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2016 Atlantic Hurricane Season Was 
Above Average 
 
The 2016 Atlantic hurricane season featured 
a combination of destructive hurricanes and 
climatological oddities in a season that 
stretched from January through late Novem-
ber. 
 
Fifteen named storms and seven hurricanes 
formed in the Atlantic Basin in 2016, the 
most since the 2012 season. 
 
2016 Atlantic Hurricane Season Statistics 
             |2016|   |1981-2010 Average 
Named Storms | 15  |    | 10.8   
Hurricanes       |    7  |    |    5.6   
Hurricanes       |    3  |    |    2.5   
(Category 3 or stronger) 
 
Utilizing the Accumulated Cyclone Energy 
(ACE) index, which adds up the longevity 
and intensity of each named storm, 2016 was 
the most active season in the Atlantic Basin 
since 2010, according to statistics from Colo-
rado State University tropical scientist Dr. 
Phil Klotzbach. 
 
ACE is often used to compare seasons to 
show how active or inactive a season was, in 
effect giving a measure of the quality, rather 
than the quantity, of tropical cyclones in a 
given year. 
 
Here are 10 things we’ll remember the most 
from the 2016 Atlantic hurricane season. 
 
1. Hurricane Matthew’s Devasta-
tion in Haiti 
Hurricane Matthew’s first strike was its most 
catastrophic. 
 
Matthew was the first Category 4 landfall in 
Haiti since Hurricane Cleo in 1964, coming 
ashore in the western Tiburon Peninsula near 
the town of Les Anglais on Oct. 4. 
 
This was the worst humanitarian disaster in 
the impoverished nation since the 2010 earth-
quake. The United Nations estimated Mat-
thew affected at least 2.1 million, with 
750,000 in need of assistance. The Haitian 
death toll officially stands at 546, with esti-
mates of over 1,000 dead from local officials. 
 
2. Matthew’s Destructive U.S. 
Scrape 
 
Matthew’s forecast was hair-raising, given its 
track near a broad swath of the Southeast 
U.S. coast. 

Matthew scraped the Space and First coasts 
of eastern Florida. The most destructive 
winds, often over hurricane force, paralleled 
just off the coast from Cape Canaveral 
through Northeast Florida and coastal Geor-
gia before Matthew‘s center finally came 
ashore near McClellanville, South Carolina, 
as a minimal hurricane. 
 
Arguably, the biggest impact Matthew had in 
the United States was its freshwater flooding 
in the Carolinas. 
 
More than 15 inches of rain fell in some 
places. Additionally, storm surge along the 
coast from Florida to North Carolina flooded 
coastal cities, narrowed beaches through ero-
sion and backed up rivers. Weeks later, the 
National Weather Service observed these 
waters still advancing down the watershed 
toward the Atlantic Ocean. 
 
3. Matthew Snaps a Long Category 
5 Drought 
 
Matthew strengthened to a rare Category 5 
late on Sept. 30, becoming the first Category 
5 Atlantic Basin hurricane since Felix in 
early September 2007, a record drought. 
 
4. Hermine Ends Two Hurricane 
Streaks 
 
Hermine ended two so-called hurricane 
droughts in early September. 
 
Florida’s record-breaking streak with no hur-
ricane landfalls that lasted more than a dec-
ade came to an end when Hermine pushed 
inland near St. Marks, Florida, early Sept. 1 
as a Category 1. Wilma in October 2005 was 
the last hurricane to make landfall in the state 
prior to Hermine. 
 
Hermine also ended a record steak of 1,080 
days where no hurricane developed or passed 
through the Gulf of Mexico. Ingrid in Sep-
tember 2013 was the last Gulf of Mexico 
hurricane. 
 
Hermine’s history was quite lengthy before 
those records were snapped. The hurricane 
formed from a disturbance that tracked 
across the Atlantic, through the Caribbean 
Islands, and eventually into the Gulf of Mex-
ico– a distance of over 4,000 miles. 
 
The tropical wave that formed into Hermine 
was known as Invest 99-L. That tropical 
wave battled wind shear and dry air for much 
of its lifespan, before finally forming into 
Tropical Depression Nine on Aug. 28 in the  

Gulf of Mexico. Hermine was then named on 
Aug. 31 when it became a tropical storm. 
 
5. Earl Ends Western Caribbean 
Hurricane Drought, Causes Deadly 
Flooding 
 
Earl ended a span of nearly four years with no 
hurricane landfalls in the western Caribbean 
Sea, a swath from roughly Jamaica to the Yu-
catan Peninsula. 
 
That streak-breaking landfall occurred on 
Aug. 4 when Earl pushed into Belize as a 
Category 1. Ernesto was the last western Car-
ibbean hurricane landfall prior to Earl, impact-
ing the Yucatan Peninsula on Aug. 7, 2012. 
 
It was after Earl’s second landfall as a tropical 
storm near Veracruz, Mexico late Aug. 5 that 
the storm would produce its most devastating 
impacts. 
 
At least 45 people were killed in Mexico from 
heavy rains that induced landslides, according 
to reports. 
 
Earl was likely the second deadliest Atlantic 
hurricane of 2016, behind Matthew. 
 
6. A Freak January Hurricane, and 
a ‘Landfall’ 
 
Hurricane Alex formed before you could even 
abandon your New Year’s resolutions in one 
of the strangest “starts” to a hurricane season. 
 
Alex became just the second hurricane on re-
cord to form in the Atlantic Basin during the 
month of January. The last hurricane that 
formed in the Atlantic during January was in 
1938, according to NOAA’a historical hurri-
cane tracker database. 
 
Alex is also the first hurricane to occur in the 
Atlantic in January since Alice in 1955. Alice 
initially formed into a hurricane on Dec. 31, 
1954, but then remained a hurricane into early 
January 1955. 
 
Alex became the strongest January hurricane 
on record Jan. 14 when its winds reached an 
estimated 85 mph.  
 
Alex made landfall on the island Terceira in 
the central Azores on Jan. 15 with maximum 
estimated sustained winds of 70 mph. 
 
7. A Thanksgiving Hurricane Land-
fall 
 
Thanksgiving and hurricane landfalls don’t 
belong in the same sentence-until 2016, that 
is. 
Hurricane Otto made landfall in southeastern 
Nicaragua on Nov. 24, intensifying to a Cate-
gory 2 hurricane in the final 24 hours before 
landfall. 
 
8. Another Preseason storm is a Me-
morial Day Weekend Nuisance 
 
Bonnie was the second preseason named 
storm of 2016, following several months after 
Alex’s odd January journey near the Azores. 
Tropical Depression Two developed on May 
27, just a handful of days before the official 
June 1 hurricane season start date. The depres-
sion then strengthened into Tropical Storm 
Bonnie a day later. 
Continued on page 3. 
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Hydraulic fracturing drinking 
water draft assessment 

Part 4 of 6. 
 
Well Injection 
 
Hydraulic fracturing fluids are injected into 
oil or gas wells under high pressures. The 
fluids flow through the well (commonly 
thousands of feet below the surface) into the 
production zone (i.e., the geologic formation 
being fractured) where the fluid injection 
pressures are sufficient to create fractures in 
the rock. 

 
There are two major subsurface mechanisms 
by which the injection of fluid and the crea-
tion and propagation of fractures can lead to 
contamination of drinking water resources: 
(1) the unintended movement of liquids or 
gases out of the production well or along the 
outside of the production well into a drinking 
water resource via deficiencies in the well’s 
casing or cement, and (2) the unintended 
movement of liquids or gases from the pro-
duction zone through subsurface geologic 
formations into a drinking water resource. 
Combinations of these two mechanisms are 
also possible. 
 
Research Questions: Well Injection 
 
 How effective are current well con-

struction practices at containing flu-
ids-both liquids and gases-before, dur-
ing, and after fracturing? 

Production wells are constructed to access 
and convey hydrocarbons from the forma-
tions in which they are found to the surface, 
and to isolate fluid-bearing zones (containing 
oil, gas, or water) from each other. Typically, 
multiple casings are emplaced and cemented 
along the wellbore to protect and isolate the 
oil and/or natural gas from the formations it 
must travel through to reach the surface. 
 
Below ground drinking water resources are 
often separated from the production well 
using casing and cement. Cemented surface 
casing, in particular, is an important well 
construction feature for isolating drinking 
water resources from liquids and gases that 
may move through the subsurface. A limited 
risk modeling study of selected injection 
wells in the Williston Basin in North Dakota 
suggests that the risk of aquifer contamina-
tion from leaks inside the well to the drinking 
water resource decreases by a factor of ap-
proximately one thousand when surface  

casing extends below the bottom of the 
drinking water resource. Most wells used in 
hydraulic fracturing operations have casing 
and a layer of cement to protect drinking 
water resources, but there are exceptions: a 
survey conducted by the EPA of oil and gas 
production wells hydraulically fractured by 
nine oil and gas service companies in 2009 
and 2010 estimated that at least 3% of the  
wells (600 out of 23,000 wells) did not have 
cement across a portion of the casing in-
stalled through the protected ground water 
resource identified by well operators. The 
absence of cement does not in and of itself 
lead to an impact. However, it does reduce 
the overall number of casing and cement bar-
riers fluids must travel through to reach 
ground water resources. 
 
Impacts to drinking water resources from 
subsurface liquid and gas movement may 
occur if casing or cement are inadequately 
designed or constructed, or fail. There are 
several examples of these occurrences in 
hydraulically fractured wells that have or 
may have resulted in impacts to drinking 
water resources. In one example, an inner 
string of casing burst during hydraulic frac-
turing, which resulted in a release of fluids 
on the land surface and possibly into the aq-
uifer near Killdeer, North Dakota. The EPA 
found that, based on the data analysis per-
formed for the study, the only potential 
source consistent with conditions observed in 
two impacted monitoring wells was the 
blowout that occurred during hydraulic frac-
turing. In other examples, inadequately ce-
mented casing has contributed to impacts to 
drinking water resources. In Bainbridge, 
Ohio, inadequately cemented casing in a hy-
draulically fractured well contributed to the 
buildup of natural gas and high pressures 
along the outside of a production well. This 
ultimately resulted in movement of natural 
gas into local drinking water aquifers. In the 
Mamm Creek gas field in Colorado, inade-
quate cement placement in a production well 
allowed methane and benzene to migrate 
along the production well and through natu-
ral faults and fractures to drinking water re-
sources. These cases illustrate how construc-
tion issues, sustained casing pressure, and the 
presence of natural faults and fractures can 
work together to create pathways for fluids to 
migrate toward drinking water resources. 
 
Fracturing older wells may also increase the 
potential for impacts to drinking water re-
sources via movement of gases and liquids 
from the inside of the production well or 
along the outside of the production well to  

ground water resources. The EPA estimated 
that 6% of 23,000 oil and gas production 
wells were drilled more than 10 years before 
being hydraulically fractured in 2009 or 
2010. Although new wells can be designed to 
withstand the stresses associated with hy-
draulic fracturing operations, older wells may 
not have been built or tested to the same 
specifications and their reuse for this purpose 
could be of concern. Moreover, aging and 
use of the well can contribute hydrogen sul-
fide, carbonic acid, and brines. 
 
 Can subsurface migration of fluids-

both liquids and gases-to drinking 
water resources occur, and what local 
geologic or artificial features might 
allow this? 

Physical separation between the production 
zone and drinking water resources can help 
protect drinking water. Many hydraulic frac-
turing operations target deep formations such 
as the Marcellus Shale or the Haynesville 
Shale (Louisiana/Texas), where the vertical 
distance between the base of drinking water 
resources and the top of the shale formation 
may be a mile or greater. Numerical model-
ing and microseismic studies based on a Mar-
cellus Shale-like environment suggest that 
fractures created during hydraulic fracturing 
are unlikely to extend upward from these 
deep formations into shallow drinking water 
aquifers. 
 
Not all hydraulic fracturing is performed in 
zones that are deep below drinking water 
resources. For example, operations in the 
Antrim Shale (Michigan) and the New Al-
bany Shale (Illinois/Indiana/Kentucky) take 
place at shallower depths (100 to 1,900 ft), 
with less vertical separation between the for-
mation and drinking water resources. The 
EPA’s survey of oil and gas production wells 
hydraulically fractured by nine service com-
panies in 2009 and 2010 estimated that 20% 
of 23,000 wells had less than 2,000 ft of 
measured distance between the point of shal-
lowest hydraulic fracturing and the base of 
the protected ground water resources re-
ported by well operators. 
 
There are also places in the subsurface where 
oil and gas resources and drinking water re-
sources co-exist in the same formation. Evi-
dence indicates that hydraulic fracturing oc-
curs within these formations. This results in 
the introduction of fracturing fluids into for-
mations that may currently serve, or in the 
future could serve, as a source of drinking 
water for public or private use. According to 
the data examined, the overall frequency of  

this practice appears to be low, with the 
activity generally concentrated in some 
areas in the western United States. The 
practice of injecting fracturing fluids into 
a formation that also contains a drinking 
water resource directly affects the qual-
ity of that water, since some of the fluid 
likely remains in the formation following 
hydraulic fracturing. Hydraulic fractur-
ing in a drinking water resource is a con-
cern in the short-term (should there be 
people currently using these zones as a 
drinking water supply) and the long-term 
(if drought or other conditions necessi-
tated the future use of these zones for 
drinking water). 
 
Liquid and gas movement from the pro-
duction zone to underground drinking 
water resources may also occur via other 
production wells or injection wells near 
hydraulic fracturing operations. Frac-
tures created during hydraulic fracturing 
can intersect nearby wells or their frac-
ture networks, resulting in the flow of 
fluids into those wells. These well com-
munications, or “frac hits,” are more 
likely to occur if wells are close to each 
other or on the same well pad. In the 
Woodford Shale in Oklahoma, the likeli-
hood of well communication was less 
than 10% between wells more than 4,000 
ft apart, but rose to nearly 50% between 
wells less than 1,000 ft apart. If an offset 
well is not able to withstand the stresses 
applied during the hydraulic fracturing 
of a neighboring well, well components 
may fail, which could result in a release 
of fluids at the surface from the offset 
well. The EPA identified incidents in 
which surface spills of hydraulic fractur-
ing-related fluids were attributed to well 
communication events. 
 
Older or inactive wells-including oil and 
gas wells, injection wells, or drinking 
water wells-near a hydraulic fracturing 
operation may pose an even greater po-
tential for impacts. A study in Oklahoma 
found that older wells were more likely 
to be negatively affected by the stresses 
applied by hydraulic fracturing in 
neighboring wells. In some cases, inac-
tive wells in the vicinity of hydraulic 
fracturing activities my not have been 
plugged properly-many wells plugged 
before the 1950s were done so with little 
or no cement. The Interstate Oil and Gas 
Compact Commission estimates that 
over one million wells may have been 
drilled in the United States prior to a 
formal regulatory system being in place, 
and the status and location of many of 
these wells are unknown. State programs 
exist to plug indentified inactive wells, 
and work is ongoing to identify and ad-
dress such wells. 
 
Hydraulic Fracturing Assess-
ment  
Part 5 of 6. 
 
Water, of variable quality, is a byproduct 
of oil and gas production. After hydrau-
lic fracturing, the injection pressure is 
released and water flows back from the 
well. Initially this water is similar to the 
hydraulic fracturing fluid, but as time 
goes on the composition is affected by 
the characteristics of the formation and 
possible reactions between the formation 
and the fracturing fluid. Water initially 
produced from the well after hydraulic 
fracturing is sometimes called flowback 
in the literature, and the term appears in 
this assessment. However, hydraulic 
fracturing fluids and any formation water 
returning to the  surface are often re-
ferred to collectively as produced water. 
This definition of produced water is used 
in this assessment. 
Continued on page 4. 
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 Hydraulic Fracturing Assessment 
Continued from page 4. 
 
The difference may be due to analytical limitations, limited study scopes, and undocu-
mented subsurface reactions. 
 
 What are the chemical, physical, and toxicological properties of hydraulic frac-

turing flowback and produced water constituents? 
The identified constituents of produced water include inorganic chemicals (cations and 
anions, i.e., metals, metalloids, non-metals, and radioactive materials), organic chemicals 
and compounds, and unidentified materials measured as total organic carbon and dis-
solved organic carbon. Some constituents are readily transported with water (i.e., chloride 
and bromide), while others depend strongly on the geochemical conditions in the receiv-
ing water body (i.e., radium and barium), and assessment of their transport is based on 
site-specific factors. We were able to obtain actual or estimated physicochemical proper-
ties for 86 (64%) of the 134 chemicals identified in produced water. 
 
As in the case of chemicals in hydraulic fracturing fluid, chemical properties that affect 
the likelihood of an organic chemical in produced water reaching and impacting drinking 
water resources include: mobility, solubility, and volatility. In general, physicochemical 
properties suggest that organic chemicals in produced water tend to be less mobile in the 
environment. Consequently, if spilled, these chemicals may remain in soils or sediments 
near spill sites. Low mobility may result in smaller dissolved contaminant plumes in 
ground water, although these chemicals can be transported with sediments in surface wa-
ter or small particles in ground water. Organic chemical properties vary with salinity, and 
effects depend on the nature of the chemical. 
 
Oral reference values and/or oral slope factors from selected federal, state, and interna-
tional sources were available for 83 (62%) of the 134 chemicals detected in produced wa-
ter. From U.S. federal sources alone, chronic oral reference values were available for 70 
(52%) of the 134 chemicals, and oral slope factors were available for 20 chemicals (15%). 
Of the chemicals that had values available, noted health effects include the potential for 
carcinogenesis, immune system effects, changes in body weight, changes in blood chemis-
try, pulmonary toxicity, neurotoxicity, liver and kidney toxicity, and reproductive and 
developmental toxicity. As noted above, evaluating any potential risk to human popula-
tions would require knowledge of the specific chemicals that are present at a particular 
site, whether or not humans are exposed to those chemicals, and, if so, at what levels and 
for what duration, and the toxicity of the chemicals, The chemicals present in produced 
water can vary based on the formation and specific well, due to differences in fracturing 
fluid formulation and formation geology. Accordingly, consideration of hazards and risks 
associated with these chemicals would be most useful on a site-specific basis and is be-
yond the scope of this assessment. 
 
 If spills occur, how might hydraulic fracturing flowback and produced water 

contaminate drinking water resources? 
Impacts to drinking water resources from spills or releases of produced water depend on 
the volume, timing, and composition of the produced water. Impacts are more likely the 
greater the volume of the spill, the longer the duration of the release, and the higher the 
concentration of produced water constituents (i.e., salts, naturally occurring radioactive 
material, and metals). 
 
The EPA characterization of hydraulic fracturing-related spills found that 8% of the 225 
produced water spills included in the study reached surface water or ground water. These 
spills tended to be of greater volume than spills that did not reach a water body. A well 
blowout in Bradford County, Pennsylvania spilled an estimated 10,000 gal of produced 
water into a tributary of Towanda Creek, a state-designated trout fishery. The largest vol-
ume spill identified in this assessment occurred in North Dakota, where approximately 2.9 
million gal of produced water spilled from a broken pipeline and impacted surface and 
ground water. 
 
Chronic releases can and do occur from produced water disposed in unlined pits or im-
poundments, and can have long-term impacts. Ground water impacts may persist longer 
than surface water impacts because of lower flow rates and decreased mixing. Plumes 
from unlined pits used for produced water have been shown to persist for long periods and 
extend to nearby surface water bodies. 

2016 Hurricane Season Recap continued from page 1. 
 
Bonnie made an ill-timed arrival along the Southeast coast during the Memorial Day week-
end, making landfall near Charleston, South Carolina, on May 29 as a tropical depression. 
Impacts from Bonnie were not widespread, but it did cause some significant flooding near 
the border between Georgia and South Carolina. 
 
9. 80 Percent of Named Storms Affected Land 
 
Twelve of the 15 named storms that roamed the Atlantic basin in 2016 affected land di-
rectly in some way. Fiona, Ian and Lisa were the only storms that did not impact land, in-
stead taking a harmless path through the open Atlantic waters. 
Of the 12 named storms that affected land in 2016, five of them hit the United States. It’s 
interesting to note that all five of those –Bonnie, Colin, Hermine, Julia and Matthew-had 
some kind of impact on the Southeast. 
 
10. Hurricane Nicole’s Weird History, Path 
 
While attention was mostly fixed on Matthew, what would eventually become Hurricane 
Nicole took a weird, meandering path south of Bermuda. Once Matthew’s siege on the East 
Coast was finally over, Nicole was drawn northward and eventually rapidly intensified to a 
Category 4 hurricane on Oct. 12. Its eye then moved directly over Bermuda as a Category 3 
hurricane the following day. 
 
Despite being only a 22-mile wide archipelago in the vast Atlantic Ocean, Nicole was the 
closest major hurricane (Category 3 or stronger) to Bermuda since Oct. 22, 1926. Several 
gusts over 100 mph were measured as parts of the eyewall raked through. 
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Hydraulic Fracturing Assessment 
Continued from page 2. 
 
The amount of produced water varies, but typically averages 10% to 25% of injected vol-
umes, depending upon the amount of time since fracturing and the particular well. 

However, there are exceptions to this, such as in the Barnett Shale in Texas where the total 
volume of produced water can equal or exceed the injected volume of hydraulic fracturing 
fluid. Flow rates are generally high initially, and then decrease over time throughout oil or 
gas production. 
 
Impacts on drinking water resources have the potential to occur if produced water is 
spilled and enters surface water or ground water. Environmental transport of chemical 
constituents in produced water depends on the characteristics of the spill (e.g., volume and 
duration), the composition of spilled fluids, and the characteristics of the surrounding en-
vironment. 
 
Research Questions: Flowback and Produced Water 
 What is currently known about the frequency, severity, and causes of spills of flowback 

and produced water? 
Surface spills of produced water from hydraulically fractured wells have occurred. As 
noted in the Chemical Mixing section above, the frequency of on-site spills from hydraulic 
fracturing activities could be estimated for two states, but not nationally. Estimates of spill 
frequencies at hydraulic fracturing sites in Colorado and Pennsylvania, including spills of 
produced water, ranged from approximately 0.4 to 12.2 spills per 100 wells. Available 
data generally precluded estimates of produced water spill rates separately from estimates 
of overall spill frequency. Away from the well, produced water spills from pipelines and 
truck transport also have the potential to impact drinking water resources. 
 
The EPA characterized spill volumes and causes for 225 cases in which produced water 
spilled on or near a well pad. These spills occurred between January 2006 and April 2012 
in 11 states. The median reported volume per produced water spill was 990 gallons, more 
than double that for spills of hydraulic fracturing fluids and chemicals. The causes of pro-
duced water spills were reported as human error, equipment failure, container integrity 
failure, miscellaneous causes (e.g., well communication), and unknown causes. Most of 
the total volume spilled (74%) for all 225 cases combined was caused by a failure of con-
tainer integrity. 

 What is the composition of hydraulic fracturing flowback and produced water, 
and what factors might influence this composition? 

A combination of factors influence the composition of produced water, including: the 
composition of injected hydraulic fluids, the type of formation fractured, subsurface 
processes, and residence time. The initial chemical composition of produced water pri-
marily reflects the chemistry of the injected fluids. At later times, the chemical composi-
tion of produced water reflects the geochemistry of the fractured formation. 
 
Produced water varies in quality from fresh to highly saline, and can contain high levels 
of major anions and cations, metals organics, and naturally occurring radionuclides. Pro-
duced water from shale and tight gas formations typically contains high levels of total 
dissolved solids (TDS) and ionic constituents (e.g., bromide, calcium, chloride, iron, po-
tassium, manganese, magnesium, and sodium). Produced water also may contain metals 
(e.g., barium, cadmium, chromium, lead, and mercury), and organic compounds such a 
benzene. Produced water from coalbed methane typically has much lower TDS levels 
compared to other produced water types, particularly if the coalbed was deposited under 
fresh water conditions. 
 
We identified 134 chemicals that have been detected in hydraulic fracturing produced 
water. These include chemicals added during the chemical mixing stage, as well as natu-
rally occurring organic chemicals and radionuclides, metals and other constituents of 
subsurface rock formations mobilized by the hydraulic fracturing process. Data on meas-
ured chemical concentrations in produced water were available for 75 of these 134 
chemicals. 
 
Most of the available data on produced water content are for shale and coalbed methane 
formations, while less data are available for tight formations, such as sandstones. The 
composition of produced water must be determined through sampling and analysis, both 
of which have limitations– the former due to challenges in assessing production equip-
ment, and the latter due to difficulties identifying target analytes before analysis and the 
lack of appropriate analytical methods,. Most current data are for inorganic chemicals, 
while less data exist for organic chemicals. Many more organic chemicals were reported 
as used in hydraulic fracturing fluid than have been identified in produced water.  
Continued on page 3. 
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