an extended period of time. 
For this study, the products evaluated from these images only included the Kd490 and chl-a concentrations.  

 

https://earthexplorer.usgs.gov/
https://scihub.copernicus.eu/dhus/
https://odnature.naturalsciences.be/remsem/software-and-data/acolite
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Figure 4. Landsat 8 OLI high resolution true color image (top) and chl-a concentration (bottom) for December 6, 2017. 
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2.2 Converting Remote Sensing Data to In Situ Water Quality  
Chl-a is a commonly used indicator of water quality; Kd490, however, needs to be correlated with turbidity 
(NTU or FNU units), total suspended solids, secchi disk depth (SDD), or water clarity to be meaningful.  
Several studies use Kd490 values directly to examine water quality (Pierson, 2008; Udy, 2005; Dehmordi, 
2018). These studies found remotely sensed Kd490 accurately predicted field and lab measured Kd490 and 
served as a reliable indicator of in-situ water quality.  For the Chesapeake Bay, Son (2012) considered Kd490 
values between 0.1 and 0.3 as being turbid, where values > 0.3 as very turbid.  Additional studies found a 
reliable relationship between Kd490 calculated from remotely sensed data and measured SDD.  This 
relationship was described per the following formulas: 

SDD = 1.04 × Kd490−0.82, 0.9<SDD < 8.0m (Chen, 2007)  

SDD-1 = 0.545 x Kd490 -0.06 (Kratzer, 2003).  

Additionally, Kd490 can be used to calculate first and second optical depths using the following formula: 1/ 
Kd490= first optical depth; 2/ Kd490= second optical depth (Matsuoka, 2007). The conversion for water 
clarity depth is used in our analysis to compare Kd490 values with established impairment thresholds from 
other jurisdictions.   

 

2.3 Habitat Mapping Analysis  
A GIS combined analysis using moderate resolution imagery was conducted to evaluate the impact of 
changes in chl-a and Kd490 on seagrass and coral benthic habitats from pre-hurricane (baseline) and post-
hurricane conditions.  There were four steps to this analysis: 

1. Identify areas of coral and seagrass habitat; 
2. Quantify change in post-hurricane chl-a and Kd490 values from baseline conditions; 
3. Calculate magnitude and duration of changes from baseline values; and 
4. Identify areas of low, medium, and high exposure to potential habitat impacts.  

 

2.3.1 Benthic Habitat  
Two types of benthic habitat were included in the analysis: coral reef/hard bottom and seagrass.  Table 2 
summarizes the attributes extracted from the available GIS benthic habitat maps used to identify the most 
conservative and consistent habitat extents between the three data sets.  This data was further subdivided 
into four geographic regions (e.g., North, South, East, and West), based on the random grid of point data 
around the island.  Habitat areas were identified using a combination of NOAA’s 1995 benthic habitat data 
for Puerto Rico, with updated replacement mapping for the southwest and northeast areas using 2012 and 
2015 data, respectively.   

Table 2. Benthic Habitat Data Selections for Coral and Seagrass. 

NOAA  Attribute Selection 
Data Set Coral Seagrass 

1995 PR HABITAT “Coral Reef and Colonized Hardbottom” TYPE “Seagrass” 
2012 SW M_STRUCT “coral reef and hardbottom M_COVER “Seagrass” 
2015 NE M_STRUCT “coral reef and hardbottom” M_COVER “Seagrass”  
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2.3.2 Change from baseline conditions 
Monthly averages for chl-a and Kd490 were calculated for four months post hurricane (September-
December, 2017) and the same months over a five-year period before the hurricane (2012-2016) using 
medium resolution imagery at the 750 m2 (139 acres) pixel level.  These monthly composites were 
constructed from the daily images for each month. Pre-hurricane averages were considered baseline 
conditions and these were created from the monthly composites for a total of 4 baseline images 
(September-December).  For each of the four post-hurricane months (September-December) where imagery 
was available, a change analysis was conducted to identify pixels where monthly average post-hurricane 
values were greater than, equal to, or less than monthly baseline values for both chl-a and Kd490.  This was 
determined by subtracting the baseline values for each pixel from the same pixel under post-hurricane 
conditions.  The locations where there was a positive deviation from baseline conditions are assumed to 
represent worsening water quality due to hurricane and post-hurricane conditions. The daily images were 
combined over time to provide a total of  16 raster data sets that represented 4 cumulative monthly 
averages for both baseline and post-hurricane conditions for two sets of water quality indicators (chl-a and 
Kd490).   

For each month, all pixels with indicator values below or at the baseline pixel value received a score of 0.  
Pixels where data was missing also received a score of 0.  It should be noted, that each of the 16 averaged 
monthly data rasters had areas of No Data, due to land area exclusion, cloud cover, and data fringe effects.  
If the pixel was represented as No Data in all data sets, it was assumed to be land and excluded from the 
analysis. If the pixel contained data in some rasters, but No Data in others, it was assumed that cloud cover 
caused the aberration.  The pixel was not excluded from the analysis.  This may be an underestimation of 
the pixels true value, but was chosen as the conservative option.  Every pixel that was above the baseline 
indicating an increase in chl-a or Kd490 over the pre-hurricane monthly average, received a score of 1-3 
depending on how far above the baseline value the post-hurricane value was.   

2.3.3 Magnitude and Duration  
Some pixels had significantly higher chl-a and/or Kd490 values than others; the larger the value, the greater 
the exposure of habitat to degraded water quality.  Pixels from post-hurricane imagery that were above the 
baseline monthly average for that same pixel received a score of 1; twice the average received a score of 2, 
and 3 times the average or greater received a score of 3.  Most pixels fell within a range of 0 – 3 times the 
baseline value, however there are areas in which pixel values are as high as 130 times the baseline value.  
This is restricted to a small number of pixels, which are within an area of high overall values.  It is likely that 
these would indeed represent extremely adverse conditions. Table 3 provides an example pixel scoring 
matrix.  For magnitude, pixels scores can range from 0-3 per month. 

Table 3. Pixel scoring matrix use to quantify magnitude of change and duration for each indicator. 

Pixel Score Indicator Value 
0 below or at baseline average (or No Data) 
1 above average 
2 more than 2x average 
3 more than 3x average 

Baseline Average = monthly average over 2012-2016 
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Results of this rating are visualized in Monthly Indicator Exceedance Maps (Appendix B).  Some pixels 
experienced positive change values for greater periods of time than others; the longer the duration, the 
greater the exposure of the habitat.  To account for temporal effects, the scores applied to the magnitude of 
change each month were then combined to create an additional final value, post-hurricane total (Table 4).  
This was calculated separately for both indicators chl-a and Kd490.  There was no special weight given to 
consecutive months showing positive change.  For duration, the monthly scores are added together for a 
maximum score of 12 (i.e., a magnitude score of 3 x 4 months).   

Table 4. Summing of monthly scores per pixel to account for duration. 

September 2017 chl-a Rating + 
October 2017 chl-a Rating + 
November 2017 chl-a Rating + 
December 2017 chl-a Rating + 

Total Score for chl-a (Scale 0-12)  
  
September 2017 Kd490 Rating + 
October 2017 Kd490 Rating + 
November 2017 Kd490 Rating + 
December 2017 Kd490 Rating  

Total Score for Kd490 (Scale 0-12) 
 
 

2.3.4 Potential Habitat Exposure  
The distribution of cumulative scores for each habitat type and water quality indicator was evaluated to 
determine habitat exposure ranging from low to high (Figure 5 and Table 5).  Mean cumulative scores 
typically ranged between 2 and 3, while the highest cumulative scores were 7 for chl-a and 9 for  Kd490.  
Low, moderate, and high exposure levels were determined as the mean, mean plus one standard deviation, 
and the mean plus two standard deviations (Table 6).  

 

2.4 Precipitation Analysis  
Precipitation data was gathered from the NOAA global summary of the month online dataset. Four rain 
gauge stations were chosen (NOAA Network IDs GHCND: RQW00011641, RQW00666343, RQW00664193, 
and RQW00663532) based on the locations of the hurricane impacted habitats including corals, seagrass 
beds, mangroves, and other benthic ecosystems. Some precipitation values for 2013 were absent from the 
Culebra Hill dataset. For any absent data, the average for 2012 to 2016 was calculated excluding the missing 
data point. Precipitation data was compared to chl-a and Kd490 concentration values across Puerto Rico to 
identify any correlations.  
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Figure 5. Histograms showing distribution of scores for each parameter and habitat type. 
 

Table 5. Summary of the frequency of cumulative scores by mean and standard deviations. 

 Mean Mean + Standard Mean + 2* Standard 
Score Deviation Deviation 

Coral-- chl-a 2.2 3.5 4.7 
Coral - Kd490 2.1 3.3 4.6 
Seagrass - chl-a 2.4 3.7 5.1 
Seagrass - Kd490 2.5 3.9 5.2 

 

Table 6. Habitat Exposure Scoring Matrix. 

Habitat Exposure 
Score Category Description 

0 No exposure Pixels that did not experience an increase above the baseline average 
value during any of the four months post-hurricane   

1 Above detection 
limit 

Pixels that exceeded the baseline average value in one instance, was not 
assumed to represent any significant impact  

2-3 Low exposure 
Represent the mean of all datasets, exceed the baseline average 
significantly at least once post-hurricane, or exceeded slightly for two or 
three months 

4 Moderate 
exposure 

Represent mean plus standard deviation; pixels with a higher confidence 
in the exceedance magnitude above baseline and longer durations  

5+ High exposure Represent mean plus two times the standard deviation 
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3.0 Results and Discussion 

3.1 Remote Sensing of Water Quality 

3.1.1 Comparing pre and post-hurricane water quality values (VIIRS imagery) 
The data obtained from the satellite imagery climatology from the VIIRS imagery evaluated the differences 
between 2012-2016 and 2017 for chl-a concentration and Kd490 monthly means.  Chl-a and Kd490 values 
were compared to precipitation data from across the island.  During September and October 2017 there was 
a significantly greater amount of precipitation than the monthly average in all four regions for the past four 
years.  Higher rainfall data coincides with the landfall of Hurricanes Irma and Maria (Figure 6). 

Figure 6. Precipitation and chl-a concentration for the regions. 

 

 

Chl-a, Kd490, and precipitation values were analyzed by regions (e.g., North, South, East, and West). The 
South region showed the highest amount of precipitation, followed by North, East, and West. The North and 
West regions experienced a significant increase in precipitation starting in August and began decreasing in 
October. The East and South regions also experienced the major increase in rainfall in August, but did not 
begin to decrease until November. The West region showed lower precipitation values from February 2017 
to the beginning of August 2017 as compared to the 2012-2016 (Figure 6). 
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Chl-a Concentrations 
Average chl-a concentrations for Puerto Rico show an increase for 2017 when compared with previous 
values from 2012-2016 especially in the peak of the rainy season (August- November) (Figure 7). The months 
that show an increase (in percent) from the previous baseline values are July (17% higher than baseline), 
August (36%), September (20%), October (9%), November (14%), and December (13%). Average chl-a 
concentrations from August to December 2017 were all above 0.40 µg/L. A spike in chl-a concentration was 
observed from August through November for all regions, except for the East. A chl-a concentration spike 
may not have been observed in the East because concentrations were high in the baseline. Overall, an 
increase in chl-a concentration correlated with an increase in precipitation.  

The chl-a concentrations were also analyzed by month for each year to compare the differences between 
years and seasonal trends (Figure 8).  Higher chl-a values were present from July to December 2017 when 
considering all regions.  The values for chl-a concentration reached and exceeded 0.40 µg/L by August 2017, 
and persisted from September to December 2017 above that value for a total of 5 consecutive months.  Chl-
a concentration values above the 0.40 µg/L were also present in previous years, but never exceeded this 
threshold for 5 consecutive months. 

The East Region showed the highest contribution to the overall value, followed by North, West and South 
(see Figure 7).  The 2017 contributions to regional values only show a minor difference when compared to 
2012-2016.  The West region showed lower precipitation values from February 2017 to the beginning of 
August 2017 as compared to the 2012-2016; during this time period, chl-a concentrations were lower than 
the average for 2012-2016 as well.  The East region had higher rainfall values in 2017 overall as compared to 
2012-2016; this may have contributed to increased chl-a concentration for 2017.  
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Figure 7. Monthly comparison of the chl-a concentration (µg/L) from 2012-2016 and 2017 with associated precipitation data (top) 
and the distribution of the total chl-a value (µg/L) by region (bottom). 
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Figure 8. Monthly comparison of chl-a concentration showing the yearly distribution from 2012-2017. The year 2017 is outlined in 
black. 

 

Kd(490) 
The values of Kd490 for Puerto Rico display an increase for 2017 when compared with values from 2012-
2016, especially in the peak of the rainy season (August-November) (Figure 9 and Figure 10).  The months 
that show an increase (in percent) from the previous baseline values are July (10% higher than baseline), 
August (28%), September (15%), October (5%), November (7%), and December (12%).  The values for Kd490 
concentration from August to December 2017 were all above 0.06 m-1.  

The Kd490 values were also analyzed by month per year to compare the differences between years and 
seasonal trends (Figure 11). During September and October 2017, there was a significantly greater amount 
of precipitation than the monthly average in all four regions for the past four years.  In 2017, the East Region 
showed the highest contribution to the Kd490 value, followed by North, West and South.  After the landfall 
of hurricanes Irma and Maria, the West region showed increased precipitation in August and September and 
increased Kd490 values from August to December. The East region had higher rainfall values in 2017 overall 
as compared to 2012-2016; this correlated with increased Kd490 values for 2017. Overall, an increase in 
Kd490 correlated with an increase in precipitation.  

Higher values were present from July to December 2017 when considering all regions. The values for Kd490 
reached and exceeded the 0.06 m-1 value by July 2017, and persisted to December 2017. Kd490 values above 
the 0.06 m-1 were also present in previous years, but the 2017 values for the months of August, September 
and December are the highest for all the time series from 2012-2017. 
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Figure 9. Precipitation and Kd490 concentration for the regions. 
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Figure 10. Monthly comparison of the Kd490 (m-1) values from 2012-2016 and 2017 with associated precipitation data (top) and 
the distribution of the total Kd490 value (m-1) by region (bottom). 
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Figure 11. Monthly comparison of Kd490 values showing the yearly distribution from 2012-2017. The year 2017 is outlined in 
black. 

 

3.1.2 Coastal versus oceanic water quality at fixed locations 
The pixel point locations were evaluated to quantify the difference from coastal to oceanic waters around 
Puerto Rico. Approximately 74% of the total value of chl-a for Puerto Rico were driven by the coastal pixel 
locations, where 26% was attributed to the oceanic pixel locations. This percentage varied little (±3%) even 
when considering a regional and yearly distribution of the values. These pixel locations were also analyzed 
by month and compared from 2012-2016 to 2017 data (Figure 13). Chlorophyll-a values for the oceanic pixel 
locations remained below 0.4 µg/L except for the months of July and August of 2017. The values for the 
coastal pixels remained below the 0.8 µg/L value from January to June for both 2017 and 2012-2016 data. 
The coastal values for 2017 displayed an increase (in percent) for the months of June (8% from baseline), 
July (17%), August (5%), September (8%), October (19%), and November (28%) when compared to 2012-
2016 data.  

For the Kd490 values, approximately 70% of the total value of Kd490 for Puerto Rico were driven by the 
coastal pixel locations, while the remaining 30 percent was from oceanic pixel locations. There was little 
variation (±3%) in the contribution of coastal vs. oceanic even when considering a regional and yearly 
distributions. These pixel locations were also analyzed by month and compared from 2012-2016 to 2017 
data (Figure 13). The values for the oceanic pixel locations remained below 0.06 m-1 except for the months 
of July and August of 2017. The values for the coastal pixels remained below the 0.10 m-1 value from 
February to July for both 2017 and 2012-2016 data. The coastal values for 2017 displayed an increase (in 
percent) for the months of June (4% from baseline), July (9%), August (10%), September (5%), October 
(12%), and November (7%) when compared to 2012-2016 data.  The pixel locations are broken out into 
coastal and oceanic regions (Figure 12 and Table 7).  
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Table 7. Coastal and oceanic pixel locations by region. 

Region Coastal Oceanic 
North 1, 2, 3, 4, 5, 6, 7, 8 9, 10, 11, 12, 13, 14, 15, 16 
South 17, 18, 19, 20, 21, 22, 23, 24 25, 26, 27, 28, 29, 30, 31, 32 
West 33, 34, 35, 36 37, 38, 39, 40 
East 41, 42, 43, 44, 45 46, 47, 48, 49, 50 

 

 

 

Figure 12. Coastal and oceanic pixel locations by region. 
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Figure 13. Distribution of point locations around Puerto Rico. The major rivers are present in the map (blue). Line graph 
presenting the differences between coastal and oceanic point locations from 2012-2106 with 2017 for chl-a concentration and 
Kd490.  Green line indicates impairment thresholds of 0.45 ug/L for chl-a and 0.1 m-1 for water clarity from the Great Barrier Reef 
water quality standards.   

 

To put these values into context, impairment thresholds for chl-a and water clarity from the Great Barrier 
Reef water quality standards are shown in Figures 13 and 14.  Thresholds of 0.45 µg/L and 2 µg/L were used 
as chl-a benchmarks, and 0.1 m-1 and 0.17 m-1 were used as benchmark Kd490 coefficients for open ocean 
and enclosed coastal systems, respectively.  Values above these thresholds are recognized globally as 
adverse for coral reefs.  For both indicators, coastal points show values above these thresholds before and 
after the hurricanes.    
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In addition to the general contribution of coastal and oceanic pixels, the individual pixel location values were 
evaluated from 2012-2016 average and 2017 average for the months of September - December. For the chl-
a concentration, the pixel locations in the North region (1, 2, 3, 4, 12), the West region (33, 34, 35, 40), and 
the East region (42, 43, 45) exceeded the 0.45 µg/L for both 2012-2016 and 2017 time series. The South 
region did not exceed the 0.45 µg/L value except for one pixel location in 2017, but all the 2017 pixel 
location showed higher values when compared with 2012-2016. The highest values for all pixel locations 
were observed in the coastal pixels, especially for the North region where the values for pixel locations 1 
and 2 exceeded the 2 µg/L for the complete times series 2012-2017 (Figure 14). These pixel locations 
correspond to the major river discharge areas in the north coast of Puerto Rico. 

For the Kd490 values, the pixel locations in the North region (1, 2, 3, 4), the West region (33, 35), and the 
East region (41) exceeded the 0.1 m-1 for both 2012-2016 and 2017 time series. The South region did not 
exceeded the 0.1 m-1 value, but all the 2017 pixel location showed higher values when compared with 2012-
2016. The highest values for all pixel locations were observed in the coastal pixels, especially for the North 
region where the values for pixel locations 1, 2, and 3 exceeded the 0.1 m-1 value for the complete time 
series 2012-2017 (Figure 14). These pixel locations correspond to the major river discharge areas in the 
north coast of Puerto Rico. 



26 
 

 

 

Figure 14. Graphs showing a comparison between 2012-2016 and 2017 for the point pixel locations for the chl-a concentration 
(top) and the Kd490 (bottom) products. Note: The low benchmark for Kd490 was selected from the water clarity standard for 
Great Barrier Reef Open Coastal and Midshelf water body type, which is 10 m.  The high benchmark for Kd490 was selected from 
the water clarity standard for Great Barrier Reef Offshore water body type, which is 17 m. The low benchmark for chl-a was 
selected from Great Barrier Reef Open Coastal and Midshelf water body type. The high benchmark for chl-a was selected from the 
Great Barrier Reef Enclosed Coastal water body type. 
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3.1.3 Landsat 8 OLI and Sentinel 2 MSI (High resolution) 
The high resolution imagery was processed and a change detection analysis was performed to the high 
resolution imagery with images from before and after the hurricanes for the areas in Guanica / La Parguera. 
The Kd490 and the chl-a concentration experimental products were obtained for the image from September 
5, 2017 and November 4, 2017 (Figure 15). A chl-a and Kd490 difference was calculated for the Guanica / La 
Parguera area. Positive differences (> 0.45 µg/L) were present on the November 4, 2017 image for the chl-a 
concentration, especially in areas near the Guanica Bay entrance and west into the coral reef areas of La 
Parguera. For the Kd490 difference analysis, only values below 0.1 m-1 were present in the west side of La 
Parguera area.   

Figure 15. Guanica / La Parguera high resolution showing the chl-a concentration and the chl-a difference product (Left Column) 
for September 5, 2017 (top-left), November 4, 2017 (middle-left) and the chl-a difference (bottom-left). The Kd490 product was 
also analyzed (right column) for September 5, 2017 (top-right), November 4, 2017 (middle-right) and the Kd490 difference 
(bottom-right) was obtained. 
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The same water quality products and change detection were developed for Culebra and the NE Reserve with 
images from January 8, 2017 and October 12, 2017 (Figure 16).  A chl-a and Kd490 difference was calculated 
for the area and positive differences (> 0.45 µg/L) were present on the October 12, 2017 image for the chl-a 
concentration, especially in areas offshore from Fajardo and Ceiba, and nearshore the Naguabo area, where 
values were higher that 2.0 µg/L.  For the Kd490 difference analysis, values below 0.1 m-1 were present all 
around Culebra Island and offshore from the Naguabo/Ceiba area. Values higher than 0.1 m-1 were present 
in the nearshore areas of Fajardo, Ceiba and Naguabo.   
 

Figure 16. Culebra Island and the NE Reserve high resolution showing the chl-a concentration and the chl-a difference product 
(Left Column) for January 8, 2017 (top-left), October 12, 2017 (middle-left) and the chl-a difference (bottom-left). The Kd490 
product was also analyzed (right column) for January 8, 2017 (top-right), October 12, 2017 (middle-right) and the Kd490 difference 
(bottom-right) was obtained. 

 

The high resolution imagery provides better details in the spatial distribution of these products in very 
nearshore environments, but it’s low temporal resolution resulted in only having very limited imagery 
available. The change detection pixel analysis provided a difference raster of before/after the storm, but this 
comparison only reflected the conditions present when the images were captured and not daily cumulative 
values like the ones provided by the moderate resolution sensors. Nevertheless, this high resolution imagery 
can be used to focus the restoration efforts guided by the moderate resolution product information. 
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3.2 Exposure of Benthic Habitats to Degraded Water Quality   
In order to quantify the implications of hurricane-induced water quality degradation on coral reefs and 
seagrass, the change in Kd490 and chl-a concentrations pre- and post-hurricanes were compared. Kd490 is a 
proxy for turbidity and chl-a can be used as a proxy for phytoplankton biomass. Both of these water quality 
indicators reduce the amount of light that can penetrate the water column and reach benthic habitats, like 
coral reefs and seagrass, which require adequate light to fuel photosynthesis which provides the energy 
which sustains their health.  Presence of these water quality indicators above thresholds, or even above 
baseline conditions, reduce the light that can reach these habitats which, in turn, reduces the amount of 
food that can be produced through photosynthesis.  Depending on the initial quality of the habitat, this 
reduction in food can be detrimental and the longer these water quality conditions persist, the greater the 
impact to the habitat. Using GIS and the VIIRS imagery, the exceedance of the water quality indicators from 
the baseline was estimated in coral and seagrass habitat areas.  A comparison was done for each month 
post-hurricane (e.g., September, October, November, December).   

Exceedance maps are located in Appendix B. The amount (number of acres and percent of total acres) of 
coral and seagrass exposed to degraded water quality over the baseline are summarized in Figure 17. 

As shown in Figure 17, between 38 and 59% of coral and between 47 and 63% of seagrass were exposed to 
degraded water quality (i.e., exceedances of baseline values) for both chl-a and Kd490 for all post-hurricane 
months across Puerto Rico.  The total acres exposed to degraded water quality are between 84,700 and 
131,600 acres of coral and 86,500 and 116,000 acres of seagrass. Specifically, between 40 and 59% (89,200-
131,600 acres) of coral reef habitat and between 48 and 63% (88,400-116,000 acres) of seagrass habitat was 
exposed to degraded water quality conditions which exceeded average chl-a baselines. Similarly between 38 
and 58% (84,700-129,400 acres) of coral reef habitat and between 47 and 62% (86,500-114,000 acres) of 
seagrass habitat was exposed to degraded water quality conditions exceeding average Kd490 baselines.  

The majority of seagrass and coral reef acres were exposed to chl-a and Kd490 exceedances that were 
slightly greater than average baseline conditions rather than the more severe water quality degradations 
that were 2x or 3x greater than average baseline conditions. Subsequently coral reef and seagrass exposure 
to the most degraded water quality is isolated (Figure 17 through Figure 19; Appendix B). The South and East 
regions had the greatest acreage of coral reef and seagrass habitat. As a result, these regions had the 
greatest acres of habitat exposed to degraded water quality conditions across all levels of water quality 
degradation (Figure 18 and Figure 19; Appendix B). The Northern portions of Puerto Rico received the 
greatest level of water quality degradation; however, there is minimal seagrass and coral habitat in this 
region (Appendix B). Therefore, there were few acres of habitat that were exposed to degraded water 
quality in the North, but those habitat exposures that did occur were the most extreme forms of degraded 
water quality.  

Habitat exposure to degraded water quality ranged over time (Figure 20 through Figure 22; Appendix B). In 
the East, habitat exposure to degraded water quality was the greatest in September, which dropped off in 
October and slowly increased in the months of November and December. The Southern region of Puerto 
Rico received the greatest rainfall during the month of October, which possibly led to the increase in habitat 
exposures in this region during the months of November and December. Both the Northern and Western 
regions of Puerto Rico saw similar trends in habitat exposure to degraded water quality with a gradual 
increase in exposure through the months of September, October, and November and then a slight decline in 
exposures in the month of December. 
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ac % ac % ac % ac % ac %
Coral 13,982     2,399      17          698        5            59          0            1,835      13          8,992      64          
Seagrass 586          29          5            2            0            -         -         3            0            552        94          
Coral 84,046     38,973    46          691        1            3            0            25,449    30          18,930    23          
Seagrass 103,256    53,366    52          970        1            56          0            17,168    17          31,697    31          
Coral 103,364    56,834    55          2,729      3            564        1            37,191    36          6,045      6            
Seagrass 63,787     38,662    61          1,551      2            744        1            12,152    19          10,678    17          
Coral 21,755     8,443      39          -         -         -         -         7,935      36          5,377      25          
Seagrass 16,555     6,747      41          242        1            -         -         7,819      47          1,746      11          
Coral 223,148    106,650  48          4,118      2            626        0            72,410    32          39,344    18          
Seagrass 184,184    98,804    54          2,766       2            800          0            37,142    20          44,673    24          

Total

Chl-a Exceedance September

East

South

West

North

<= average No Data Total 
acres 

> average > 2x average > 3x average
Region Habitat

ac % ac % ac % ac % ac %
Coral 13,982     2,929      21          284        2            59          0            1,719      12          8,992      64          
Seagrass 586         2            0            -         -         -         -         31          5            552        94          
Coral 84,046     41,930    50          521        1            -         -         22,666    27          18,930    23          
Seagrass 103,256   56,552    55          229        0            -         -         14,779    14          31,697    31          
Coral 103,364   58,050    56          993        1            49          0            38,227    37          6,045      6            
Seagrass 63,787     38,328    60          1,966      3            574        1            12,240    19          10,678    17          
Coral 21,755     9,538      44          -         -         -         -         6,841      31          5,377      25          
Seagrass 16,555     6,624      40          -         -         846        5            7,339      44          1,746      11          
Coral 223,148   112,447  50          1,797      1            108        0            69,453    31          39,344    18          
Seagrass 184,184   101,507  55          2,195       1            1,420       1            34,389    19          44,673    24          

> 2x average > 3x average <= average
Region Habitat

Total

Kd490 Exceedance September

East

South

West

No Data

North

 Total 
acres 

> average

ac % ac % ac % ac % ac %
Coral 13,982     2,926      21          652        5            139        1            2,054      15          8,211      59          
Seagrass 586          82          14          -         -         -         -         -         -         504        86          
Coral 84,046     14,785    18          345        0            64          0            47,111    56          21,742    26          
Seagrass 103,256    33,676    33          2,360      2            345        0            43,110    42          23,766    23          
Coral 103,364    52,158    50          1,878      2            354        0            38,228    37          10,746    10          
Seagrass 63,787     32,855    52          4,273      7            334        1            4,304      7            22,021    35          
Coral 21,755     14,573    67          200        1            400        2            4,572      21          2,011      9            
Seagrass 16,555     13,452    81          1,385      8            204        1            743        4            771        5            
Coral 223,148    84,441    38          3,075      1            957        0            91,965    41          42,710    19          
Seagrass 184,184    80,064    43          8,017       4            883          0            48,157    26          47,062    26          

Region Habitat

North

<= average No Data Total 
acres 

> average > 2x average > 3x average

Total

East

South

West

Chl-a Exceedance October

ac % ac % ac % ac % ac %
Coral 13,982     2,212      16          870        6            488        3            2,202      16          8,211      59          
Seagrass 586         28          5            29          5            -         -         25          4            504        86          
Coral 84,046     14,012    17          160        0            43          0            48,090    57          21,742    26          
Seagrass 103,256   31,586    31          1,523      1            2,362      2            44,019    43          23,766    23          
Coral 103,364   52,289    51          478        0            338        0            39,514    38          10,746    10          
Seagrass 63,787     32,544    51          2,110      3            2,226      3            4,885      8            22,021    35          
Coral 21,755     14,188    65          101        0            640        3            4,815      22          2,011      9            
Seagrass 16,555     10,956    66          1,869      11          900        5            2,059      12          771        5            
Coral 223,148   82,700    37          1,609      1            1,508      1            94,620    42          42,710    19          
Seagrass 184,184   75,114    41          5,531       3            5,489       3            50,988    28          47,062    26          

> 2x average > 3x average <= average
Region Habitat No Data

North

 Total 
acres 

> average

Total

East

South

West

Kd490 Exceedance October
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Figure 17. Acreage of coral and seagrass exposed to baseline exceedances in chl-a and Kd490.  

ac % ac % ac % ac % ac %
Coral 13,982     5,530      40          502        4            -         -         1,988      14          5,961      43          
Seagrass 586          30          5            -         -         0            0            87          15          469        80          
Coral 84,046     25,359    30          1,197      1            960        1            46,777    56          9,753      12          
Seagrass 103,256    47,235    46          2,759      3            1,674      2            40,083    39          11,506    11          
Coral 103,364    77,336    75          875        1            806        1            23,589    23          758        1            
Seagrass 63,787     48,803    77          972        2            207        0            10,146    16          3,659      6            
Coral 21,755     17,565    81          264        1            229        1            1,843      8            1,854      9            
Seagrass 16,555     14,385    87          643        4            6            0            1,284      8            237        1            
Coral 223,147    125,790  56          2,838      1            1,995      1            74,198    33          18,327    8            
Seagrass 184,184    110,452  60          4,374       2            1,887       1            51,600    28          15,871    9            

Region Habitat

North

<= average No Data Total 
acres 

> average > 2x average > 3x average

East

South

West

Total

Chl-a Exceedance November

ac % ac % ac % ac % ac %
Coral 13,982     4,514      32          380        3            16          0            3,111      22          5,961      43          
Seagrass 586         -         -         -         -         -         -         117        20          469        80          
Coral 84,046     27,397    33          942        1            452        1            45,502    54          9,753      12          
Seagrass 103,256   47,155    46          3,787      4            711        1            40,098    39          11,506    11          
Coral 103,364   77,422    75          658        1            181        0            24,345    24          758        1            
Seagrass 63,787     47,756    75          761        1            383        1            11,228    18          3,659      6            
Coral 21,755     17,324    80          -         -         -         -         2,577      12          1,854      9            
Seagrass 16,555     12,787    77          -         -         -         -         3,531      21          237        1            
Coral 223,148   126,656  57          1,981      1            650        0            75,534    34          18,327    8            
Seagrass 184,184   107,698  58          4,549       2            1,094       1            54,973    30          15,871    9            

> 2x average > 3x average <= average
Region Habitat No Data

North

 Total 
acres 

> average

East

South

West

Total

Kd490 Exceedance November

ac % ac % ac % ac % ac %
Coral 13,982     3,596      26          19          0            148        1            5,649      40          4,570      33          
Seagrass 586          111        19          -         -         -         -         57          10          418        71          
Coral 84,046     32,025    38          1,864      2            692        1            41,743    50          7,722      9            
Seagrass 103,256    51,050    49          1,436      1            253        0            39,501    38          11,017    11          
Coral 103,364    56,797    55          4,671      5            2,233      2            38,429    37          1,234      1            
Seagrass 63,787     38,747    61          827        1            351        1            19,355    30          4,507      7            
Coral 21,755     8,572      39          127        1            203        1            11,303    52          1,550      7            
Seagrass 16,555     7,277      44          85          1            1            0            8,668      52          524        3            
Coral 223,148    100,990  45          6,681      3            3,277      1            97,124    44          15,076    7            
Seagrass 184,184    97,184    53          2,347       1            606          0            67,582    37          16,465    9            

Chl-a Exceedance December

East

South

West

Total

North

<= average No Data Total 
acres 

> average > 2x average > 3x average
Region Habitat

ac % ac % ac % ac % ac %
Coral 13,982     4,486      32          695        5            52          0            4,180      30          4,570      33          
Seagrass 586         112        19          25          4            -         -         31          5            418        71          
Coral 84,046     33,490    40          973        1            232        0            41,629    50          7,722      9            
Seagrass 103,256   53,466    52          1,127      1            309        0            37,337    36          11,017    11          
Coral 103,364   57,144    55          2,838      3            766        1            41,382    40          1,234      1            
Seagrass 63,787     32,953    52          2,172      3            101        0            24,054    38          4,507      7            
Coral 21,755     9,579      44          118        1            -         -         10,508    48          1,550      7            
Seagrass 16,555     7,497      45          -         -         -         -         8,534      52          524        3            
Coral 223,148   104,699  47          4,624      2            1,050      0            97,699    44          15,076    7            
Seagrass 184,184   94,027    51          3,324       2            411          0            69,957    38          16,465    9            

> 2x average > 3x average <= average No Data

North

 Total 
acres 

> average
Region Habitat

East

South

West

Total

Kd490 Exceedance December
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Figure 18. Acreage of coral reef exposed to elevated Kd490 (top) and chl-a (bottom) changes based on region and month. 
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Figure 19. Acreage of seagrass exposed to elevated Kd490 (top) and chl-a (bottom) changes based on region and month. 
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Over the four months post-hurricane, nearly 70% of the coral reef and seagrass habitats were exposed to 
some low level of water quality degradation if not worse (Figure 20 through Figure 22; Appendix B). 
Potential habitat impacts were greatest in the Southwest and Eastern portions of the island where the most 
seagrass and coral reef habitats are found. However, water quality degradation was greatest in the Northern 
and Southern coastal waters. Throughout the island, 113,000 acres (51%) of coral and 92,000 acres (50%) of 
seagrass were exposed to low levels of water quality degradation. Over 34,000 and 37,000 acres of coral 
reef and seagrass, respectively were exposed to moderate and high levels of chl-a and/or Kd490 (Figure 20). 
Figure 20 also shows that there are no significant differences in the exposure between the two water quality 
indicators for these habitats, which may indicate that one of these parameters could be used to inform 
predictions about the other parameter for these areas.   

Figure 20. Habitat exposures to the cumulative percent of habitat (top) and acres of habitat (bottom) exposed to elevated chl-a 
concentrations and decreased water clarity.
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Figure 21. Chl-a Potential Habitat Exposure Rating, Post-Hurricane 2017.  
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Figure 22. Kd490 Potential Habitat Exposure Rating, Post-Hurricane 2017.
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3.3 Areas of Interest 
Using the same analysis for overall marine waters (i.e., ignoring locations where habitat of interest is 
collocated), the spatial extent was evaluated for four areas where a high density of moderate and high chl-a 
exposure were observed post-hurricane: San Juan Metro Area, Arecibo, NE Corridor, and Cabo Rojo/Guanica 
(Figure 23).  These locations track closely with observed turbid plumes from major river discharges and 
represent high concentrations of the one or both of the water quality indicators over multiple months.  Cabo 
Rojo/Guanica area, for example, experienced over 90,000 acres of marine waters exhibiting moderate-high 
water quality impacts.    

Figure 23. The spatial extent of moderate and high exposure acreage within four focus areas. 

4.0 Conclusion 
 
Satellite imagery, such as VIIRS, Landsat 8 OLI, and Sentinel 2 MSI used in this study, provides a reliable 
method to evaluate habitat exposure to degraded water quality without conducting extensive in-situ water 
quality monitoring.  The remotely-sensed parameter of chl-a can be compared with standard thresholds 
since it is a commonly used parameter for algal or phytoplankton.  The established relationship between 
Kd490 and water clarity depth can be used to convert Kd490 into a meaningful measure of light penetration 
or turbidity.  Even with the limitations of spatial resolution and loss of data to cloud cover, the moderate 
imagery time-series analysis has provided a useful evaluation of the effects of the hurricanes on the coastal 
water quality in Puerto Rico, and exposure of benthic habitats to higher turbidity waters.   

Based on our analysis, approximately 67% of the 223,150 acres of mapped coral hardbottom around Puerto 
Rico was exposed to turbidity levels greater than normal after the hurricanes.  Of the total 184,200 acres of 
seagrass habitat, 72% was exposed to above average water quality conditions.  Moderate to high levels of 
exposure (i.e. higher concentrations for longer durations) were measured for 15% of the island’s corals and 
22% of the seagrass beds.  These regions experienced extreme and prolonged levels of pollution that are 
greater than established thresholds for coral and seagrass habitats. This pollution came from multiple 
sources including sediment from the extensive landslides and untreated sewage from the persistent losses 
of power across the island. Depending on the magnitude and duration of the pollution, and the condition of 

Focus Area 
Acres of Mod-High     

Chl-a Exposure 
Arecibo 9,089                              
San Juan Metro 30,450                           
NE Corridor 13,524                           
Cabo Rojo/Guanica 91,413                           
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the habitat prior to the hurricane, these exposures likely led to a range of habitat-scale impacts including, 
but not limited to:  

• Inhibition of light penetration needed to support photosynthesis and sustain the habitat. 
• Physical smothering of the habitat by sediment. 
• Excessive algal growth which will outcompete coral reefs and seagrass. Those habitats that were 

previously impaired due to chronic pollution are particularly susceptible to this threat.  
• Coral disease outbreaks caused by exposure to pathogens (i.e., Serratia marcescens) found in 

untreated sewage.  
 

Water quality exceedences and corresponding habitat exposures varied across coastal versus oceanic 
locations (i.e., coastal, oceanic) and regions (i.e., North, South, East, West).  For coastal point locations, 
many of the observed baseline and post-hurricane values for chl-a and Kd490 are above thresholds for 
impairment recognized by coral jurisdictions around the globe.  Oceanic locations generally show lower 
values.  Degraded coastal water quality has the highest impact potential given that most of the valuable 
habitat areas are closer to shore.  In addition, some regions were hit worse than others; the south and west 
in particular had higher percentages of habitat exceeding baseline conditions than the east and the north.  
This could be due to differences in regional precipitation, watershed contributions, habitat extent, and 
baseline water quality values.  In the east region, for instance, turbidity was higher than other regions prior 
to the hurricanes, therefore post-hurricane differences in degraded water quality were masked in our 
change analysis.   

A number of locations around the island show dense clustering of exposure to moderate to high water 
quality degradation.  These areas are associated with visible sediment plumes at major river discharges and 
from watersheds with high pollutant loading potential, such as Arecibo, Cabo Rojo/Guanica, and the San 
Juan Metro Area. These focus areas may be the highest priority for coral and seagrass habitat restoration 
efforts.  Given the high levels of baseline turbidity in eastern region, the Northeast Corridor area should also 
be looked at in more detail.  Figure 25 highlights the primary watersheds assumed to contribute to degraded 
coastal receiving waters.  These watersheds may be the best candidates for further post-hurricane 
assessment and restoration.  

There are a number of additional analyses that can (and should) be done with results of this work, including 
but not limited to the following:  

• Continue validation and calibration of remotely-sensed data with in-situ monitoring to verify 
relationship of Kd490 with field measurements.  This has already begun in Puerto Rico, where Kd490 
and turbidity (FNU) measurements were collected with a field flourometer in moderately turbid 
waters and have shown preliminary correlation  (Hernandez, In Progress).    

• Use higher resolution habitat mapping and field habitat evaluations in conjunction with moderate 
and high resolution imagery to further refine habitat exposure and impact estimates; 

• Integrate analysis with data on waves, winds and currents, and plume delineations to provide 
additional information of the movement of these plumes, sediment resuspension events during high 
wave surge, and more details on the extent, source and duration of these events; 

• Share mapping data with conservation groups, monitoring partners, and other stakeholders (i.e., the 
Coral Reef Ecosystem Studies Program, the Puerto Rico Coral Reef Monitoring Program, Ridge to 
Reefs Seagrass Restoration Project, and the National Fish and Wildlife Foundation Puerto Rico 
Seagrass Fund) to assist in prioritizing and funding habitat restoration projects.  
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Appendix A: Water Quality Standards 
 

 



Summary of Select Coastal and Marine Water Quality Standards in Countries with Coral Reef Habitats

Jurisdiction Water Body Type Turbidity (NTUs)
Suspended 

Solids (mg/L)

Water Clarity

(meters)

Total Phosphorus 

(µg/L)

Total 

Nitrogen 

(µg/L)

Ammonia (µg/L)

Nitrate + 

Nitrate 

(µg/L)

Chlorophyll a 

(µg/L)
Citation

Class SA

Class SB & SC Waters 10 NA NA 1,000
b 5,000 NA NA NA

Enclosed Coastal - Wet 

Tropics
NA 5.0 1.0 NA NA NA NA 2.0

Enclosed Coastal - Central 

Coast
NA 15 1.5 NA NA NA NA 2.0

Open Coastal & Midshelf NA 2.0 10 2.8
d

20
d NA NA 0.45

Offshore NA 0.7 17 1.9
d

17
d NA NA 0.4

USVI
Marine and coastal waters 

(Class A, B, & C)

1 (coral reef areas)

3 (non-coral reef areas)
NA 1 50 NA NA NA NA

Rules and Regulations - Water Quality Standards for Waters of 

the Virgin Islands, Title 12, Chapter 7, Amendments to Subchapter 

186.  Approved August 28, 2015. 61 p.  

Estuaries 1.5 NA NA 25.00 200.00 6.00 8.00 2.00

Embayments - Wet 1.5 NA NA 25.00 200.00 6.00 8.00 1.50

Embayments - Dry 0.40 NA NA 20.00 150.00 3.50 5.00 0.50

Open Coastal -Wet 0.50 NA 0.20f 20.00 150.00 3.50 5.00 0.30

Open Coastal - Dry 0.20 NA 0.10f 16.00 110.00 2.00 3.50 0.15

Oceanic Waters 0.03 NA NA 10.00 50.00 1.00 1.50 0.06

Embayments 0.35 NA 37h 20 150 Variesi NA 0.5

Pago Pago Harbor 0.75 NA 20h 30 200 Variesi NA 1.0

Fagatele Bay & Pala Lagoon 0.25 - 0.75 NA 40h 15 135 Variesi NA 0.35

Open Coastal Waters 0.25 NA 40h 15 130 Variesi NA 0.25

Ocean Water 0.20 NA 46h 11 115 Variesi NA 0.18

Class AA 0.5 5 NA 25 400 20 200 NA

Class A 1.0 40 NA 50 750 20 500 NA

Class AA & A <1 NA NA
l 25 400 NA NA NA

Class B <2 NA NA
l 500 800 NA NA NA

Class II Surface Water Quality Standards, Ch 62-302, pp 27-44

Class III Surface Water Quality Standards, Ch 62-302, pp 27-44

Tampa Bay 0.06-12.8* 0.97-1.8* NA NA 5.1 to 15.0

Great Barrier Reef Marine Park Authority (2010). Water quality 

guidelines for the Great Barrier Marine Park.  109 p.

Hawai'ie
Department of Health, Amendment and Compilation of Chapter 

11-54.  Hawaii Administrative Rules.  November 15, 2014.  111 p.

Site Specific 60 to 

120

Site Specific 

170 to 580
NA NA NA

Puerto Ricoa
The concentration of any parameter shall not be altered, except by natural phenomena. Substances reactive with methylene blue shall not be present.

Environmental Quality Board, Commonwealth of Puerto Rico, 

2016.  Puerto Rico Water Quality Standards Regulation.  April 4.  

97 p.

American 

Samoag

American Samoa Water Quality Standards 2013 Revision 

Administrative Rule No. 001-2013.  

The annual average value shall 

not be reduced by more than 

10% as compared to the natural 

background value.

<29

Floridam

Great Barrier 

Reefc

Surface Water Quality Standards, Chapter 62-302.   pp 48-49.

Northern 

Mariana 

Islands
j

Commonwealth of The Northern Mariana Islands Water Quality 

Standards, pp 14-18.   

Palau
k Paulau Marine and Fresh Water Quality Regulations. Chapter 

2401-11.  Effective May 26, 1996, pp 4-6.  



Summary of Select Coastal and Marine Water Quality Standards in Countries with Coral Reef Habitats

Jurisdiction Water Body Type Turbidity (NTUs)
Suspended 

Solids (mg/L)

Water Clarity

(meters)

Total Phosphorus 

(µg/L)

Total 

Nitrogen 

(µg/L)

Ammonia (µg/L)

Nitrate + 

Nitrate 

(µg/L)

Chlorophyll a 

(µg/L)
Citation

Sarasota Bay 190 to 260 430 to 930 NA NA 6.1 to 11.8

Charlotte Bay 40 to 500 420 to 1,080 NA NA 3.7 to 12.6

Notes:

a.  Puerto Rico Class SA Waters are those of "exceptional quality or high ecological value or recational value."  Class SB & SC are all other coastal and marine waters.  See §1302.1.

b.  Total phosphorus in estuarine waters

d.  Measured as particulate nitrogen or phosphorus

e.  Values provided are geometric means not to be exceeded.

f.  Measured in light extinction coefficient (k units)

g.  Median values provided for American Samoa standards

h.  Measured as light penetration to exceed

i.  Acute and chronic standards based on pH and temperature provided in Appendix A of Rule.

l.  No water clarity standard available.  Palau has a "transparency" standard for all marine waters that states the annaul average shall not be reduced by more than 10% as compared to the natural background value.

m. Florida - all surface waters of the State  have been classified according to designated uses as follows: Class II for shellfish propagation or harvesting. Class III for fish consumption; recreation, propagation and maintenance of a healthy, well-balanced population of fish and wildlife.  Class III-Limited for fish consumption; recreation or limited recreation; and/or propagation and maintenance of a limiited population of fish and wildlife. 

c.  In addition to the Great Barrier Reef standards listed in this table (or "triggers" as they are referred to in the GBR guidelines), a guideline trigger value for sedimentation rate on corals is set at a maximum mean annual of 3 mg/cm2/day and a daily maximum of 15 mg/cm2/day.

j.  Northern Mariana Islands Class AA are waters to remain in their natural pristine state as nearly as possible with an absolute minimum of pollution or alteration of water quality from any human-related source or actions.  Class A waters are those for which recreational use and 

aesthetic enjoyment are protected.

k.  Palau Class AA waters are to be protected for oceanographic reearch, support and propagation of shellfish and other marine life, conservation of coral reefs and wilderness areas, compatible recreationa and other aesthetic enjoyment.  Class A waters are to be protected for 

recreational uses, aesthetic enjoyment, and support and propagation of aquatic life.  Class B waters are to be protected for small boat harbors, commercial and industrial fishing, bait fishing, compatible recreation, support and propagation of aquatic life nad aesthetic enjoyment.

Floridam

Surface Water Quality Standards, Chapter 62-302.   pp 48-49.



 

 



 

 



 

 

 

 



 



 

 



 

 



 

 



 

 



 

 



 



 

 





 





 









 

 

 



 



Appendix B: Post-Hurricane Water Quality Exceedances 
and Exposure Rating Maps 
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