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Figures

Figure 1. Sea level trends for the United States based on Zervas (2009), for all available
data through 2015. Each dot represents the location of a long-term (>30 years) tide gauge
station. Green dots represent stations that are experiencing the average global rate of sea
level change. Stations depicted by yellow to red dots are experiencing greater than the
global average (primarily driven by regional subsidence) and blue to purple dots are
stations experiencing less than the global average (due to isostatic rebound or other
tectonically-driven factors). Source:

https://tidesandcurrents.noaa.gov/sltrends/slrmap.htm ...

Figure 2. An example of how areas of inundation appear in ArcGIS. In this example for
the Toms Cove area of Assateague Island National Seashore, areas of inundation
(RCP4.5 2050) appear in blue. Green shading indicates other low lying areas that are
blocked from inundation by some impediment, but nonetheless could experience flooding

should the physical barrier be removed or breached............ccoccvvveiiiieiic i

Figure 3. An example of the extent of an operational basin shown in NOAA’s SLOSH
display program (http://www.nhc.noaa.gov/surge/slosh.php). The black area is the full

extent of the operational basin for Chesapeake Bay ............ccovviiiiiiiiiiiiniinie e

Figure 4. Projected future sea level by NPS region for 2100 under RCP8.5 (the “business
as usual” climate change scenario). Black dots indicate the average sea level rise (m) for
all units within the respective regions. Black bars represent the standard deviation of each

mean. Blue bars mark the full range of sea level estimates foreach region ............ccccoevenneee.

Figure 5. Projected future sea level rise by NPS region for 2030 under RCP8.5 (the
“business as usual” climate change scenario). Black dots indicate the average sea level
rise (m) for all units within the respective regions. Black bars represent the standard
deviation of each mean. Blue bars mark the full range of sea level estimates for each
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Figure 6. Projected future sea level rise by NPS region for 2050 under RCP8.5 (the
“business as usual” climate change scenario). Black dots indicate the average sea level
rise (m) for all units within the respective regions. Black bars represent the standard
deviation of each mean. Blue bars mark the full range of sea level estimates for each
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Figure 7. Projected future sea level rise by 2100 for the NPS Northeast Region under all
of the representative concentration pathways. Black dots indicate the average sea level
rise (m) for all units within the respective regions. Black bars represent the standard
deviation of each mean. Blue bars mark the full range of sea level estimates for each
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Figure 8. Estimated storm surge created by Saffir-Simpson category 3 hurricane
occurring at high tide near Boston Harbor Islands National Recreation Area. Colored
areas represent areas of flooding. Colors from green to red show estimated height of a

storm surge (see inset legend for estimated range). ........oocvvvvereriiereiinsi e
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Figure 9. SLOSH MOM storm surge maps for a Saffir-Simpson category 1 (left) versus
category 2 hurricane striking Everglades National Park at mean tide (right). Colored areas
represent areas of flooding. Colors from green to red show estimated height of a storm

surge (see inset legend for eStimated raNQE). ......coviveiiiieiiiie e

Figure 10. A SLOSH MOM map showing storm surge height and extent created by a
Saffir-Simspon category 2 hurricane striking the Washington D.C. region at high tide.
Colored areas represent areas of flooding. Colors from green to red show estimated

height of a storm surge (see inset legend for estimated range). .........ccooeverereieieieieie e

Figure 11. Projected future sea level rise by 2100 for the NPS Intermountain Region
under all of the representative concentration pathways. Black dots indicate the average
sea level rise (m) for all units within the respective regions. Black bars represent the
standard deviation from each mean. Blue bars mark the full range of sea level estimates
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Figure 12. A SLOSH MOM map showing storm surge height and extent created by a
Saffir-Simspon category 4 hurricane striking the southwestern Texas region at mean tide.
The dark green line around the island represents the boundary of Padre Island National
Seashore. Colored areas represent areas of flooding. Colors from green to red show

estimated height of a storm surge (see inset legend for estimated range)..........cccccoeeveieiciciennns

Figure 13. Radiative forcing for each of the Representative Concentration Pathways
(RCPs). An increase in radiative forcing (due to the loading of anthropogenic gases into
the atmosphere) will result in higher global average temperatures. RCPs replace the IPCC
SRES scenarios. Note how RCP4.5 (yellow line) projections are slightly higher than

RCP6.0 (gray line) in the early part of this century. Source: Meinshausen etal. 2011. ...............
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Photo 1. Looking out towards the Gulf of Mexico from Fort Jefferson, Dry Tortugas National Park. Photo
credit: Used with permission from Rachel Sullivan Photography.
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Executive Summary

Comment 1 Changing relative sea levels and the potential for increasing storm surges due to
anthropogenic climate change present challenges to national park managers. This report
summarizes work done by the University of Colorado in partnership with the National Park Service
(NPS) to provide sea level rise and storm surge projections to coastal area national parks using
information from the United Nations Intergovernmental Panel on Climate Change (IPCC) and
storm surge scenarios from National Oceanic and Atmospheric Administration (NOAA) models.
This research is the first to analyze IPCC and NOAA projections of sea level and storm surge under
climate change for U.S. national parks. Results illustrate potential future inundation and storm
surge due to climate change under four greenhouse gas emissions scenarios. In addition to
including multiple scenarios, the analysis considers multiple time horizons (2030, 2050 and 2100).
This analysis provides sea level rise projections for 118 park units and storm surge projections for
79 of those parks.

Within the National Park Service, the National Capital Region is projected to experience the highest
average rate of sea level change by 2100. The coastline adjacent to Wright Brothers National
Memorial in the Southeast Region is projected to experience the highest sea level rise by 2100. The
Southeast Region is projected to experience the highest storm surges based on historical data and
NOAA storm surge models.

Comment 2These results are intended to inform park planning and adaptation strategies for
resources managed by the National Park Service.

i I

Photo 2. Basement flooding in the visitor center at Rosie the Riveter WWII Home Front National
Historical Park. This photograph was taken on December 5, 2012 —12 years after the establishment of
the park. Photo credit: Maria Caffrey.
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List of Terms
The following list of terms are defined here as they will be used in this report.

Bathtub model: A simplification of the sea as bathtub of water to simulate a change in water level
relative to the land. This model does not include other factors such changes in erosion or accretion
that change alter the geometry of the coastline.

Flooding: The temporary occurrence of water on the land.
Inundation: The permanent impoundment of water on what had previously been dry land.

Isostatic rebound: A change in land level caused by a change in loadings on the Earth’s crust. The
most common cause of isostatic rebound is the loading of continental ice during the Last Glacial
Maximum in North America. The North American land surface is still returning to equilibrium after
the melting of this continental ice in an effort to return to equilibrium with its original pre-loading
state.

National Park Service unit: Property owned or managed by the National Park Service.

Relative sea level: Where the water level can be found compared to some reference point on land.
This term is most frequently used in discussion of changes in relative sea level. A change in relative
sea level could be caused by a change in water volume or a change in land level (or some
combination of these two factors).



Sea level: The average level of the seawater surface.

Sea level change: This term is frequently used in reference to relative sea level change. This is the
product of two main factors, 1) an increase in the volume of ocean water, and 2) a change in land
level. These two factors can be broken down further into other drivers that will be discussed in
greater detail in other sections. This term is sometimes mistakenly confused with the term sea level
rise.

Sea level rise: An increase in sea level. This is the result of an increase in ocean water volume caused
principally by melting continental ice and thermal expansion. This term is not to be confused with
increasing relative sea level, which can also be caused by decreasing land levels.



Introduction

Comment 3 Global sea level is rising. While sea levels have been gradually rising since the last
glacial maximum approximately 21,000 years ago (Clark et al. 2009, Lambeck et al. 2014),
anthropogenic climate change has significantly increased the rate of global sea level rise (Grinsted et
al. 2010, Church and White 2011, Slangen et al. 2016, Fasullo et al. 2016). Human activities
continue to release carbon dioxide (CO2) into the atmosphere, causing the Earth’s atmosphere to
warm (IPCC 2013, Mearns et al. 2013, Melillo et al. 2014). Continued warming of the atmosphere
will cause sea levels to continue to rise, which will have a significant impact on how we protect and
manage our public lands. The rate of warming depends on numerous factors considered by the
Intergovernmental Panel on Climate Change (IPCC) under four different representative
concentration pathways (RCPs; Moss et al. 2010, Meinshausen et al. 2011). Used as the basis for
this report, the RCPs are climate change scenarios based on potential greenhouse gas concentration
trajectories introduced in the fifth climate change assessment report of the Intergovernmental Panel
on Climate Change (IPCC 2013). The IPCC’s process-based approach for estimating future sea
levels contrasts with other estimates from semi- empirical techniques that commonly generate higher
numbers.

This report provides estimates of sea level change due to climate change for 118 National Park
Service units and estimates of storm surge for 79 of those units. As temperature increases, sea levels
rise due to a number of factors that will be discussed in greater detail. As sea levels incrementally
rise, periods of flooding caused by storms and hurricanes exacerbate the growing problem of coastal
inundation (see list of terms). Comment 4 Peek et al. (2015) estimated that the cost of sea level rise in
40 National Park Service units could exceed $40 billion if these units were exposed to one-meter of
sea level rise. The aim of this report is to: 1) quantify projections of sea level rise over the next
century based on the latest IPCC (2013) models, and 2) show how storm surge generated by
hurricanes and extratropical storms could also affect these parks.

When Hurricane Sandy struck New York City in 2012 it caused an estimated $19 billion in damage
to public and private infrastructure (Tollefson 2013). Comment 5 This single storm cannot be
attributed to anthropogenic climate change, but the storm surge occurred over a sea whose level had
risen due to climate change. Extreme storms such as Hurricane Sandy have extreme costs. When
Hurricane Sandy struck it was estimated to have a return period between a 398 year (Lin et al. 2016)
and a 1570 year storm (Sweet et al. 2013). Currently, a 100 year storm surge in New York City could
cost $2[_]5 billion and a 500 year storm surge could cost $5[ 111 billion(Aerts et al. 2013). Comment
5, contd. Under future scenarios of increasing anthropogenic greenhouse gas emissions, models
project increasing storm intensities (Mann and Emanuel 2006, Knutson et al. 2010, Lin et al. 2012,
Ting et al. 2015). When this change in storm intensity (and therefore, storm surge) is combined with
sea level rise, we expect to see increased coastal flooding and the permanent loss of land across
much of the United States coastline. Increasing sea levels increase the likelihood of another
Hurricane Sandy-sized storm surge striking New York City. Factoring in future sea level rise to these
estimates reduces the potential return interval of a similar storm surge occurring by 2100 to between
50 years (Sweet et al. 2013) and 90 years (Lin et al. 2016).

1



Format of This Report

This report contains five sections (introduction, methods, results, discussion, and conclusion), and
presents results per park alphabetically by region. The 118 park units studied for this project cover
six administrative regions: the Northeast, Southeast, National Capital, Intermountain, Pacific West,
and Alaska. The scope of this project focuses on sea levels. The scope of this project did not include
projected changes in lake levels, although interior waterways and lakes, especially the Great Lakes,
are vulnerable to the effects of climate change. Further explanation on how to access the data from
this project is available in the methods sections and accompanying appendices.

Frequently Used Terms

Definitions of the most basic terms used in this report occur on page ix. However, some terms require
greater explanation for their use. For example, we follow the advice of Flick et al. (2012) in
differentiating between the terms flooding and inundation. While many choose to use these terms
interchangeably, we use the term “flooding” to describe the temporary impoundment of water on
land. This usually results from storm activity and other short-lived events, such as periodic tidal
action, and will therefore be used here in reference to the effects of a storm surge on land.
“Inundation” is used to refer to the gradual permanent submergence of land that will occur due to sea
level rise.

The terms sea level rise and sea level change are also used differently. Sea level rise refers only to
rising water levels resulting from an increase in global ocean volumes. In most parts of the United
States this increase in water volume will lead to increasing relative sea levels. However, in some
parts of the country relative sea level is decreasing due to isostatic rebound. Figure 1 shows current
sea level trends based on tide gauge records for United States that span at least 30-years of data.

For example, the Southeast Region of Alaska is experiencing a decrease in relative sea level.
Alaska’s crust continues to rebound following the melting of large volumes of ice that occurred for
centuries to millennia on land in the form of glaciers and ice fields. Alaska is tectonically complex
with extensive faults that contribute to this crustal motion. Although the volume of ocean water in
this region is increasing, the rate of sea level rise is less than the rate of isostatic rebound, resulting in
a decrease in relative sea level. For this reason, we use the term “sea level change” as it includes
regions that will experience a decrease in relative sea level (at least in the early part of this century)
as well as those that will see increasing relative sea levels.
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Figure 1. Sea level trends for the United States based on Zervas (2009), for all available data through 2015. Each dot represents the location of a
long-term (>30 years) tide gauge station. Green dots represent stations that are experiencing the average global rate of sea level change. Stations
depicted by yellow to red dots are experiencing greater than the global average (primarily driven by regional subsidence) and blue to purple dots
are stations experiencing less than the global average (due to isostatic rebound or other tectonically-driven factors). Source:

https://tidesandcurrents.noaa.gov/sltrends/slrmap.htm



Methods

This report summarizes work of a three-year project initiated in 2013, analyzing sea level change in
118 National Park Service units. Consultation with regional managers regarding units they
considered to be potentially vulnerable to sea level change and/or storm surge resulted in selection of
these 118 coastal park units (Appendix B). Project activities included the following:

1) Prepare sea level projections over multiple time horizons for each park unit.

2) Estimate potential exposure to storm surge using the National Oceanographic and
Atmospheric Administration (NOAA) Sea, Lake, and Overland Surge from Hurricanes
(SLOSH) Model and Tebaldi et al. (2012).

3) Create wayside exhibits® with information about the impacts of climate change in the coastal
zone for three National Park Service units.

Based on recommendations from regional personnel, three National Park Service units were selected
as sites for wayside exhibits: Gulf Islands National Seashore, Jean Lafitte National Historical Park
and Preserve, and Fire Island National Seashore. The finished wayside designs are in Appendix C.
Each design is different, customized to reflect the messaging and/or themes of each unit.

Sea Level Rise Data

Comment 6 Sea level rise is caused by numerous factors. As human activities release CO2 and other
greenhouse gases into the atmosphere, mean global temperatures increase (IPCC 2013, Gillett et al.
2013, Frolicher et al. 2014). Rising global temperatures cause ice located on land and in the sea to
melt.

The melting of ice found on land, such as Greenland and Antarctica, is a significant driver of sea
level rise.

While the melting of sea ice is problematic from an oceanographic and heat budget perspective
(primarily because it alters water temperatures and salinity and also because it changes the
reflectance of solar energy from the surface), melting sea ice does not cause sea level rise. It is the
melting of ice that is currently stored on land that raises global sea levels. Water level does not
change when sea ice (ice wholly supported by water) melts. The volume of water in the sea remains
the same whether it is frozen or liquid. The phase shift of water from solid to liquid does not displace
an additional volume of water.

As ocean waters warm, the density of these waters also changes, causing thermal expansion. Thermal
expansion was responsible for two-fifths of sea level rise from 1993 to 2010, while melting ice
accounted for half (IPCC 2013). Table 1 lists the contribution to sea level rise from several key
sources.

1 A wayside is an exhibit designed to be installed outside for visitors to learn about a particular subject
(https://www nps.gov/hfc/products/waysides/).




Table 1. Observed global mean sea level budget (mm/y) for multiple time periods (IPCC 2013).

Source 1901-1990 1971-2010 1993-2010
Thermal expansion n/a 0.08 1.1
Glaciers except in Greenland and Antarctica? 0.54 0.62 0.76
Glaciers in Greenland 0.15 0.06 0.10°
Greenland ice sheet n/a n/a 0.33
Antarctic ice sheet n/a n/a 0.27
Land water storage -0.11 0.12 0.38
Total of contributions n/a n/a 2.80
Observed 1.50 2.00 3.20
Residual® 0.50 0.20 0.40

aData until 2009, not 2010.
bThis is not included in the total because these numbers have already been included in the Greenland ice sheet.

This is calculated as observed global mean sea level rise — modeled glaciers — observed land water storage.
See table 13.1 in IPCC (2013) for more details.

The IPCC sea level rise projections used in this analysis follow a process-based model approach,
which estimates sea level based on the underlying physical processes. This contrasts with semi-
empirical models that combine past sea level observations with other variables or theoretical
considerations, including, in some cases, expert opinion (surveys or interviews of professionals)
(Rahmstorf 2010, Orlic and Pasaric 2013). Often the semi-empirical approach yields higher sea level
estimates. IPCC (2013) uses coupled atmosphere-ocean general circulation models (AOGCMs) to
simulate the processes of change rather than the statistical inferences of the semi-empirical approach.
AOGCMs are considered a process-based technique, although some variables derive from semi-
empirical methods (IPCC 2013).

Sea level rise estimates for 2050 and 2100 were taken directly from the IPCC (2013) regional climate
models (RCMs) downscaled to a spatial grid resolution of 1° x 1° from AOGCMs. Because many
park units require estimates for shorter time horizons that fit more closely with the expected lifetime
of various projects, sea level rise projections for 2030 were calculated using IPCC RCM data for
each sea level rise driver shown in Table 2, interpolated to 2030 for each RCP. All projections are
reported relative to the period 1986—2005 (see Appendix B for further discussion). All geographic
information systems (GIS) maps display the projected sea level on top of mean higher-high water
(MHHW) using the most recent tidal datum epoch (1983-2001). MHHW is calculated by averaging
the highest daily water level over a 19-year tidal datumepoch.



Table 2. Median values for projections of global mean sea level rise and contributions of individual
sources, for 2100, relative to 1986-2005, in meters (IPCC 2013).

Source RCP2.6 RCP4.5 RCP6.0 RCP8.5
Thermal expansion 0.15 0.20 0.22 0.32
Glaciers 0.11 0.13 0.14 0.18
Greenland ice sheet surface mass balance? 0.03 0.05 0.05 0.10
Antarctic ice sheet surface mass balance -0.02 -0.03 -0.03 -0.05
Greenland ice sheet rapid dynamics 0.04 0.04 0.04 0.05
Antarctic ice sheet rapid dynamics 0.08 0.08 0.08 0.08
Land water storage 0.05 0.05 0.05 0.05
Sea level rise 0.44 0.53 0.55 0.74

aChanges in ice mass derived through direct observation and satellite data.

The standard error (o) for each site estimate was not calculated because it was beyond the scope of
this project. However, it can be calculated using the following equation and data available from the
IPCC (2013, supplementary material):

2
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Where: steric/dyn = the global thermal expansion uncertainty plus dynamic sea surface height; smb_a
= the Antarctic ice sheet surface mass balance uncertainty; smb_g = the Greenland ice sheet surface
mass balance uncertainty; glac = glacier uncertainty; IBE = the inverse barometer effect uncertainty;
GIA = global isostatic adjustment; LW = the land water uncertainty; dyn_a = Antarctica ice sheet
rapid dynamics uncertainty; and, dyn_g = Greenland ice sheet rapid dynamics uncertainty.

Initial data were exported as GeoTIFF files for use in ArcGIS. For parks that crossed more than one
pixel, an average sea level rise was calculated by weighting pixel values by the length of park
shoreline in each pixel. A standard bathtub model approach was used to identify areas of projected
inundation and flooding. In this method, projected sea level under climate change was determined by
adding the IPCC RCM value to the current mean higher high water level. The land that would be at
or below a projected sea level was then determined by analyzing digital elevation models (DEMs) of
land elevation at spatial resolutions of 500 to 7000 m, depending on data availability for the areas of
each park. DEM data for most regions were gathered from the NOAA digital coast website
(https://coast.noaa.gov/digitalcoast). Areas of inundation and flooding are denoted in the maps
(Appendix A) in blue. Additional low-lying areas that could be potentially inundated or flooded are
shown in green (Figure 2). These low-lying areas do not appear to have any inlet or other pathway
for water (based on our elevation datasets), although they should still be considered vulnerable to
exposure to either groundwater seepage or potential flooding via breaching. The lack of high-
resolution DEMs and time constraints prevented us from attempting a dynamic modeling approach
(see limitations below). Maps were created to illustrate inundation for all park units for 2050 and




2100 under RCP4.5 and RCP8.5. These two represent a plausible range of scenarios between
significant policy response (RCP4.5) and business as usual (RCP8.5).

Figure 2. An example of how areas of inundation appear in ArcGIS. In this example for the Toms Cove
area of Assateague Island National Seashore, areas of inundation (RCP4.5 2050) appear in blue. Green
shading indicates other low lying areas that are blocked from inundation by some impediment, but
nonetheless could experience flooding should the physical barrier be removed or breached.

Storm Surge Data

NOAA SLOSH data estimate potential storm surge height at current (most recent tidal datum) sea
level (NOAA 2016). The NOAA SLOSH model comprises the following three products (P-Surge,
MEQOW, and MOM:s) that utilize three different modeling approaches (probabilistic, deterministic,
and composite) to estimate storm surge.

P-Surge (also known as the tropical cyclone storm surge probabilities product) uses a probabilistic
approach by examining past events to estimate the storm surge generated by a cyclone that is present
and within 72-hours of landfall. It statistically evaluates National Hurricane Center data (calculated
in part using a deterministic approach) including the official projected cyclone track and historical
forecasting errors. It also incorporates astronomical tide calculations and variations in the radius of



maximum wind into this estimate. These rates of motion variables are then fit to a Cartesian or polar
(depending on the location) grid (Jalesnianski et al. 1992).

The Maximum Envelope Of Water (MEOW) calculates flooding using past SLOSH output to create
a composite estimate of the potential storm surge generated by a hypothetical storm. This product
generates a worst-case scenario based on a hypothetical storm category that includes forward speed,
trajectory of the storm when it strikes the coastline, and initial (mean vs. high) tide level that will also
incorporate any historical uncertainty from previous landfall forecasts.

The final SLOSH product is the MOM (Maximum of MEOWSs) model. MOM is a further composite
approach that uses the forward speed, trajectory, and initial tide level data that is also used by
MEOW to create a worst-of-the-worst scenario (or “perfect storm”). Storms are simulated for 32
regions (also known as operational basins, Figure 3) defined by NOAA. Data was imported into
ArcGIS using the SLOSH display program. Maps were generated showing storm surge for all
possible Saffir-Simpson hurricane categories for each site. While most sites had data for Saffir-
Simpson hurricane categories 1-5 (Table 3), a few sites, such as Acadia National Park, were missing
the highest category. NOAA did not model this scenario because it is considered extremely unlikely
at a location that far north in the Atlantic Ocean.
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(http://www.nhc.noaa.gov/surge/slosh.php). The black area is the full extent of the operational basin for
Chesapeake Bay.




Table 3. Saffir-Simpson hurricane categories.

Saffir-Simpson Sustained Wind Speed

Hurricane Category (miles per hour, mph; knots, kt; kilometers per hour, km/h)
1 74-95 mph; 64-82 kt; 118-153 km/h

2 96-110 mph; 83-95 kt; 154-177 km/h

3 111-129 mph; 96-112 kt; 178-208 km/h

4 130-165 mph; 113-136 kt; 209—-251 km/h

5 More than 157 mph; 137 kt; 252 km/h

SLOSH MOM was used to estimate potential storm surge in 79 coastal park units. Unfortunately,
MOM data do not exist for the remaining 39 units, so we supplemented this with data from Tebaldi et
al. (2012) wherever possible. Tebaldi et al. (2012) used 55 long-term tide gauge records to calculate
potential sea level and storm surge estimates above mean high water levels. We used the current 50-
year and 100-yr return level data from their paper for any parks near a tide gauge. Unfortunately, due
to insufficient coverage by tide gauges in this area, we were unable to use either Tebaldi et al. (2012)
or SLOSH MOM data for the Alaska, Guam, and American Samoa park units. It is important to note
that the Tebaldi (2012) and SLOSH MOM data differ in their methods of calculation making it
inadvisable to compare storm surge values from the Pacific West Region to other regions. However,
this method had to be used due to the lack of SLOSH MOM data for the Pacific West Region.

We recommend that parks planning for future hurricanes use information from one hurricane
category higher than any previous storm experienced. Historical hurricane data from the International
Best Track Archive for Climate Stewardship (IBTrACS; Knapp et al. 2010) is listed in Appendix D
(Table D3) to allow staff to determine the highest Saffir-Simpson category hurricane to strike within
10 miles of each park unit. Applying information from one storm category higher than historical data
may more closely approximate what could happen in the future, as storms are projected to be more
intense under continued climate change (Emanuel 2005, Webster et al. 2005, Mendelsohn et al.
2012). However, we recommend caution in using this approach for any detailed (site-level) planning
due to limitations discussed in the following section of this report.

Limitations
All projects of this nature have limitations that should be clearly described to ensure appropriate use
and interpretation of these data.

Every effort has been made to incorporate any parks established after this project began (e.g. Harriet
Tubman Underground Railroad National Monument); however, some maps might be missing due to
lack of available boundary data in new units.

Sea level and storm surge estimates were derived using separate programs from the IPCC and
NOAA, respectively. These numbers were then imported into GIS maps using the program ArcGIS.
We used a bathtub modeling approach to map the extent of sea level rise and storm surge over every
unit. Bathtub modeling simply simulates how high or how far inland water will go under different
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climate change scenarios. It does not recognize changes in topography or other environmental or
artificial systems that may exist or occur in response to encroaching water. Although the bathtub
model is the most widely used technique for modeling inundation, it is also a simplistic approach to
simulating how sea level rise will affect a landscape (Storlazzi et al. 2013). Dynamic models could
simulate changes in flow around buildings or estimate how topographic features such as dune
systems may migrate in response to inundation and flooding, but dynamic models also vary, which
can be a severe limitation in trying to standardize data for summary analysis and comparison.

The maps provided through this analysis vary in horizontal and vertical accuracy depending on
which digital elevation model (DEM) data were available at the time of mapping. This is discussed in
more detail in the metadata that accompany each map. DEM data for most regions were gathered
from the NOAA digital coast website (https://coast.noaa.gov/digitalcoast/) which uses source
elevation data that either meet or exceed current Federal Emergency Management mapping
specifications. These NOAA digital coast data were required to have a minimum root mean square
error of 18.5 cm for low lying areas that were then corrected for MHHW using the NOAA VDatum
model (Parker et al. 2003). USGS data were used for areas, such as Alaska, where digital coastal data
were not available. We recommend referring to Schmid et al. (2014) for further discussion on
potential uncertainty of this technique.

Although SLOSH MOM has the widest geographic storm surge coverage of any model in the US,
storm surge data were not available for every part of the coastline. Every effort has been made by this
project to bridge any gaps where SLOSH MOM does not exist. While the Tebaldi et al. (2012) data
cover the California, Oregon, Washington, and southern Alaskan coastlines, they do not cover
northern Alaskan, American Samoan, or Guam coastlines. These coastlines are vulnerable to storm
surge but we could not find data that satisfied our standards of accuracy sufficiently to be included in
our mapping efforts.

Furthermore, storm surge maps are only intended as a rough guide of how flooding caused by storm
surge will look today. As more of the coastline becomes inundated we can expect coastal flooding
patterns to also change accordingly. The SLOSH model is a multiple scenario approach that uses
previous storms to estimate future storm surge. It cannot take into account changes in future basin
morphology that could affect the fluid dynamics and propagation of coastal flooding.

SLOSH MOM is modeled using mean sea level (0 m NAVD88) and what NOAA terms “high tide”
(which is not tied to the local tidal datum, but is actually a round number based on the modeled
average high tide for the region). Jalesnianski et al. (1992) estimate surge estimates to be accurate +/-
20%, although Glahn et al. (2009) discuss how others have found the P-Surge model to be more
accurate than originally estimated. Such factors must be kept in mind when using these numbers for

mapping.

Land Level Change

It is important to include changes in land level while interpreting changes in sea level. The IPCC
(2013) includes a limited amount of data regarding changes in relative sea level in their calculations
of sea level change. Our sea level rise results include the IPCC estimates of how changes in land

10



level will change over time based on estimates of glacial isostatic adjustment. Land level change is
an important variable when calculating relative sea level. Land levels have changed over time in
response to numerous factors. Changes in various land-based loadings—such as ice sheets during the
last glacial maximum—has been a significant cause of land level change in the U.S. Post-glacial
isostatic rebound is the result of this pressure being released after the removal of ice sheets on the
Earth’s crust. Land level can also be altered by other factors such as tectonic shifts, particularly along
the Alaska and continental U.S. Pacific coastlines. These drivers can often prompt a relative increase
or decrease in land level depending on location. Other factors such as aquifer drawdown and the
draining of coastal swamps can create decreases in relative land level.

Quantifying how land levels are changing is difficult given the paucity of data available prior to
modern satellite data. An upcoming NASA publication on land-based movement (Nerem pers.
comm.) will help to address this data need, providing numbers for land-based movement across the
country. Data from the NASA report can then be incorporated with sea level rise numbers from this
analysis using the following equation (after Lentz et al. 2016):

Eq. 2 ae=Eo—-¢+R

Where; ae is the adjusted elevation, Eois the initial land elevation, e;is the future sea level for either
2030, 2050, or 2100, and R is the current rate of land movement over time due to isostatic
adjustments.

In the interim, tide gauges can provide further data regarding changes in land level, but should be
used cautiously. We have listed tide gauge data for the rate of change in land level for tide gauges
nearest to all units for this study in Appendix D; however, only Fort Pulaski National Monument and
Golden Gate National Recreation Area have a long-term tide gauge on site. This lack of nearby long-
term data can limit the accuracy of these numbers if they are applied to sea level change projections
for almost all other parks units. We indicate in Table D1 which of the nearest tides gauges we do not
recommend using to estimate land movement. This is because in many case the boundary of the park
unit is located either too far away or on a different land mass to where the nearest tide gauge is,
which increases the inaccuracy of this data. Land level changes were only reported for long-term tide
gauges that had at least thirty years of data in order to ensure a statistically robust dataset. Based on
these limited records, we estimate that seven park units are currently experiencing decreasing relative
sea levels (Glacier Bay National Park, Glacier Bay Preserve, Katmai National Park, Kenai Fjords
National Park, Lake Clark National Park, Sitka National Historical Park), although we cannot be
certain of this number given that many of the park units are some distance from a tide gauge. We
expect the release of the NASA data (Nerem pers. comm.) to help refine these estimates.

A discussion of the applicability of these land level numbers (with a natural resources manager or
similar expert) should accompany use of individual park maps from this analysis to ensure that the
nearest tide gauge to any particular project site is appropriate. Current rates of subsidence at these
tide gauges range between +7.6 mm/y (Grand Isle, Louisiana) and -19 mm/y (Skagway, Alaska;
Table D1). In selecting an appropriate tide gauge to use, variables including oceanographic setting,
length of the record, completeness of data, and geography of the coastline must be considered. The
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science team for this project decided against setting a threshold for how close a park unit should be to
a long-term tide gauge based on considerations discussed above.

Where to Access the Data
All GIS data from this project are available at https://irma.nps.gov/Portal for archiving by park.

A website discussing this project is available at the following
address: https://www.nps.qgov/subjects/climatechange/sealevelchange.
htm

The raw IPCC (2013) data can be downloaded using the following
link: http://www.ipcc.ch/report/ar5/wgl/docs/ar5_wgl chl3sm_datafil
es.zip
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Results

Sea level and storm surge maps are in Appendix A. A full list of the 118 park units and a table listing
sea level projections by park are available in Appendix D. Following the methods outlined above, we
found that sea level rise projections across the 118 park units average between 0.45 m (RCP2.6) and
0.67 m (RCP8.5) by 2100. However, this number masks how these projections will vary
geographically. Figure 4 shows these projections in more detail and provides sea level estimates by
region. Error bars in Figure 4 denote the standard deviation for each average per region, further
revealing how these numbers can vary. A high standard deviation and range signals that sea level
estimates vary between units within regions, whereas a low standard deviation and small range are to
be expected in smaller regions where sea level rise estimates do not cover such a large geographic
area.
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Figure 4. Projected future sea level by NPS region for 2100 under RCP8.5 (the “business as usual’
climate change scenario). Black dots indicate the average sea level rise (m) for all units within the
respective regions. Black bars represent the standard deviation of each mean. Blue bars mark the full
range of sea level estimates for each region.

Based on the averages per region, we found that the shoreline within the National Capital Region is
projected to experience the highest sea level rise by 2100 (0.80 m RCP8.5), although this number
does not include the full extent of changes in land level over the same time interval. The shoreline
near Wright Brothers National Memorial in the Southeast Region has the highest overall projected
sea level rise (0.82 m, RCP8.5, 2100). Glacier Bay Preserve and Klondike Gold Rush National
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Historical Park are tied for lowest projected sea level rise at 0.33 m using RCP8.5 for 2100. The
Alaska Region also has the highest standard deviation among park units. The National Capital
Region conversely has very little standard deviation due to the compact nature of the region
(meaning that all of the parks units fell within the same raster cell). This is not to say that all of the
parks will experience exactly the same rate of sea level rise, but that the IPCC model projected that
sea levels could rise up to an average 0.80 m (RCP8.5) for that region by 2100. The sea level rise

maps (discussed in the National Capital section below) illustrate differences among the National
Capital parks in more detail.

Comparing RCP8.5 data for 2030 and 2050 (Figures 5 and 6, respectively) shows the Northeast
Region almost tied with the National Capital Region in 2030 based on average projected sea level
rise, with the National Capital Region ranked highest. The Alaska Region ranks lowest for all three
time intervals followed by the Pacific Northwest region, Intermountain Region, and Southeast
Region. The Northeast Region ranks second highest for 2050 and 2100.
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Figure 5. Projected future sea level rise by NPS region for 2030 under RCP8.5 (the “business as usual”

climate change scenario). Black dots indicate the average sea level rise (m) for all units within the

respective regions. Black bars represent the standard deviation of each mean. Blue bars mark the full
range of sea level estimates for each region.
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Figure 6. Projected future sea level rise by NPS region for 2050 under RCP8.5 (the “business as usual”
climate change scenario). Black dots indicate the average sea level rise (m) for all units within the
respective regions. Black bars represent the standard deviation of each mean. Blue bars mark the full
range of sea level estimates for each region.

Storm surge was mapped for 79 park units. We list data for one storm category higher than the
highest historical storm in Table D3 in Appendix D. Some (31) park units did not have a historical
storm path occurrence within 10 miles of their boundaries, so a Saffir-Simpson hurricane 1 was
simulated for these locations. The lack of a historical storm does not mean that these parks are not
subject to strong storms. It may merely be that these parks are in regions that either do not have
extensive historical records or they experience strong storms, such as nor’easters, that behave
differently and are not part of the NOAA database.

The Southeast Region has the strongest historical hurricanes (average of highest recorded storm
categories = 2.79), followed by the Intermountain Region (average = 2.33), National Capital Region
(average = 1.90), and the Northeast (average = 1.03). None of the historical data intersected with the
10-mile (16.1 km) buffers around the Alaska Region parks. The Pacific West Region has experienced
some tropical depressions, particularly in Hawaii, but most of their storm surges are driven by other
phenomena, such as mid-latitude cyclones or extreme tides (sometimes colloquially referred to as
king tides). The strongest (highest winds) and most intense (lowest pressure at landfall) recorded
historical storm to have impacted a park unit was the “Labor Day Hurricane” that passed within 10
miles of Everglades National Park in 1935. While this storm may have been the highest intensity
storm, it is certainly not the most damaging or costly storm in National Park Service history.
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Northeast Region

Colonial National Historical Park, Fort Monroe National Monument, and Petersburg National
Battlefield have the highest projected sea level rise in 2050 and 2100, and, together with Edgar Allen
Poe National Historic Site, Fort McHenry National Monument and Historic Shrine, Independence
National Historical Park, and Thaddeus Kosciusko National Memorial (parks near coastlines) they
also have the highest projected sea level rise for 2030. However, while these parks may have ranked
highly, caution should be used in applying these results. Many of these parks do not have coastline
and so these projections are based on sea level rise for the coastline adjacent to these parks. The maps
in Appendix A show how the projected sea level rise may affect each of these parks. Colonial
National Historical Park, Fort McHenry, and Fort Monroe National Monument are the only park
units of this highest rise grouping that contain coastline with their boundaries.

Figure 7 shows the range of sea level projections for the Northeast Region for 2100, averaging
between 0.49 m (RCP2.6) and 0.74 m (RCP8.5) of sea level rise by the end of the century. Acadia
National Park had the lowest projected rates of sea level rise for 2030 (0.08-0.10 m), 2050
(0.14-0.19 m), and 2100 (0.28-0.54 m).
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Figure 7. Projected future sea level rise by 2100 for the NPS Northeast Region under all of the
representative concentration pathways. Black dots indicate the average sea level rise (m) for all units

within the respective regions. Black bars represent the standard deviation of each mean. Blue bars mark
the full range of sea level estimates for each category.
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Regarding storm surge, the highest recorded storm to have travelled within 10 miles of any of the 29
parks units identified for study was an officially unnamed hurricane in 1869 known colloquially as
Saxby’s Gale, which was classified as a Saffir-Simpson 3 hurricane. The storm path passed present-
day Boston National Historical Park and Roger Williams National Memorial. Figure 8 shows the
estimated extent and height of a storm surge from category 3 hurricane striking Boston Harbor
Islands National Recreation Area at mean tide.

Figure 8. Estimated storm surge created by Saffir-Simpson category 3 hurricane occurring at high tide
near Boston Harbor Islands National Recreation Area. Colored areas represent areas of flooding. Colors
from green to red show estimated height of a storm surge (see inset legend for estimated range).

Southeast Region

Historically, the Southeast Region has the highest intensity storms (highest Saffir-Simpson storm
category); Everglades National Park has recorded a category 5 hurricane within 10 miles of its
boundary, the colored areas in Figure 9 indicate the potential height and extent of a storm generated
by two different categories of hurricane. A category 2 hurricane could completely flood the park.

Future storm surges will be exacerbated by future sea level rise nationwide; this could be especially
dangerous for the Southeast Region where they already experience hurricane-strength storms.
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Moreover, sea level rise projections only include changes in land movement due to glacial isostatic
adjustment and do not include the full range of drivers of potential changes in land level. Using Table
D1 from Appendix D as a rough guide, changing land level for parks near tide gauges can be
evaluated. For example, the Eugene Island, Louisiana tide gauge’s current rate of sea level rise is the
highest in the country at 9.65 mm/y, owing in part to the large rate of subsidence in the region
(Figure 1). Using the nearest tide gauge to Jean Lafitte National Historical Park and Preserve (Grand
Isle, Louisiana, gauge 8761724) we can estimate that land will subside by 7.60 mm/y. Applying this
estimate of subsidence (using a baseline of 1992) to our RCP8.5 projections, the park could
experience approximately 0.41 m of relative sea level rise by 2030 followed by 0.69 m by 2050and
1.50 m by 2100. This is an inexact estimate of the land movement for the park given that Jean Lafitte
National Historical Park and Preserve is approximately 60 miles (97 km) from the tide gauge; still,
factoring in changes in land level, we can see that relative change in sea level is more than double the
projected change in sea level using the IPCC estimates alone.

This analysis projects that, by 2100, the shoreline adjacent to Wright Brothers National Memorial
may have the greatest sea level rise among the Southeast Region’s parks (0.82 m RCP8.5). Given
elevations within the park, this may not inundate a large area of the memorial, unless combined with
other factors such as a storm surge. For example, the park may be almost completely flooded if a
category 2 or higher hurricane strikes on top of inundation from sea level rise.

Nearby Cape Hatteras and Cape Lookout National Seashores are projected to experience sea level
rise of up to 0.79 m and 0.76 m, respectively (RCP8.5) by 2100, resulting in large areas of
inundation. While sea level rise around these national seashores may not be as high as what has been
projected for Wright Brothers National Memorial, they serve as examples of how caution must be
used when using these numbers to assess which park units are most vulnerable to sea level rise. Other
factors, such as percent of exposed land, changes in land movement, and adaptive capacity must also
be taken into account for vulnerability analyses (Peek et al. 2015).
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Figure 9. SLOSH MOM storm surge maps for a Saffir-Simpson category 1 (left) versus category 2 hurricane striking Everglades National Park at
mean tide (right). Colored areas represent areas of flooding. Colors from green to red show estimated height of a storm surge (see inset legend for
estimated range).



National Capital

National Capital Region has minimal variability in projected sea level rise because all park units
selected for study are adjacent to the same section of coastline that was modeled. Their proximity
also explains why they share the same storm history. Despite these similarities, projected sea level
rise may affect each individual park unit differently based on local topography. The strongest storm
recorded within 10 miles (16.1 km) of the National Capital Region parks was a Saffir-Simpson
category 2 hurricane that struck the city in 1878. While the 1878 storm caused relatively little
damage, we can expect a significantly larger amount of damage if a similar storm struck the city
again given considerable development now existing in the area. Figure 10 shows the extent of
flooding caused by a Saffir-Simpson category 2 hurricane. A storm surge measuring more than 3 m
could travel up the Potomac River causing large amounts of flooding. Such a storm surge could be
worse by the end of this century given projected sea level rise around the Capital Region of up to 0.8
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Figure 10. A SLOSH MOM map showing storm surge height and extent created by a Saffir-Simspon
category 2 hurricane striking the Washington D.C. region at high tide. Colored areas represent areas of
flooding. Colors from green to red show estimated height of a storm surge (see inset legend for estimated
range).
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IPCC/SLOSH models showed either storm surge or sea level rise (or some combination of the two)
affecting every National Capital Region park included in this analysis, with the exception of Harpers
Ferry National Historical Park. Our mapping efforts revealed that Harpers Ferry National Historical
Park (located approximately 149 m above sea level) is unlikely to experience any impacts of sea
level rise due to its elevation and is unlikely to be damaged by storm surge from a hurricane, given
its relatively protected location behind several dams along the Potomac and Shenandoah Rivers.

Sea level rise alone is not expected to spread very far into Washington D.C., although a large section
on the east side of Theodore Roosevelt Island could be inundated. However, storm surge flooding on
top of this sea level rise would have widespread impacts.

Intermountain Region

The Intermountain Region covers mostly inland park units stretching from Texas to Montana. Within
the region, only three park units in Texas are subject to sea level change: Big Thicket National
Preserve, Palo Alto Battlefield National Historical Park, and Padre Island National Seashore. Of
these, Padre Island National Seashore may experience the greatest effects of sea level and storm
surge; sea level is projected to rise 0.46—0.69 m (RCP2.6-8.5, Figure 11) by 2100. The same amount
of sea level rise is projected for the shoreline near Palo Alto Battlefield National Historical Park, but
inundation is not projected to extend far enough to reach the park. Palo Alto Battlefield National
Historical Park has no history of being within 10 miles of any hurricane, making the site unlikely to
be flooded by storm surge. SLOSH MOM maodels for the park unit show that that the region would
have to have either a Saffir-Simpson category 4 hurricane striking at high tide or a category 5
hurricane striking at any tide in order for the park to experience any storm surge. On the other hand,
Figure 12 shows that Padre Island National Seashore, located to the east of Palo Alto Battlefield
National Historical Park, historically was within 10 miles of a category 4 hurricane. SLOSH MOM
data show that should a category 4 hurricane occur here again, it would likely flood almost the entire
island.

Storm surge could potentially travel up the Neches River and flood the southernmost part of Big

Thicket National Preserve, although both artificial and natural storm surge defenses in Beaumont,
Texas, to the south of the preserve, may buffer it from any surge.
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Figure 11. Projected future sea level rise by 2100 for the NPS Intermountain Region under all of the
representative concentration pathways. Black dots indicate the average sea level rise (m) for all units

within the respective regions. Black bars represent the standard deviation from each mean. Blue bars
mark the full range of sea level estimates for each category.
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Figure 12. A SLOSH MOM map showing storm surge height and extent created by a Saffir-Simspon
category 4 hurricane striking the southwestern Texas region at mean tide. The dark green line around the
island represents the boundary of Padre Island National Seashore. Colored areas represent areas of
flooding. Colors from green to red show estimated height of a storm surge (see inset legend for estimated
range).
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Pacific West Region

The Pacific West Region identified 24 park units for analysis in this study that could be vulnerable to
sea level rise and/or storm surge. These units occur over a large area that includes California,
Oregon, Washington, Hawaii, American Samoa, and Guam. War in the Pacific National Historical
Park in Guam has the highest projected sea level rise at 0.68 m (RCP8.5) by 2100, and shares the
highest projected sea level rise with almost all of the Hawaiian park units in 2030 and 2050. The
average projected sea level rise range is 0.40-0.58 m (RCP2.6—-8.5) by 2100 for the whole region;
high standard deviations (0.04 m and 0.08 m for RCP2.6 and RCP8.5, respectively) indicate that
park-specific projections vary widely across the region.

At the other end of the spectrum, projected sea level rise around Washington’s Olympic Peninsula
and in the San Juan Islands, affecting Ebey’s Landing National Historical Reserve, Olympic National
Park, and San Juan Island Historical Park, is expected to occur more slowly, reaching a maximum
0.46 m (RCP8.5) by 2100. This region is subject to tectonic shifts and continuing land movement due
to isostatic rebound, further complicating sea level projections. Long-term tide gauge records at Neah
Bay, Washington (gauge 9443090), and Tofino, British Columbia, Canada (gauge 822-116), show
relative sea levels currently decreasing while tide gauges in Port Angeles, Washington (gauge
9444090), Victoria, Canada (gauge 822-101), and Seattle, Washington (gauge 9447130), show it to
be increasing (Zervas 2009). Our projections indicate rising sea level in this region throughout this
century, although further investigation of localized changes in land movement could shed more light
on this matter.

Park units in the Pacific West Region need to be concerned about potential future storms that could
travel along the eastern Pacific Ocean’s increasingly warmer waters. Because of the relative lack of
hurricanes in this region historically, we used data from Tebaldi et al. (2012), which includes
anomalous surges that could be created by storms, and other factors (very high tides sometimes
referred to as king tides). Based on the Tebaldi et al. (2012) data, La Jolla, California (gauge
9410230), has the lowest 100-year storm surge (0.95 m) and Toke Point, Washington (gauge
9440910), has the highest 100-year storm surge (1.96 m) in the Pacific West Region. Tebaldi et al.
(2012) did not analyze storm data for Hawaii, Guam, or American Samoa, although IBTrACS
(Knapp et al. 2010) does have hurricane records for these areas. Only tropical depressions have been
recorded within 10 miles of almost all of the Hawaiian park units we analyzed (Haleakala National
Park, Hawaii VVolcanoes National Park, Kalaupapa National Historical Park, Kaloko-Honokohau
National Historical Park, Puukohola Heiau National Historic Site, and World War Il Valor in the
Pacific National Monument).

Alaska Region

The Alaska Region has the lowest average projected sea level rise (0.28-0.43 m by 2100) compared
to the five regions described above. Glacier Bay National Park and Preserve and Klondike Gold Rush
National Historical Park in southeastern Alaska share the lowest projected sea level rise (0.33 m,
RCP8.5, 2100) while Bering Land Bridge National Preserve on the west coast of the state has the
highest projected sea level rise (0.60 m, RCP8.5, 2100).
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Figure 1 shows how current relative sea levels vary across the state. Land levels are rapidly rising in
the southeast of the region due to isostatic rebound and other tectonic shifts. The net result of these
increasing land levels is decreasing relative sea levels for at least the early part of this century.
Relative sea level in Skagway, Alaska is decreasing at an average rate of 17.6 mm/y (Zervas 2009).
Despite melting ice and other factors outlined in Table 1 that increase ocean water volume, the
amount of rising water is insufficient to keep up with land level changes. Seven park units (Glacier
Bay National Park, Glacier Bay National Preserve, Katmai National Park, Kenai Fjords National
Park, Lake Clark National Park, Sitka National Historical Park) are identified as potentially having
decreasing relative sea levels based on the nearest tide gauge data to each of these parks. None of
these parks have long-term tide gauges with data spanning at least thirty years. A great strength of
using the IPCC (2013) process-based model approach is that, unlike many other semi-empirical
models, it does not rely on long-term tide gauge records to statistically project future sea levels.
However, sea level projections in this analysis do not include changes in land level. The estimates
that we report here represent the expected rise due to water volume expansion alone near to each of
these park units. Table D1 shows how land levels are changing at long-term tide gauges across the
country. However, given that all of these park units are located far from a tide gauge and that the
region is relatively geologically complex, we do not recommend using the land movement numbers
from the nearest tide gauge for any of the Alaskan parks.

Storm surge is also very difficult to model for this region. Historically, many of the parks had sea ice
along the coastline that helped protect these parks from storm surge. Consequently, NOAA does not
have SLOSH MOM models for this region. IBTrACS data (Knapp et al. 2010) show a few storm
paths that have moved towards the region, but these types of storms typically do not make landfall
once they move over colder waters. Alaska does hold the record for the highest intensity (lowest
central pressure) storm (Duff 2015). A downgraded super typhoon, Nuri, struck Adak Island, Alaska,
in 2014 with recorded winds gusting up to 122 mph. It is impossible to determine an average or peak
historical storm surge without adequate tide gauge data.
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Discussion

Global mean sea levels have been rising since the last glacial maximum (Lambeck and Chappell
2001, Clark and Mix 2002, Lambeck et al. 2014). Church and White (2006) estimated that twentieth
century global sea levels rose at a rate of approximately 1.7 mm/y, although this rate accelerated over
the latter part of the century. Comment 7 Slangan et al. (2016) found that emissions of greenhouse
gases from human activities have been the primary driver of global sea level change since 1970 and
that the rate of sea level rise has increased over time (Table 1). Satellite altimetry data shows that
present-day global relative sea levels are increasing at approximately 3.3 mm/y (Cazenave et al.
2014, Fasullo et al. 2016).

The IPCC (2013) projects that, without greenhouse gas emissions reductions, this rate will increase,
and that global average sea levels could rise by 0.40—0.63 m (RCP2.6-8.5) by 2100. We used
regional sea level projections from the IPCC (2013) generated for 2050 and 2100 in combination
with our interpolated projections for 2030 to estimate the amount of sea level rise 118 coastal
national park units could experience in the future. Our projections are based on the new
representative concentration pathways (Moss et al. 2010, Figure 13), using a process-based model
approach.
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Figure 13. Radiative forcing for each of the Representative Concentration Pathways (RCPs). An increase
in radiative forcing (due to the loading of anthropogenic gases into the atmosphere) will result in higher
global average temperatures. RCPs replace the IPCC SRES scenarios. Note how RCP4.5 (yellow line)
projections are slightly higher than RCP6.0 (gray line) in the early part of this century. Source:
Meinshausen et al. 2011.
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Numerous academic articles use mostly semi-empirical models (Rahmstorf 2007) to estimate sea
level rise regions across the U.S. The IPCC (2013) lists several semi-empirical sea level rise
estimates, all of which result in projections of future sea level that are higher than the IPCC (2013)
approach. The differences in these approaches can be attributed to many factors. For example, some
of the older papers may have higher sea level estimates because they are based on the older IPCC
SRES scenarios (e.g. Vermeer and Rahmstorf 2009, Grinsted et al. 2010, Jevrejeva et al. 2010).
Other papers may include input from “expert elicitations” in their sea level projections, in which
experts provide their opinion on how much sea level (or a related factor) could rise in the future (e.g.
Bamber and Aspinall 2013, Jevrejeva et al. 2014, Horton et al. 2014). Some published articles
criticize the IPCC sea level estimates as being too conservative or underestimating rates of future sea
level change (e.g. Kerr 2013, Horton et al. 2014). Church et al. (2013) addresses these criticisms by
explaining how the IPCC define the probability and likelihood of their estimates, and so they are not
discussed in detail here. Recent analyses by Clark et al. (2015) further support the findings of the
IPCC.

A key strength of the methods used in this analysis lies in providing a unified approach to identify
how sea level change may affect all coastal park units across the National Park System, rather than
relying on sea level data generated for specific areas. Our analyses revealed that the National Capital
Region is projected to experience the greatest increase in sea level (not taking into account changes
in land level). This rise will affect each of the region’s units in different ways depending on the
elevation of the individual unit, but it could be significant if combined with a storm surge from a
storm such as the Saffir-Simpson category 2 hurricane in 1878.

At the individual park level, IPCC projections reveal the sea level along the coastline adjacent to
Wright Brothers National Memorial could rise up 0.82 m (RCP8.5) by 2100, which could lead to
significant flooding if the dynamic landforms are not able to keep pace with such high rates of sea
level rise. In addition, storm surge impacts at this higher sea level would be significant. The
Southeast Region as a whole is generally susceptible to inundation and flooding due to its low-lying
nature in many places, particularly in Cape Hatteras and Cape Lookout National Seashores. Our sea
level rise maps (Appendix A) highlight how much all of these park units may be affected.

These estimates do not include the latest data on changing land levels. The IPCC included estimates
of global isostatic adjustment (Equation 1) in their predictions, but those do not include changes in
land level due to other factors, such as earthquakes and groundwater extraction. Comment 9 We
expect the latest, state-of-the-art land level estimates to be released by NASA in 2017. In the
meantime, we can roughly estimate relative sea level change for a small number of parks based on
current rates of subsidence gathered from nearby long-term tide gauge data. We project Jean Lafitte
National Historical Park and Preserve to have the greatest relative sea level increase based on the
current rate of land movement. Our sea level projections agree with current sea level trends in
showing that the southeast Alaska region is experiencing the least amount of sea level rise of
anywhere in the National Park System.
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Sallenger et al. (2012) discussed how changes in Atlantic Ocean temperatures and salinity (resulting
from changes in circulation) could lead to changes in sea level that could create a 1000-km long
“hotspot” along the North Atlantic coast from Cape Cod, Massachusetts to Cape Hatteras, North
Carolina. We estimate that almost all of the coastal park units in this area would be flooded under
these conditions.

It is unknown exactly to what degree future storm surge will affect the Alaskan park units. Accurate
long-term (>30 years) storm surge data do not exist for the Alaska region. Even if such data did exist,
it would be not be analogous to future conditions in the region because sea ice that had previously
protected the shores for many of the western Alaska park units melts to reveal an easily erodible
coastline (Frey et al. 2015). The warming of ocean waters in the Gulf of Alaska and Pacific Ocean
could also make it more conducive for more storms like Typhoon Nuri to travel north without losing
energy as under historic conditions.

The Pacific West Region shows high variability among parks. War in The Pacific National Historical
Park in Guam ranks highest in projected sea level rise among units in the Pacific West Region. The
large area of the region partly explains the relatively high standard deviation in results for the region.
The tectonically complex setting of many of the region’s parks also complicates future sea level
estimates. Changes in land movement are somewhat gradual nationwide in comparison to Alaska and
the Pacific West Region, especially where earthquakes can rapidly change the position of the land
relative to the sea.

Island park units in general are particularly exposed to the impacts of sea level change and storm
surge. Many of the barrier island parks, such as Fire Island National Seashore, Assateague Island
National Seashore, Palo Alto Battlefield National Historical Park, Gulf Islands National Seashore,
and Cape Hatteras National Seashore, are all projected to experience sea level rise of over 0.69 m by
2100 (RCP8.5). This sea level rise, combined with storm surge, could be especially difficult for
isolated island park units, such as the Caribbean park units, the National Park of American Samoa,
and War in the Pacific National Historical Park, where access to aid in the event of a natural disaster
may not be immediately available.
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Conclusions

This report presents projections of sea level change (118 parks) and storm surge (79 parks) in coastal
park units administered by the National Park Service. Sea level change and storm surge vary
geographically, resulting in locally-specific challenges for adaptation and management. It is
important to acknowledge that sea level change will affect some parts of Alaska differently than
coastal parks in the rest of the country. Northwest Alaska can expect relative sea levels to increase
over time; while in southeast Alaska, relative sea levels may continue to decrease over the first part
of this century, followed by an increase in relative sea level towards the end of the century.

This project is an important first step in assessing how changes in sea level and storm surge may
affect national park units. Using sea level rise and storm surge information, parks can begin to plan
for effects on resources, facilities, access, and other areas of management. While methods used here
are not appropriate for combining the separate sea level rise and storm surge results, parks should be
aware of the potential for synergistic effects of sea level rise and storm surge causing impacts larger
than either may cause individually. It is clear that more research can be done on these complex issues
to assess how these changes may affect parks and regions. These data can inform future projects
related to both natural and cultural resources as well as the planning and management of
infrastructure.
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Appendix A

Links to Data Sources
Maps were created for this project using NOAA DEM data. For further information regarding our
methods refer to methods section on page 3.

Digital versions of our sea level rise maps will be available at www.irma.gov

Storm surge maps are also available
on www.irma.gov and www.flickr.com/photos/125040673@N03/albums/wit
h/72157645643578558
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Appendix B
Frequently Asked Questions

Q. How were the parks in this project selected?

A. Parks were selected after consultation with regional managers. Regional managers were
given a list of parks that authors considered to be vulnerable to sea level change and/or storm
surge. This list was vetted by regional managers and their staff who added or subtracted park
names based on their knowledge of the region.

Q. Who originally identified which park units should be used in this study?

A. The initial list of parks was approved by the following regional managers: Northeast
Region, Amanda Babson (signed 11/27/13); Southeast Region, Shawn Benge (signed
11/14/13); National Capital Region, Perry Wheelock (signed 3/17/14); Intermountain Region,
Patrick Malone signed on behalf of Tammy Whittington (signed 11/13/13); Pacific West
Region, Jay Goldsmith (signed 11/26/13); Alaska Region, Robert Winfree (signed 11/15/13).

Q. What’s the timeline of this project?

A. This is the culmination of a three-year project that was proposed in February 2012. Initial
Fiscal year of funding was 2013.

Q. In what instance did you use data from Tebaldi et al. (2012)?

A. NOAA'’s Sea Lake and Overland Surge from Hurricanes (SLOSH) model does not include
storm surge predictions for all of the parks used in this study. We used data from Tebaldi et
al. (2012) where reasonable to provide data for park units in California, Oregon, Washington,
and southern Alaska. The following parks used Tebaldi et al. (2012) data: Cabrillo National
Monument, Channel Islands National Park, Ebey’s Landing National Historical Reserve, Fort
Point National Historic Site, Fort Vancouver National Historic Site, Golden Gate National
Recreation Area, Klondike Gold Rush National Historical Park, Lewis and Clark National
Historical Park, Olympic National Park, Port Chicago Naval Magazine National Scenic Trail,
Point Reyes National Seashore, Redwood National Park, Rosie the Riveter WWII Home
Front National Historical Park, San Francisco Maritime National Historical Park, San Juan
Island National Historical Park, and Santa Monica Mountains National Recreation Area.

Q. Why don’t all of the parks have storm surge maps?

A. Unfortunately some parks do not have enough data to complete a storm surge map. These
were parks that were not modeled by NOAA’s SLOSH MOM model or near any of the tide
gauges used by Tebaldi et al. (2012). These parks are: Aniakchak Preserve, Bering Land
Bridge National Preserve, Cape Krusenstern National Monument, Glacier Bay National Park
and Preserve, Katmai National Park, Kenai Fjords National Park, Lake Clark National Park,
Sitka National Historical Park, War in the Pacific National Historical Park, and Wrangell —
St. Elias National Park and Preserve.
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Q. My park only has storm surge maps covering a few Saffir-Simpson categories. Why is that?

A. Some parks, particularly those in the Northeast Region, were not modeled by NOAA for
the full range of Saffir-Simpson storm scenarios. This is because it is considered very
unlikely that a Saffir-Simpson category 4 or 5 hurricane would be able to sustain itself into
the northern latitudes of that region.

Q. Why are the storm surge maps in NAVD88?
A. That is the default datum for SLOSH data. This was a decision made by NOAA.

Q. What are the effects of NAVD88 on sea level and storm surge projections for some parks?

A. The North American Vertical Datum of 1988 (NAVDS88) is a datum that is commonly
used in North America to refer to the “elevation” of a location. It uses a fixed value for the
height of North America’s mean sea level. While this is a popular datum for mapping, it has
the limitation that it is based on the observed mean sea level for a single location: Rimouski,
Canada. As you move further away from this location you can expect actual sea level to
differ from the mean sea level at Rimouski. For locations such as California this can result in
a significant difference between observed mean sea level and NAVD88. Your natural
resource or GIS specialist will likely have further information about your specific location.
Alternatively you can look up the differences in your region by checking the datum
information for your nearest tide gauge

station: https://tidesandcurrents.noaa.gov/stations.html?type=Datums

Q. Which sea level change or storm surge scenario would you recommend | use?

A. All parks are different, as are all projects. Your choice of scenario may depend on many
different factors including risk tolerance and expected time horizon of the project. The NPS
has not yet released any guidance on which climate change scenarios to use for planning. We
would recommend you contact the appropriate project lead, natural or cultural resource
manager, or someone from the Climate Change Response Program for further guidance
depending on your situation.

Q. How accurate are these numbers?

A. The accuracy of these data varies depending on the data source. SLOSH data has +/- 20%
accuracy, although this is discussed in greater detail by Glahn et al. (2009). Further
information about storm surge data generated by Tebaldi et al. can be found in Tebaladi et al.
(2012). IPCC global sea level rise projections range between 0.26 m (RCP2.6 minimum
likely range) and 0.82 m (RCP8.5 maximum likely range) by 2100. The standard error of the
IPCC is explained in greater detail in the Chapter 13 supplementary material in AR5 (IPCC
2013). An explanation on the horizontal and vertical accuracy of the digital elevation models
used for mapping can be found in the metadata that accompanies the map data

on www.irma.gov. DEM data were required to have a <18.5 cm root mean square error
vertical accuracy before they were converted to MHHW. An exception to this was in Alaska
where these data were not available.
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Q. We have had higher/lower storm surge numbers in the past. Why?

A. The numbers given here are meant to represent a maximum based on a typical storm surge
category. As described above, there is likely to be some deviation around that number.
Certain periods are also likely to result in higher than average storm surges. For example,
periodic changes in regional water temperatures (caused by phenomena such as El Nifio and
La Nifia) will impact water levels that will add to any storm surge. Likewise, changes in the
North Atlantic Oscillation and Pacific Decadal Oscillation will also affect ocean conditions.
This must be taken into account when using these numbers. All of these factors vary
temporally and geographically, so contact your natural resource manager if you are unsure
how this could impact your particular park unit.

Q. What other factors should I consider when looking at these numbers?

A. These projections do not include the impact of all man-made structures, such as flood
barriers, levees, and dams. They also do not take into account how smaller features, such as
dune systems or vegetation changes could impact coastal flooding. There are many meso-
and micro-scale factors that need to be taken into account such as differences in topography,
the presence/absence of any wetlands etc. It should also be expected that as sea levels
change, areas of the shoreline will change accordingly, particularly due to erosion and
accretion.

Q. Why don’t you recommend that | add storm surge numbers on top of the sea level change
numbers?

A. Higher sea level and permanent inundation will change the way waves propagate within a
basin. Sea level change is expected to have a significant impact on the geomorphology ofthe
coastline. Changing water levels will lead to areas of greater erosion in some areas as well as
increasing accretion in other places. As sea level changes, the fluid dynamics of a particular
region will also change. For example, tidal distance will change as water levels rise, which
will alter the spatial extent of a storm surge as well as potentially impacting wave height.
This is not something NOAA takes into account in their SLOSH model.

Q. Where can | get more information about the sea level models used in this study?
A. https://www.ipcc.ch/report/arS/wgl/

Q. Where can | get more information about the NOAA SLOSH model?
A. http://www.nhc.noaa.gov/surge/slosh.php

Q. So, based on your maps, can | assume that my location will stay dry in the future?

A. No. As explained above, these numbers are accurate within a certain range. Also, these
maps are based on “bathtub” models where water is simulated as rising over a static surface.
In reality, your coastline will change in response to storms and other coastal dynamics. These
numbers are intended for guidance only.
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Q. Why do you use the period 1986/ 2005 as a baseline for your sea level rise projections?

A. We are following the standard approach used by the IPCC, USACE, and much of the
academic literature. If you would like your estimate to start from a specific year you can do
one of two things: 1) subtract the observed rate of sea level rise since 1992 for your location,
or 2) contact park, region, or Climate Change Response Program staff for assistance. It may
be possible to interpolate projections further to estimate the amount of rise the models
estimate to have taken place between the baseline and whichever year you choose. We must
caution that if you follow option 1 you will be introducing some inaccuracy to sea level
projections, especially if you use data from a tide gauge that is not close to your location.

Q. The SLOSH/IPCC projections seem lower/higher than X source I’ve found. Why is that?

A. Projections can vary depending on a number of factors such as choice of model, approach,
or the age of the study. We would recommend that you speak to a climate specialist when
choosing sources.

Q. What are other impacts from sea level rise that parks should consider?

A. Impacts from sea level rise could include, but are not limited to, increased erosion,
damaged cultural resources, damage to above and below ground infrastructure, difficulty
accessing inundated infrastructure, increased groundwater intrusion, altered groundwater
salinity, diminished space for recreational activities (possibly leading to conflict between
different recreational users), and the complete loss or migration of certain coastal ecosystems.
For more information on the topic, please see the Coastal Adaptation Strategies Handbook

at: http://www.nps.gov/subjects/climatechange/coastalhandbook.htm
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Appendix C
Waysides

The following pages show the final designs for waysides that were installed in parks as part of the
funding for this project. Gulf Islands National Seashore received two waysides that were received in
2015. Jean Lafitte National Historical Park and Preserve and Fire Island National Seashores waysides
were installed in 2016.
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Appendix D

Data Tables

Table D1. The nearest long-term tide gauge to each of the 118 national park service units used in this report.

Is Tide Gauge Length of Rate of
Within The Park Record Used Subsidence
Region Park Unit Nearest Tide Gauge Boundary? )" (mmly)
Northeast Region Acadia National Park Bar Harbor, ME (8413320) N 60 0.750
Assateague Island National Lewes, DE (8557380) N 88 1.660
Seashore?
Boston Harbor Islands National ~ Boston, MA (8443970) N 86 0.840
Recreation Area
Boston National Historical Park  Boston, MA (8443970) N 86 0.840
Cape Cod National Seashore Woods Hole, MA (8447930) N 75 0.970
Castle Clinton National New York, The Battery, NY N 151 1.220
Monument (8518750)
Colonial National Historical Park Sewells Point, VA (8638610) N 80 2.610
Edgar Allen Poe National Philadelphia, PA (8545240) N 107 1.060
Historic Site
Federal Hall National Memorial New York, The Battery, NY N 151 1.220
(8518750)
Fire Island National Seashore Montauk, NY (8510560) N 60 1.230
Fort McHenry National Baltimore, MD (8574680) N 105 1.330

Monument and Historic Shrine

TNumber of years used by the USACE to calculate sea level change (source: http://www.corpsclimate.us/ccaceslcurves(superseded).cfm)

*It is not recommended that you use this tide gauge data to determine land level for this park. The boundary is located either too far away or on a different
land mass to where the nearest tide gauge is, which increases the inaccuracy of this data. It is strongly recommended that you wait for the forthcoming NASA
report on land level (Nerem in prep).

*The park boundary stretches over either large or multiple areas. More than one tide gauge record is appropriate for this park.
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Table D1 (continued). The nearest long-term tide gauge to each of the 118 national park service units used in this report.

Is Tide Gauge Length of Rate of
Within The Park Record Used Subsidence

Region Park Unit Nearest Tide Gauge Boundary? ' (mmly)
Northeast Region Fort Monroe National Sewells Point, VA (8638610) N 80 2.610
(continued) Monument*

Gateway National Recreation Sandy Hook, NJ (8531680) N 75 2.270

Area**

General Grant National New York, The Battery, NY N 151 1.220

Memorial (8518750)

George Washington Birthplace  Solomons Island, MD (8577330) N 70 1.830

National Monument*

Governors Island National New York, The Battery, NY N 151 1.220

Monument* (8518750)

Hamilton Grange National New York, The Battery, NY N 151 1.220

Memorial (8518750)

Harriet Tubman Underground Cambridge, MD (8571892) N 64 1.900

Railroad National Monument

Independence National Philadelphia, PA (8545240) N 107 1.060

Historical Park

New Bedford Whaling National ~ Woods Hole, MA (8447930) N 75 0.970

Historical Park

Petersburg National Battlefield*  Sewells Point, VA (8638610) N 80 2.610

Roger Williams National Providence, RI (8454000) N 69 0.300

Memorial

TNumber of years used by the USACE to calculate sea level change (source: http://www.corpsclimate.us/ccaceslcurves(superseded).cfm)

*It is not recommended that you use this tide gauge data to determine land level for this park. The boundary is located either too far away or on a different
land mass to where the nearest tide gauge is, which increases the inaccuracy of this data. It is strongly recommended that you wait for the forthcoming NASA
report on land level (Nerem in prep).

*The park boundary stretches over either large or multiple areas. More than one tide gauge record is appropriate for this park.
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Table D1 (continued). The nearest long-term tide gauge to each of the 118 national park service units used in this report.

Is Tide Gauge Length of Rate of
Within The Park Record Used Subsidence

Region Park Unit Nearest Tide Gauge Boundary? ' (mmly)
Northeast Region Sagamore Hill National Historic  Kings Point, NY (8516945) N 76 0.670
(continued) Site

Saint Croix Island International ~ Eastport, ME (8410140) N 78 0.350

Historic Site*

Salem Maritime National Boston, MA (8443970) N 86 0.840

Historic Site

Saugus Iron Works National Boston, MA (8443970) N 86 0.840

Historic Site

Statue of Liberty National New York, The Battery, NY N 151 1.220

Monument* (8518750)

Thaddeus Kosciuszko National  Philadelphia, PA (8545240) N 107 1.060

Memorial

Theodore Roosevelt Birthplace  New York, The Battery, NY N 151 1.220

National Historic Site (8518750)
Southeast Region Big Cypress National Preserve  Naples, FL (8725110) N 42 0.270

Biscayne National Park* Miami Beach, FL (Inactive — N 51 0.690

8723170)

Buck Island Reef National San Juan, Puerto Rico N 45 -0.020

Monument* (9755371)

Canaveral National Seashore Daytona Beach Shores, FL N 59 0.620

(Inactive — 8721120)

TNumber of years used by the USACE to calculate sea level change (source: http://www.corpsclimate.us/ccaceslcurves(superseded).cfm)

*It is not recommended that you use this tide gauge data to determine land level for this park. The boundary is located either too far away or on a different
land mass to where the nearest tide gauge is, which increases the inaccuracy of this data. It is strongly recommended that you wait for the forthcoming NASA
report on land level (Nerem in prep).

*The park boundary stretches over either large or multiple areas. More than one tide gauge record is appropriate for this park.
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Table D1 (continued). The nearest long-term tide gauge to each of the 118 national park service units used in this report.

Is Tide Gauge Length of Rate of
Within The Park Record Used Subsidence

Region Park Unit Nearest Tide Gauge Boundary? ' (mmly)
Southeast Region Cape Hatteras National Beaufort, NC (8656483) N 54 0.790
(continued) Seashore**

Cape Lookout National Beaufort, NC (8656483) N 54 0.790

Seashore

Castillo De San Marcos National Mayport, FL (8720218) N 79 0.590

Monument*

Charles Pinckney National Charleston, SC (8665530) N 86 1.240

Historic Site

Christiansted National Historic San Juan, Puerto Rico N 45 -0.202

Sitet (9755371)

Cumberland Island National Fernandina Beach, FL N 110 0.600

Seashore* (8720030)

De Soto National Memorial St. Petersburg, FL (8726520) N 60 0.920

Dry Tortugas National Park* Key West, FL (8724580) N 94 0.500

Everglades National Park** Miami Beach, FL (Inactive — N 51 0.690

8723170)

Fort Caroline National Fernandina Beach, FL N 110 0.600

Memorial* (8720030)

Fort Frederica National Fernandina Beach, FL N 110 0.600

Monument¥ (8720030)

Fort Matanzas National Daytona Beach Shores, FL N 59 0.620

Monument? (Inactive — 8721120)

TNumber of years used by the USACE to calculate sea level change (source: http://www.corpsclimate.us/ccaceslcurves(superseded).cfm)

*It is not recommended that you use this tide gauge data to determine land level for this park. The boundary is located either too far away or on a different
land mass to where the nearest tide gauge is, which increases the inaccuracy of this data. It is strongly recommended that you wait for the forthcoming NASA
report on land level (Nerem in prep).

*The park boundary stretches over either large or multiple areas. More than one tide gauge record is appropriate for this park.
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Table D1 (continued). The nearest long-term tide gauge to each of the 118 national park service units used in this report.

Is Tide Gauge Length of Rate of
Within The Park Record Used Subsidence

Region Park Unit Nearest Tide Gauge Boundary? ' (mmly)
Southeast Region Fort Pulaski National Monument Fort Pulaski, GA (8670870) Y 72 1.360
(continued)

Fort Raleigh National Historic Beaufort, NC (8656483) N 54 0.790

Site?

Fort Sumter National Charleston, SC (8665530) N 86 1.240

Monument*

Gulf Islands National Seashore  Dauphin Island, AL (8735180) N 41 1.220

(Alabama section)**

Gulf Islands National Seashore  Pensacola, FL (8729840) N 84 0.330

(Florida section)**

Jean Lafitte National Historical ~ Grand Isle, LA (8761724) N 60 7.600

Park and Preserve*

Moores Creek National Wilmington, NC (8658120) N 72 0.430

Battlefield*

New Orleans Jazz National Grand Isle, LA (8761724) N 60 7.600

Historical Park*

Salt River Bay National San Juan, Puerto Rico N 45 -0.020

Historical Park and Ecological (9755371)

Preserve?

San Juan National Historic Site  San Juan, Puerto Rico N 45 -0.020

(9755371)
Timucuan Ecological and Fernandina Beach, FL N 110 0.600

Historic Preserve*

(8720030)

TNumber of years used by the USACE to calculate sea level change (source: http://www.corpsclimate.us/ccaceslcurves(superseded).cfm)

*It is not recommended that you use this tide gauge data to determine land level for this park. The boundary is located either too far away or on a different
land mass to where the nearest tide gauge is, which increases the inaccuracy of this data. It is strongly recommended that you wait for the forthcoming NASA
report on land level (Nerem in prep).

*The park boundary stretches over either large or multiple areas. More than one tide gauge record is appropriate for this park.
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Table D1 (continued). The nearest long-term tide gauge to each of the 118 national park service units used in this report.

Is Tide Gauge Length of Rate of
Within The Park Record Used Subsidence
Region Park Unit Nearest Tide Gauge Boundary? ' (mmly)
Southeast Region Virgin Islands Coral reef San Juan, Puerto Rico N 45 -0.020
(continued) National Monument* (9755371)
Virgin Islands National Park* San Juan, Puerto Rico N 45 -0.020
(9755371)
Wright Brothers National Sewells Point, VA (8638610) N 80 2.610
Memorial*
National Capital Region  Anacostia Park Washington, DC (8594900) N 83 1.340
Chesapeake and Ohio Canal Washington, DC (8594900) N 83 1.340
National Historical Park
Constitution Gardens Washington, DC (8594900) N 83 1.340
Fort Washington Park Washington, DC (8594900) N 83 1.340
George Washington Memorial Washington, DC (8594900) N 83 1.340
Parkway
Harpers Ferry National Washington, DC (8594900) N 83 1.340
Historical Park
Korean War Veterans Memorial Washington, DC (8594900) N 83 1.340
Lincoln Memorial Washington, DC (8594900) N 83 1.340
Lyndon Baines Johnson Washington, DC (8594900) N 83 1.340
Memorial Grove on the Potomac
National Memorial
Martin Luther King Jr. Memorial ~Washington, DC (8594900) N 83 1.340

TNumber of years used by the USACE to calculate sea level change (source: http://www.corpsclimate.us/ccaceslcurves(superseded).cfm)

*It is not recommended that you use this tide gauge data to determine land level for this park. The boundary is located either too far away or on a different
land mass to where the nearest tide gauge is, which increases the inaccuracy of this data. It is strongly recommended that you wait for the forthcoming NASA
report on land level (Nerem in prep).

*The park boundary stretches over either large or multiple areas. More than one tide gauge record is appropriate for this park.
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Table D1 (continued). The nearest long-term tide gauge to each of the 118 national park service units used in this report.

Is Tide Gauge Length of Rate of
Within The Park Record Used Subsidence

Region Park Unit Nearest Tide Gauge Boundary? ' (mmly)
National Capital Region  National Mall Washington, DC (8594900) N 83 1.340
(continued)

National Mall and Memorial Washington, DC (8594900) N 83 1.340

Parks

National World War || Memorial ~Washington, DC (8594900) N 83 1.340

Piscataway Park Washington, DC (8594900) N 83 1.340

Potomac Heritage National Washington, DC (8594900) N 83 1.340

Scenic Trail

President’s Park (White House) Washington, DC (8594900) N 83 1.340

Rock Creek Park Washington, DC (8594900) N 83 1.340

Theodore Roosevelt Island Park Washington, DC (8594900) N 83 1.340

Thomas Jefferson Memorial Washington, DC (8594900) N 83 1.340

Vietnam Veterans Memorial Washington, DC (8594900) N 83 1.340

Washington Monument Washington, DC (8594900) N 83 1.340
Intermountain Region Big Thicket National Preserve*  Sabine Pass, TX (8770570) N 49 3.850

Palo Alto Battlefield National Port Isabel, TX (8779770) N 63 2.160

Historical Park*

Padre Island National Padre Island, TX (8779750) N 49 1.780

Seashore*

TNumber of years used by the USACE to calculate sea level change (source: http://www.corpsclimate.us/ccaceslcurves(superseded).cfm)

*t is not recommended that you use this tide gauge data to determine land level for this park. The boundary is located either too far away or on a different
land mass to where the nearest tide gauge is, which increases the inaccuracy of this data. It is strongly recommended that you wait for the forthcoming NASA
report on land level (Nerem in prep).

*The park boundary stretches over either large or multiple areas. More than one tide gauge record is appropriate for this park.
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Is Tide Gauge Length of Rate of
Within The Park Record Used Subsidence
Region Park Unit Nearest Tide Gauge Boundary? ' (mmly)
Pacific West Region American Memorial Park* Marianas Islands, Guam N 46 -2.750
(Inactive — 1630000)

Cabrillo National Monument San Diego, CA (9410170) N 101 0.370

Channel Islands National Park¥  Santa Monica, CA (9410840) N 74 -0.280

Ebey’s Landing National Friday Harbor, WA (9449880) N 73 -0.580

Historical Reserve*

Fort Point National Historic Site  San Francisco, CA (9414290) Y 110 0.360

Fort Vancouver National Historic Astoria, OR (9439040) N 82 -2.100

Sitet

Golden Gate National San Francisco, CA (9414290) N 110 0.360

Recreation Area

Haleakala National Park** Kahului, HI (1615680) N 60 0.510

Hawaii Volcanoes National Hilo, HI (1617760) N 80 1.470

Park**

Kaloko-Honokohau National Hilo, HI (1617760) N 80 1.470

Historical Park*

Lewis and Clark National Astoria, OR (9439040) N 82 -2.100

Historical Park

National Park of American Pago Pago, American Samoa N 59 0.370

Samoa (1770000)

Olympic National Park** Seattle, WA (9447130) N 109 0.540

TNumber of years used by the USACE to calculate sea level change (source: http://www.corpsclimate.us/ccaceslcurves(superseded).cfm)

*It is not recommended that you use this tide gauge data to determine land level for this park. The boundary is located either too far away or on a different
land mass to where the nearest tide gauge is, which increases the inaccuracy of this data. It is strongly recommended that you wait for the forthcoming NASA
report on land level (Nerem in prep).

*The park boundary stretches over either large or multiple areas. More than one tide gauge record is appropriate for this park.
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Table D1 (continued). The nearest long-term tide gauge to each of the 118 national park service units used in this report.

Is Tide Gauge Length of Rate of
Within The Park Record Used Subsidence
Region Park Unit Nearest Tide Gauge Boundary? ' (mmly)
Pacific West Region Point Reyes National Seashore* San Francisco, CA (9414290) N 110 0.360
(continued)
Port Chicago Naval Magazine Alameda, CA (9414750) N 68 -0.780
National Memorial*
Pu’uhonua O Honaunau Hilo, HI (1617760) N 80 1.470
National Historical Park**
Puukohola Heiau National Hilo, HI (1617760) N 80 1.470
Historic Site**
Redwood National and State Crescent City, CA (9419750) N 74 -2.380
Parks
Rosie the Riveter WWII Home Alameda, CA (9414750) N 68 -0.780
Front National Historical Park*
San Francisco Maritime San Francisco, CA (9414290) N 110 0.360
National Historical Park
Santa Monica Mountains Santa Monica, CA (9410840) N 74 -0.280
National Recreation Area
War in the Pacific National Marianas Islands, Guam N 46 -2.750
Historical Park* (Inactive — 1630000)
World War 1l Valor in the Pacific Honolulu, HI (1612340) N 102 -0.180
National Monument*
Alaska Region Aniakchak Preserve** Unalaska, AK (9462620) N 50 -7.250
Bering Land Bridge National No data No data No data No data

Preserve#

TNumber of years used by the USACE to calculate sea level change (source: http://www.corpsclimate.us/ccaceslcurves(superseded).cfm)

*It is not recommended that you use this tide gauge data to determine land level for this park. The boundary is located either too far away or on a different

land mass to where the nearest tide gauge is, which increases the inaccuracy of this data. It is strongly recommended that you wait for the forthcoming NASA

report on land level (Nerem in prep).

*The park boundary stretches over either large or multiple areas. More than one tide gauge record is appropriate for this park.



0t-da

Table D1 (continued). The nearest long-term tide gauge to each of the 118 national park service units used in this report.

Is Tide Gauge Length of Rate of
Within The Park Record Used Subsidence

Region Park Unit Nearest Tide Gauge Boundary? ' (mmly)
Alaska Region Cape Krusenstern National No data No data No data No data
(continued) Monument*

Glacier Bay National Park** Juneau, AK (9452210) N 71 -14.620

Glacier Bay Preserve** Juneau, AK (9452210) N 71 -14.620

Katmai National Park* Seldovia, AK (9455500) N 43 -11.420

Kenai Fjords National Park* Seward, AK (9455090) N 43 -3.820

Klondike Gold Rush National Skagway, AK (9452400) N 63 -18.960

Historical Park*

Lake Clark National Park* Seldovia, AK (9455500) N 43 -11.420

Sitka National Historical Park* Sitka, AK (9451600) N 83 -3.710

Wrangell — St. Elias National Cordova, AK (9454050) N 43 3.450

Park*

Wrangell — St. Elias National Cordova, AK (9454050) N 43 3.450

Preserve*

TNumber of years used by the USACE to calculate sea level change (source: http://www.corpsclimate.us/ccaceslcurves(superseded).cfm)

*t is not recommended that you use this tide gauge data to determine land level for this park. The boundary is located either too far away or on a different
land mass to where the nearest tide gauge is, which increases the inaccuracy of this data. It is strongly recommended that you wait for the forthcoming NASA
report on land level (Nerem in prep).

*The park boundary stretches over either large or multiple areas. More than one tide gauge record is appropriate for this park.
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Table D2. Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Northeast Region Acadia National Park 2030 0.08 0.09 0.09 0.1
2050 0.14 0.16 0.16 0.19
2100 0.28 0.36 0.39 0.54
Assateague Island National 2030 0.15 0.15 0.15 0.14
Seashore$
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
Boston Harbor Islands National 2030 0.11% 0.11 0.11% 0.11
Recreation Area
2050 0.19% 0.2 0.20% 0.22
2100 0.37% 0.45 0.50% 0.62
Boston National Historical Park 2030 0.11% 0.11 0.11% 0.11
2050 0.19% 0.2 0.20% 0.22
2100 0.37% 0.45 0.50% 0.62
Cape Cod National Seashore$ 2030 0.13 0.15 0.13 0.15
2050 0.23 0.27 0.23 0.29
2100 0.45 0.51 0.57 0.69
Castle Clinton National 2030 0.15 0.14 0.14 0.14
Monument*
2050 0.26 0.25 0.25 0.27
2100 0.52 0.58 0.62 0.77

*Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

TParks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

8Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table D2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Northeast Region Colonial National Historical Park 2030 0.16 0.15 0.15 0.15
(continued)
2050 0.27 0.28 0.27 0.29
2100 0.55 0.64 0.67 0.81
Edgar Allen Poe National 2030 0.16* 0.15 0.15% 0.14
Historic Site*
2050 0.27% 0.27 0.27% 0.28
2100 0.54% 0.62 0.68* 0.79
Federal Hall National Memorial* 2030 0.15 0.14 0.14 0.14
2050 0.26 0.25 0.25 0.27
2100 0.52 0.58 0.62 0.77
Fire Island National Seashore$ 2030 0.14 0.14 0.14 0.14
2050 0.25 0.26 0.25 0.27
2100 0.5 0.58 0.62 0.76
Fort McHenry National 2030 0.16* 0.15 0.15* 0.14
Monument and Historic Shrine
2050 0.27* 0.27 0.27* 0.28
2100 0.54* 0.62 0.68* 0.79
Fort Monroe National Monument 2030 0.16 0.15 0.15 0.15
2050 0.27 0.28 0.27 0.29
2100 0.55 0.64 0.67 0.81

*Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

TParks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table D2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Northeast Region Gateway National Recreation 2030 0.15 0.14 0.14 0.14
(continued) Area
2050 0.26 0.25 0.25 0.27
2100 0.52 0.58 0.62 0.77
General Grant National 2030 0.15 0.14 0.14 0.14
Memorial*
2050 0.26 0.25 0.25 0.27
2100 0.52 0.58 0.62 0.77
George Washington Birthplace 2030 0.15 0.15 0.15 0.14
National Monument
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
Governors Island National 2030 0.15 0.14 0.14 0.14
Monument
2050 0.26 0.25 0.25 0.27
2100 0.52 0.58 0.62 0.77
Hamilton Grange National 2030 0.15 0.14 0.14 0.14
Memorial*
2050 0.26 0.25 0.25 0.27
2100 0.52 0.58 0.62 0.77
Harriet Tubman Underground 2030 0.15 0.15 0.15 0.14
Railroad National Monument
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8

*Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

TParks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table D2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Northeast Region Independence National 2030 0.16% 0.15 0.15% 0.14
(continued) Historical Park*
2050 0.27% 0.27 0.27% 0.28
2100 0.54% 0.62 0.68% 0.79
New Bedford Whaling National 2030 0.13 0.13 0.12 0.13
Historical Park*
2050 0.22 0.23 0.22 0.25
2100 0.45 0.53 0.55 0.7
Petersburg National Battlefield* 2030 0.16 0.15 0.15 0.15
2050 0.27 0.28 0.27 0.29
2100 0.55 0.64 0.67 0.81
Roger Williams National 2030 0.13 0.13 0.12 0.13
Memorial*
2050 0.22 0.23 0.22 0.25
2100 0.45 0.53 0.55 0.7
Sagamore Hill National Historic 2030 0.15 0.14 0.14 0.14
Site
2050 0.26 0.25 0.25 0.27
2100 0.52 0.58 0.62 0.77
Saint Croix Island International 2030 0.15 0.14 0.14 0.14
Historic Site
2050 0.26 0.26 0.26 0.27
2100 0.52 0.59 0.64 0.76

*Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

TParks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table D2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Northeast Region Salem Maritime National 2030 0.11* 0.11 0.11* 0.11
(continued) Historic Site
2050 0.19% 0.2 0.20% 0.22
2100 0.37% 0.45 0.50* 0.62
Saugus Iron Works National 2030 0.11% 0.11 0.11% 0.11
Historic Site
2050 0.19% 0.2 0.20* 0.22
2100 0.37+ 0.45 0.50* 0.62
Statue of Liberty National 2030 0.15 0.14 0.14 0.14
Monument
2050 0.26 0.25 0.25 0.27
2100 0.52 0.58 0.62 0.77
Thaddeus Kosciuszko National 2030 0.16* 0.15 0.15% 0.14
Memorial*
2050 0.27% 0.27 0.27% 0.28
2100 0.54% 0.62 0.68* 0.79
Theodore Roosevelt Birthplace 2030 0.15 0.14 0.14 0.14
National Historic Site*
2050 0.26 0.25 0.25 0.27
2100 0.52 0.58 0.62 0.77
Southeast Region Big Cypress National Preserve® 2030 0.13 0.13 0.12 0.13
2050 0.23 0.24 0.22 0.24
2100 0.46 0.54 0.55 0.69

*Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

TParks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table D2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Southeast Region Biscayne National Park 2030 0.14* 0.13 0.12 0.12
(continued)
2050 0.24% 0.23 0.21 0.24
2100 0.47% 0.53 0.53 0.68
Buck Island Reef National 2030 0.13 0.12 0.11 0.12
Monument
2050 0.22 0.22 0.2 0.23
2100 0.44 0.5 0.51 0.64
Canaveral National Seashore 2030 0.14% 0.13 0.13% 0.12
2050 0.25% 0.24 0.24% 0.24
2100 0.50% 0.54 0.59% 0.68
Cape Hatteras National 2030 0.15% 0.15 0.15 0.14
Seashore
2050 0.26% 0.28 0.28 0.28
2100 0.53% 0.63 0.68 0.79
Cape Lookout National 2030 0.15 0.15 0.15 0.14
Seashore®
2050 0.26 0.27 0.26 0.27
2100 0.53 0.61 0.65 0.76
Castillo De San Marcos National 2030 0.14 0.13 0.13 0.13
Monument
2050 0.24 0.24 0.23 0.25
2100 0.47 0.56 0.56 0.7

*Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

TParks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table D2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Southeast Region Charles Pinckney National 2030 0.14 0.14 0.13 0.13
(continued) Historic Site* 2050 0.25 0.25 0.24 0.25
2100 0.49 0.57 0.59 0.72
C_hristiansted National Historic 2030 0.13 0.12 0.11 0.12
Stte 2050 0.22 0.22 0.2 0.23
2100 0.44 0.5 0.51 0.64
Cumberland Island National 2030 0.14 0.13 0.13 0.13
Seashore 2050 0.24 0.24 0.23 0.25
2100 0.47 0.56 0.56 0.7
De Soto National Memorial 2030 0.14 0.13 0.13 0.13
2050 0.24 0.24 0.23 0.25
2100 0.48 0.56 0.57 0.72
Dry Tortugas National Park® 2030 0.14 0.13 0.13 0.13
2050 0.24 0.24 0.23 0.24
2100 0.47 0.54 0.56 0.69
Everglades National Park® 2030 0.13 0.13 0.12 0.17
2050 0.23 0.23 0.22 0.24
2100 0.46 0.53 0.54 0.68

*Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

TParks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table D2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Southeast Region Fort Caroline National Memorial 2030 0.14 0.13 0.13 0.13
(continued)
2050 0.23 0.24 0.22 0.24
2100 0.47 0.56 0.56 0.7
Fort Frederica National 2030 0.14 0.13 0.12 0.12
Monument
2050 0.23 0.24 0.22 0.24
2100 0.47 0.54 0.54 0.69
Fort Matanzas National 2030 0.14 0.13 0.13 0.13
Monument
2050 0.23 0.24 0.22 0.24
2100 0.47 0.56 0.56 0.7
Fort Pulaski National 2030 0.14 0.14 0.13 0.13
Monument$
2050 0.25 0.25 0.24 0.25
2100 0.49 0.57 0.59 0.72
Fort Raleigh National Historic 2030 0.15% 0.15 0.15 0.14
Site
2050 0.27% 0.28 0.28 0.28
2100 0.53% 0.63 0.68 0.79
Fort Sumter National Monument 2030 0.14 0.14 0.13 0.13
2050 0.25 0.25 0.24 0.25
2100 0.49 0.57 0.59 0.72

*Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

TParks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table D2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Southeast Region Gulf Islands National Seashore$ 2030 0.14 0.13 0.13 0.13
(continued)
2050 0.24 0.24 0.23 0.25
2100 0.48 0.55 0.57 0.7
Jean Lafitte National Historical 2030 0.14 0.13 0.13 0.12
Park and Preserve's
2050 0.24 0.23 0.23 0.24
2100 0.48 0.54 0.56 0.68
Moores Creek National 2030 0.15 0.15 0.15 0.14
Battlefield*
2050 0.26 0.27 0.26 0.27
2100 0.53 0.61 0.65 0.76
New Orleans Jazz National 2030 0.14 0.13 0.13 0.12
Historical Park*
2050 0.24 0.23 0.23 0.24
2100 0.48 0.54 0.56 0.68
Salt River Bay National Historic 2030 0.13 0.12 0.11 0.12
Park and Ecological Preserve
2050 0.22 0.22 0.2 0.23
2100 0.44 0.5 0.51 0.64
San Juan National Historic Site 2030 0.12 0.12 0.11 0.12
2050 0.22 0.22 0.2 0.22
2100 0.43 0.49 0.5 0.64

*Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

TParks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table D2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Southeast Region Timucuan Ecological and 2030 0.14 0.13 0.13 0.13
(continued) Historic Preserve
2050 0.24 0.24 0.23 0.25
2100 0.47 0.56 0.56 0.7
Virgin Islands Coral Reef 2030 0.13 0.12 0.11 0.12
National Monument
2050 0.22 0.22 0.21 0.23
2100 0.44 0.5 0.51 0.64
Virgin Islands National Park® 2030 0.13 0.12 0.11 0.12
2050 0.22 0.22 0.21 0.23
2100 0.44 0.5 0.51 0.64
Wright Brothers National 2030 0.15% 0.16 0.16 0.15
Memorial*
2050 0.27% 0.29 0.28 0.29
2100 0.53% 0.65 0.7 0.82
National Capital Region  Anacostia Park* 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
Chesapeake & Ohio Canal 2030 0.15 0.15 0.15 0.14
National Historical Park®
2050 0.26 0.27 0.26 0.28
2100 0.53 0.62 0.66 0.79

*Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

TParks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table D2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
National Capital Region  Constitution Gardens* 2030 0.15 0.15 0.15 0.14
(continued)
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
Fort Washington Park* 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
George Washington Memorial 2030 0.15% 0.15 0.15% 0.14
Parkway®
2050 0.26% 0.27 0.26% 0.28
2100 0.53% 0.62 0.66% 0.79
Harpers Ferry National 2030 0.15 0.15 0.15 0.14
Historical Park*$
2050 0.26 0.27 0.26 0.28
2100 0.53 0.62 0.66 0.79
Korean War Veterans Memorial* 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
Lincoln Memorial* 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8

*Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

TParks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table D2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for

further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
National Capital Region  Lyndon Baines Johnson 2030 0.15 0.15 0.15 0.14
(continued) I\N/I:trir;?]g?IMCer?]\é?i;n the Potomac 2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
Martin Luther King Jr. Memorial* 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
National Mall* 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
National Mall & Memorial Parks* 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
National World War II Memorial* 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
Piscataway Park* 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8

*Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

TParks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased

relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in

cases where boundaries crossed into null data cells.
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Table D2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for

further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
National Capital Region  Potomac Heritage National 2030 0.15 0.15 0.15 0.14
(continued) Scenic Trail 2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
President’'s Park (White House)* 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
Rock Creek Park 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
Theodore Roosevelt Island Park 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
Thomas Jefferson Memorial* 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
Vietham Veterans Memorial* 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8

*Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

TParks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased

relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in

cases where boundaries crossed into null data cells.
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Table D2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
National Capital Region  Washington Monument* 2030 0.15 0.15 0.15 0.14
(continued)
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
Intermountain Region Big Thicket National Preserve* 2030 0.14% 0.12 0.12% 0.12
2050 0.23% 0.23 0.22% 0.23
2100 0.47% 0.51 0.55% 0.66
Palo Alto Battlefield National 2030 0.13 0.13 0.13 0.12
Historical Park*$
2050 0.23 0.23 0.22 0.24
2100 0.46 0.53 0.56 0.69
Padre Island National 2030 0.13 0.13 0.13 0.12
Seashore®
2050 0.23 0.23 0.22 0.24
2100 0.46 0.53 0.56 0.69
Pacific West Region American Memorial Park 2030 0.13 0.12 0.12 0.12
2050 0.22 0.22 0.22 0.24
2100 0.44 0.51 0.54 0.68
Cabrillo National Monument 2030 0.1 0.1 0.09 0.1
2050 0.17 0.17 0.17 0.19
2100 0.35 0.4 0.41 0.53

*Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

TParks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table D2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Pacific West Region Channel Islands National Park® 2030 0.11 0.11 0.1 0.1
(continued)
2050 0.2 0.19 0.18 0.2
2100 0.39 0.44 0.46 0.57
Ebey’s Landing National 2030 0.1 0.09 0.09 0.08
Historical Reserve
2050 0.17 0.16 0.16 0.16
2100 0.34 0.37 0.39 0.46
Fort Point National Historic Site 2030 0.11 0.1 0.1 0.1
2050 0.18 0.18 0.17 0.19
2100 0.37 0.41 0.43 0.53
Fort Vancouver National Historic 2030 0.12 0.11 0.11 0.1
Site*
2050 0.21 0.2 0.19 0.19
2100 0.42 0.45 0.47 0.55
Golden Gate National 2030 0.11 0.1 0.1 0.1
Recreation Area$
2050 0.19 0.18 0.17 0.19
2100 0.37 0.42 0.43 0.54
Haleakala National Park 2030 0.13 0.12 0.12 0.12
2050 0.22 0.22 0.21 0.24
2100 0.44 0.5 0.52 0.67

*Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

TParks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table D2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Pacific West Region Hawaii Volcanoes National Park 2030 0.13 0.12 0.12 0.12
(continued)
2050 0.22 0.22 0.21 0.24
2100 0.44 0.5 0.52 0.67
Kalaupapa National Historical 2030 0.13 0.12 0.12 0.12
Parks
2050 0.22 0.22 0.21 0.24
2100 0.44 0.5 0.52 0.66
Kaloko-Honokohau National 2030 0.13 0.12 0.12 0.12
Historical Park
2050 0.22 0.22 0.21 0.24
2100 0.44 0.5 0.52 0.67
Lewis and Clark National 2030 0.12 0.1 0.1 0.1
Historical Park$
2050 0.2 0.19 0.18 0.19
2100 0.4 0.44 0.46 0.53
National Park of American 2030 0.13 0.12 0.12 0.12
Samoa
2050 0.22 0.22 0.21 0.23
2100 0.44 0.5 0.52 0.65
Olympic National Park® 2030 0.1 0.09 0.09 0.08
2050 0.17 0.16 0.16 0.16
2100 0.34 0.37 0.39 0.46

*Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

TParks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table D2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Pacific West Region Point Reyes National Seashore® 2030 0.11 0.1 0.1 0.1
(continued)
2050 0.19 0.19 0.18 0.19
2100 0.38 0.43 0.45 0.55
Port Chicago Naval Magazine 2030 0.11 0.1 0.1 0.1
National Memorial
2050 0.18 0.18 0.17 0.19
2100 0.37 0.41 0.43 0.53
Pu’'uhonua O Honaunau 2030 0.13 0.12 0.12 0.12
National Historical Park
2050 0.22 0.22 0.21 0.24
2100 0.44 0.5 0.52 0.67
Puukohola Heiau National 2030 0.13 0.12 0.12 0.12
Historic Site
2050 0.22 0.22 0.21 0.24
2100 0.44 0.51 0.52 0.67
Redwood National and State 2030 0.12 0.11 0.1 0.1
Parks
2050 0.2 0.19 0.18 0.2
2100 0.4 0.44 0.46 0.56
Rosie the Riveter WWII Home 2030 0.11 0.1 0.1 0.1
Front National Historical Park
2050 0.18 0.18 0.17 0.19
2100 0.37 0.41 0.43 0.53

*Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

TParks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table D2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Pacific West Region San Francisco Maritime 2030 0.11 0.1 0.1 0.1
(continued) National Historical Park
2050 0.18 0.18 0.17 0.19
2100 0.37 0.41 0.43 0.53
San Juan Island National 2030 0.1 0.09 0.09 0.08
Historical Park
2050 0.17 0.16 0.16 0.16
2100 0.34 0.37 0.39 0.46
Santa Monica Mountains 2030 0.12 0.11 0.1 0.11
National Recreation Area$
2050 0.2 0.2 0.19 0.2
2100 0.4 0.45 0.46 0.58
War in the Pacific National 2030 0.13 0.12 0.12 0.12
Historical Park
2050 0.22 0.22 0.22 0.24
2100 0.44 0.51 0.54 0.68
World War Il Valor in the Pacific 2030 0.13 0.12 0.12 0.12
National Monument$
2050 0.22 0.22 0.21 0.23
2100 0.44 0.5 0.52 0.67
Alaska Region Aniakchak Preserve® 2030 0.09% 0.09 0.09 0.09
2050 0.15% 0.17 0.16 0.18
2100 0.31% 0.38 0.4 0.51

*Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

TParks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table D2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Alaska Region Bering Land Bridge National 2030 0.11 0.11 0.1 0.11
(continued) Preserve? 2050 0.18 0.19 0.18 0.21
2100 0.37 0.44 0.45 0.6
Cape Krusenstern National 2030 0.1 0.1 0.1 0.1
Monument$
2050 0.17 0.18 0.17 0.2
2100 0.35 0.42 0.43 0.58
Glacier Bay National Park'® 2030 0.07 0.06 0.06 0.06
2050 0.11 0.11 0.11 0.12
2100 0.23 0.25 0.28 0.34
Glacier Bay Preserve’ 2030 0.06 0.06 0.06 0.06
2050 0.11 0.11 0.11 0.11
2100 0.22 0.24 0.27 0.33
Katmai National Park® 2030 0.09 0.08 0.08 0.08
2050 0.15 0.15 0.15 0.16
2100 0.31 0.34 0.37 0.47
Katmai National Preserve's 2030 0.09 0.08 0.08 0.08
2050 0.15 0.15 0.14 0.16
2100 0.3 0.33 0.34 0.45

*Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

TParks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table D2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Alaska Region Kenai Fjords National Park's 2030 0.09* 0.08 0.08* 0.08
(continued)
2050 0.15% 0.14 0.14* 0.15
2100 0.30* 0.33 0.34* 0.44
Klondike Gold Rush National 2030 0.06% 0.06 0.06* 0.06
Historical Park*™$
2050 0.11 0.11 0.11% 0.11
2100 0.22 0.24 0.27 0.33
Lake Clark National Park*t 2030 0.08 0.08 0.07 0.08
2050 0.14 0.14 0.13 0.15
2100 0.29 0.32 0.33 0.43
Sitka National Historical Park® 2030 0.08 0.07 0.07 0.07
2050 0.14 0.14 0.13 0.14
2100 0.28 0.31 0.33 0.41
Wrangell - St. Elias National 2030 0.07 0.06 0.06 0.07
Parks
2050 0.12 0.12 0.11 0.12
2100 0.23 0.26 0.8 0.35
Wrangell — St. Elias National 2030 0.07 0.06 0.06 0.06
Preserve*s
2050 0.12 0.12 0.11 0.12
2100 0.23 0.26 0.29 0.35

*Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

TParks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.



Table D3. IBTrACS data (Knapp et al. 2010) were used to identify the highest recorded storm track to
have passed within 10 miles of each of the park units.

Region

Park Unit

Highest Recorded Hurricane
Within 10 mi (16.1 km)

Northeast Region

Acadia National Park
Assateague Island National Seashore

Boston Harbor Islands National
Recreation Area

Boston National Historical Park

Cape Cod National Seashore

Castle Clinton National Monument
Colonial National Historical Park
Edgar Allen Poe National Historic Site
Federal Hall National Memorial

Fire Island National Seashore

Fort McHenry National Monument and
Historic Shrine

Fort Monroe National Monument
Gateway National Recreation Area
General Grant National Memorial

George Washington Birthplace National
Monument

Governors Island National Monument
Hamilton Grange National Memorial

Harriet Tubman Underground Railroad
National Monument

Independence National Historical Park

New Bedford Whaling National Historical
Park

Petersburg National Battlefield
Roger Williams National Memorial
Sagamore Hill National Historic Site

Saint Croix Island International Historic
Site

Salem Maritime National Historic Site

Hurricane, Saffir-Simpson category 1
Hurricane, Saffir-Simpson category 1

Hurricane, Saffir-Simpson category 2

Hurricane, Saffir-Simpson category 3
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 1
Tropical storm

Extratropical storm

Hurricane, Saffir-Simpson category 1
Hurricane, Saffir-Simpson category 2

Tropical storm

Tropical storm
Hurricane, Saffir-Simpson category 1
Hurricane, Saffir-Simpson category 1

Extratropical storm

Hurricane, Saffir-Simpson category 1
Hurricane, Saffir-Simpson category 1

Tropical storm

Extratropical storm

Extratropical storm

Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 3
Hurricane, Saffir-Simpson category 2

Hurricane, Saffir-Simpson category 2

Hurricane, Saffir-Simpson category 1
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Table D3 (continued). IBTrACS data (Knapp et al. 2010) were used to identify the highest recorded
storm track to have passed within 10 miles of each of the park units.

Region

Park Unit

Highest Recorded Hurricane
Within 10 mi (16.1 km)

Northeast Region
(continued)

Southeast Region

Saugus Iron Works National Historic Site
Statue of Liberty National Monument
Thaddeus Kosciuszko National Memorial

Theodore Roosevelt Birthplace National
Historic Site

Big Cypress National Preserve
Biscayne National Park

Buck Island Reef National Monument
Canaveral National Seashore

Cape Hatteras National Seashore
Cape Lookout National Seashore

Castillo De San Marcos National
Monument

Charles Pinckney National Historic Site
Christiansted National Historic Site
Cumberland Island National Seashore
De Soto National Memorial

Dry Tortugas National Park
Everglades National Park

Fort Caroline National Memorial

Fort Frederica National Monument
Fort Matanzas National Monument
Fort Pulaski National Monument

Fort Raleigh National Historic Site
Fort Sumter National Monument

Gulf Islands National Seashore

Jean Lafitte National Historical Park and
Preserve

Moores Creek National Battlefield

Hurricane, Saffir-Simpson category 1
Hurricane, Saffir-Simpson category 1
Extratropical storm

Hurricane, Saffir-Simpson category 1

Hurricane, Saffir-Simpson category 4
Hurricane, Saffir-Simpson category 4
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 3
Hurricane, Saffir-Simpson category 3

Hurricane, Saffir-Simpson category 3

Hurricane, Saffir-Simpson category 4
Hurricane, Saffir-Simpson category 4
Hurricane, Saffir-Simpson category 4
Hurricane, Saffir-Simpson category 1
Hurricane, Saffir-Simpson category 4
Hurricane, Saffir-Simpson category 5
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 1
Hurricane, Saffir-Simpson category 1
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 4
Hurricane, Saffir-Simpson category 4

Hurricane, Saffir-Simpson category 2

Hurricane, Saffir-Simpson category 1
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Table D3 (continued). IBTrACS data (Knapp et al. 2010) were used to identify the highest recorded
storm track to have passed within 10 miles of each of the park units.

Region

Park Unit

Highest Recorded Hurricane
Within 10 mi (16.1 km)

Southeast Region
(continued)

National Capital Region

New Orleans Jazz National Historical Park

Salt River Bay National Historic Park and
Ecological Preserve

San Juan National Historic Site

Timucuan Ecological and Historic
Preserve

Virgin Islands Coral Reef National
Monument

Virgin Islands National Park
Wright Brothers National Memorial
Anacostia Park

Chesapeake & Ohio Canal National
Historical Park

Constitution Gardens

Fort Washington Park

George Washington Memorial Parkway
Harpers Ferry National Historical Park
Korean War Veterans Memorial

Lincoln Memorial

Lyndon Baines Johnson Memorial Grove
on the Potomac National Memorial

Martin Luther King Jr. Memorial
National Mall

National Mall & Memorial Parks
National World War Il Memorial
Piscataway Park

Potomac Heritage National Scenic Trail
President’'s Park (White House)

Rock Creek Park

Theodore Roosevelt Island Park

Thomas Jefferson Memorial

Hurricane, Saffir-Simpson category 2

Hurricane, Saffir-Simpson category 4

Hurricane, Saffir-Simpson category 3

Hurricane, Saffir-Simpson category 2

Hurricane, Saffir-Simpson category 3

Hurricane, Saffir-Simpson category 3
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2

Hurricane, Saffir-Simpson category 2

Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2
Extratropical storm

Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2

Hurricane, Saffir-Simpson category 2

Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2

Hurricane, Saffir-Simpson category 2
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Table D3 (continued). IBTrACS data (Knapp et al. 2010) were used to identify the highest recorded
storm track to have passed within 10 miles of each of the park units.

Region

Park Unit

Highest Recorded Hurricane
Within 10 mi (16.1 km)

National Capital Region
(continued)

Intermountain Region

Pacific West Region

Vietnam Veterans Memorial
Washington Monument
Big Thicket National Preserve

Palo Alto Battlefield National Historical
Park

Padre Island National Seashore
American Memorial Park
Cabrillo National Monument
Channel Islands National Park

Ebey’s Landing National Historical
Reserve

Fort Point National Historic Site
Fort Vancouver National Historic Site

Golden Gate National Recreation Area
Haleakala National Park

Hawaii Volcanoes National Park
Kalaupapa National Historical Park

Kaloko-Honokohau National Historical
Park

Lewis and Clark National Historical Park
National Park of American Samoa
Olympic National Park

Point Reyes National Seashore

Port Chicago Naval Magazine National
Memorial

Pu’uhonua O Honaunau National
Historical Park

Puukohola Heiau National Historic Site

Redwood National and State Parks

Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 3

No recorded historical storm

Hurricane, Saffir-Simpson category 4
Tropical storm

Tropical depression

No recorded historical storm

No recorded historical storm

No recorded historical storm
No recorded historical storm

No recorded historical storm
Tropical depression
Tropical depression
Tropical depression

Tropical depression

No recorded historical storm
No recorded historical storm
No recorded historical storm
No recorded historical storm

No recorded historical storm

No recorded historical storm

Tropical depression

No recorded historical storm

D-34



Table D3 (continued). IBTrACS data (Knapp et al. 2010) were used to identify the highest recorded

storm track to have passed within 10 miles of each of the park units.

Region

Park Unit

Highest Recorded Hurricane

Within 10 mi (16.1 km)

Pacific West Region
(continued)

Alaska Region

Rosie the Riveter WWII Home Front
National Historical Park

San Francisco Maritime National
Historical Park

San Juan Island National Historical Park

Santa Monica Mountains National
Recreation Area

War in the Pacific National Historical Park

World War Il Valor in the Pacific National
Monument

Aniakchak Preserve

Bering Land Bridge National Preserve
Cape Krusenstern National Monument
Glacier Bay National Park

Glacier Bay Preserve

Katmai National Park

Katmai National Preserve

Kenai Fjords National Park

Klondike Gold Rush National Historical
Park

Lake Clark National Park
Sitka National Historical Park
Wrangell - St. Elias National Park

Wrangell — St. Elias National Preserve

No recorded historical storm

No recorded historical storm

No recorded historical storm

No recorded historical storm

No recorded historical storm

Tropical depression

No recorded historical storm
No recorded historical storm
No recorded historical storm
No recorded historical storm
No recorded historical storm
No recorded historical storm
No recorded historical storm
No recorded historical storm

No recorded historical storm

No recorded historical storm
No recorded historical storm
No recorded historical storm

No recorded historical storm

D-35
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Comment 1: First Paragraph of Executive Summary (p vii)

Changing-Ongoing changes in relative sea levels and the potential for increasing storm surges present
challenges to national park managers. This report summarizes work done by the University of Colorado in
partnership with the National Park Service (NPS) to provide sea level rise and storm surge projections to
coastal area national parks using information from the United Nations Intergovernmental Panel on Climate
Change (IPCC) and storm surge scenarios from National Oceanic and Atmospheric Administration (NOAA)
models. This research is the first to analyze IPCC and NOAA projections of sea level and storm surge under
climate change for U.S. national parks. Results illustrate potential future inundation and storm surge due to
climate change under four greenhouse gas emissions scenarios. In addition to including multiple scenarios, the
analysis considers multiple time horizons (2030, 2050 and 2100). This analysis provides sea level rise
projections for 118 park units and storm surge projections for 79 of those parks.

Comment 2: Third Paragraph of Executive Summary (p vii)
These results are intended to inform park planning and adaptation strategies for resources managed by the
National Park Service. Sea level change and storm surge pose considerable risks to infrastructure,
archeological sites, lighthouses, forts, and other historic structures in coastal units of the national park
system.lecated-along-the-coast. Understanding projections for continued change can better gwde protect|on of
such resources for the beneflt of Iong -term visitor enJoyment and safety. _ :

Comment 3: First Paragraph of Introduction (p 1) Sentence shown in green font hasn’t changed from the
draft report. Suggest changing it back to black font. Yellow highlight text is very user-unfriendly; can we fix this
at the same time?

GIobaI sea IeveI is r|S|nq at an |ncrea5|nq rate. WhHe—seHevels—have—bee#gmduaHy—nsmg—smeeJéhemyaelal

ehangehas&g%eanﬂw%mased—#ma&&eﬁ@eb&l&e&bvel—ns&@nnsted et aI 2010 Church and Whlte
2011, Slangen et al. 2016, Fasullo et al. 2016). Continued warming of the atmosphere will cause sea levels to
continue to rise, which will have a significant impact on how we protect and manage our public lands. The rate
of warming depends on numerous factors considered by the Intergovernmental Panel on Climate Change
(IPCC) under four different representative concentration pathways (RCPs; Moss et al. 2010, Meinshausen et al.
2011). Used as the basis for this report, the RCPs are climate change scenarios based on potential
greenhouse gas concentration trajectories introduced in the fifth climate change assessment report of the
Intergovernmental Panel on Climate Change (IPCC 2013). The IPCC'’s process-based approach for estimating
future sea levels contrasts with other estimates from semi-empirical techniques that commonly generate higher
numbers.

Comment 4: Second Paragraph of Introduction (p 1)

Peek et al. (2018) estimate that the cost of sea level rise in 100 National Park Service units could exceed $23
billion if these units were exposed to one-meter of sea level rise. The aim of this report is to: 1) quantify
projections of sea level rise over the next century based on the latest IPCC (2013) models, and 2) show how
storm surge generated by hurricanes and extratropical storms could also affect these parks. [report to be cited
as In Preparation]

Comment 5;: Third Paragraph of Introduction (p 1)

When Hurricane Sandy struck New York City in 2012 it caused an estimated $19 billion in damage to public
and private infrastructure (Tollefson 2013). This single storm cannot be attributed to climate change, but the
storm surge occurred over a sea whose level had risen due to climate change. Extreme storms such as
Hurricane Sandy have extreme costs. When Hurricane Sandy struck it was estimated to have a return period
between a 398 year (Lin et al. 2016) and a 1570 year storm (Sweet et al. 2013). Currently, a 100 year storm
surge in New York City could cost $2-5 billion and a 500 year storm surge could cost $5-11 billion (Aerts et al.
2013). Under future scenarios of increasing greenhouse gas emissions, models project increasing storm
intensities (Mann and Emanuel 2006, Knutson et al. 2010, Lin et al. 2012, Ting et al. 2015).

Comment 6: First Paragraph of Methods >> Sea Level Rise Data (p 4)



Sea level rise is caused by numerous factors. Ice located on land and in the sea melts with the rise of mean
global temperatures (IPCC 2013, Gillett et al. 2013, Frolicher et al. 2014). The melting of ice found on land,
such as Greenland and Antarctica, is a significant driver of sea level rise.

Comment 7: First Paragraph of Discussion (p 26)

Global mean sea levels have been rising since the last glacial maximum (Lambeck and Chappell 2001, Clark
and Mix 2002, Lambeck et al. 2014). Church and White (2006) estimated that twentieth century global sea
levels rose at a rate of approximately 1.7 mm/y, although this rate accelerated over the latter part of the
century. Slangan et al. (2016) found that emissions of greenhouse gases have been the primary driver of global
sea level change since 1970 and that the rate of sea level rise has increased over time (Table 1). Satellite
altimetry data shows that present-day global relative sea levels are increasing at approximately 3.3 mm/y
(Cazenave et al. 2014, Fasullo et al. 2016).

Comment 8: Caption of Figure 13 (p 26)

Radiative forcing for each of the Representative Concentration Pathways (RCPs). Positive radiative forcing
means Earth receives more incoming energy from sunlight than it radiates to space. This net gain of energy will
cause-warmingwarms the earth, resulting in that-can-be-measured-as-higher global average temperatures.
RCPs replace the IPCC SRES scenarios. Note how RCP4.5 (yellow line) projections are slightly higher than
RCP6.0 (gray line) in the early part of this century. Source: Meinshausen et al. 2011._ SAME CHANGE
REQUIRED ON p v IN THE TABLE OF CONTENTS, LIST OF FIGURES

Comment 9: Sixth Paragraph of Discussion (p 27)

These estimates do not include the latest data on changing land levels. The IPCC included estimates of global
isostatic adjustment (Equation 1) in their predictions, but those do not include changes in land level due to
other factors, such as earthquakes and groundwater extraction. We expect the latest, state-of-the-art land level
estimates to be released by NASA in 2018.
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From: Perez, Larry

To: Claire Shields

Cc: Raymond Sauvajot; Cat Hoffman; Guy Adema; Brian Carlstrom; Wyse, Jennifer

Subject: Re: Invitation: Briefing - Sea Level Rise Projections Report @ Fri Feb 9, 2018 11am - 11:50am (MST)
(larry_perez@nps.gov)

Date: Tuesday, February 06, 2018 4:57:31 PM

Team,

Please use thisinformation to join us for Friday's call:

Sea Level Rise & Storm Surge Projections Report
Fri, Feb 9, 2018 11:00 AM - 11:50 AM MST

Please join my meeting from your computer, tablet or smartphone.

Join the conference call:

Conference Line:

Passcode:

First GoToMeeting? Let's do a quick system check: https://link.gotomeeting.com/system-check
Thanks for organizing, Claire!

-L

On Tue, Feb 6, 2018 at 3:25 PM, Claire Shields <claire_shields@nps.gov> wrote:

Briefing - Sea Level Rise Projections Report more details »
When Fri Feb 9, 2018 11am — 11:50am Mountain Time

Where Webinar Info TBC (map)

Calendar larry_perez@nps.gov

Who = claire_shields@nps.gov - organizer
e larry perez@nps.gov
e ray sauvajot@nps.gov
= cat_hawkins _hoffman@nps.gov
= guy_adema@nps.gov
= brian carlstrom@nps.gov

jennifer_wyse@nps.gov

Going? Yes - Maybe - No more options »

Invitation from Gooale Calendar

You are receiving this email at the account larry_perez@nps.gov because you are subscr bed for invitations on

calendar larry_perez@nps.gov.

To stop receiving these emails, please log in to https://www.google.com/calendar/ and change your notification
settings for this calendar.

Forwarding this invitation could allow any recipient to modify your RSVP response. Learn More.



Larry Perez, Communications Coordinator
Climate Change Response Program
Natural Resource Stewardship and Science
1201 Oakridge Drive. Suite 200

Fort Collins, CO 80525

Office: 970-267-2136

Fax: 970-225-3585

Email: larry_perez@nps.gov
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From: Patrick Gonzalez NPS

To: Trudy Hawkins
Subject: Telephone today on ethics
Date: Wednesday, February 07, 2018 11:42:15 AM

Thanks, Trudy, for making timeto talk. I’ll call you at 12 PM AK.

Jon shared that guidance with us and it seems clear. | wish to ask for guidance on something
else

Thanks,

Patrick

From: "Hawkins, Trudy" <trudy hawkins@nps.gov>
Subject: Re: Scheduling telephone call on ethics
Date: February 7, 2018 at 10:38:15 AM PST

To: Patrick Gonzalez NPS <patrick_gonzalez@nps.gov>
Cc: Marlene Doty <marlene_doty@nps.gov>

I'm available at noon, my time (1:00 yours), Patrick -

Might a subject of our conversation be the Ethics advice former Director Jarvis received from
Matt Parsons, Departmental Ethics Attorney?

Thanks,

Trudy M. Hawkins, Acting Deputy Ethics Counselor
Alaska Region Ethics Program Manager

National Park Service

240 W. 5th Street

Anchorage, Alaska 99501

trudy hawkins@nps.gov

907 644-3357 (Office)

907 644-3822 (Fax)

“Never doubt that a small group of thoughtful, committed people can change the world. Indeed, it is the
only thing that ever has." ~ Margaret Mead

Celebrate the National Park Service and findyourpark.com
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Confidential Information: This email and any attachments may contain confidential and/or legally privileged
information intended only for the use of the individual(s) hamed above. If you are not the intended
recipient, you are hereby notified that you should not review, use, disclose, distribute, or forward this
email. If you received this email in error, please notify the sender immediately and delete/destroy any and
all copies of the original message.



On Wed, Feb 7, 2018 at 8:28 AM, Patrick Gonzalez NPS <patrick_gonza ez@nps.gov> wrote:
Dear Trudy,

Would you have time today to talk at 12 PM AKST (1 PM PST)? That is best in my
schedule. Otherwise, we can select another time.

Thanks,

Patrick

Patrick Gonzaez, Ph.D.

Principal Climate Change Scientist
Natural Resource Stewardship and Science
U.S. Nationa Park Service

Associate Adjunct Professor
Department of Environmental Science, Policy, and Management
University of California, Berkeley

https://ourenvironment.berkel ey.edu/peopl e/ patrick-gonzal ez

patrick_gonzal ez@nps.gov
+1 (510) 643-9725
131 Mulford Hall, Berkeley, CA 94720-3114 USA

From: "Doty, Marlene" <marlene_doty@nps.gov>
Subject: Re: Schedule telephone call on ethics

Date: February 7, 2018 at 6:08:46 AM PST

To: Patrick Gonzalez NPS <patrick gonzalez@nps.gov>
Cc: Trudy Hawkins <trudy hawkins@nps.gov>

Sorry | have astanding 2 pm meeting here in DC, right now my calendar is open for
Thursday, | work 6am to 3:30pm Eastern Time tomorrow. Please note Trudy Hawkins and |
are sharing the Deputy Ethics Counselor duties, if it would be easier for you to reach her you
may do so,sheisin Anchorage, AK. Her email is Trudy Hawkins@nps.gov. Please note
she has the same meeting as | do today but she may have time either before or after that
matches what you have available.

If you want to speak with me tomorrow just send me a meeting invite. Thank you.

Marlene Doty



NPS Deputy Ethics Counselor (Acting)
202-354-1981
202-631-6397 Cell

Warning: This e-mail may contain Privacy Act Data/Sensitive Data which isintended only for the use of theindividual to
which it isaddressed. It may contain information that is privileged, confidential, or otherwise protected from disclosure
under applicable laws.

On Tue, Feb 6, 2018 at 1:40 PM, Patrick Gonzalez NPS <patrick_gonzalez@nps.gov>
wrote:
Dear Marlene,

| need guidance on a particular ethicsissue and | wish to talk by telephone when you have
time. | am part of the NPS Washington office, though stationed in California. Tomorrow 2
PM EST (11 AM PST) isgood in my schedule. Otherwise, | have some open times on
Thursday.

Thank you,

Patrick

Patrick Gonzalez, Ph.D.

Principal Climate Change Scientist
Natural Resource Stewardship and Science
U.S. National Park Service

Associate Adjunct Professor
Department of Environmental Science, Policy, and Management
University of California, Berkeley

patrick gonzalez@nps.gov
+1 (510) 643-9725

131 Mulford Hall, Berkeley, CA 94720-3114 USA
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From: Perez, Larry

To: Beavers, Rebecca; Patrick Gonzalez

Cc: Cat Hoffman

Subject: SLR / SS Report Call

Date: Saturday, February 10, 2018 1:01:23 PM

Rebecca & Patrick,
Cat and | would like to organize a call with all authorsto review the report.

| propose we plan to meet viawebinar at 2:00 MT on February 21...immediately following our
large group call. I'll send a calendar invite shortly.

Rebecca, would you kindly forward the invite to Maria as well...we're hopeful sheiswilling
and ableto join.

Thanks,

L

Larry Perez, Communications Coordinator
Climate Change Response Program
Natural Resource Stewardship and Science
1201 Oakridge Drive. Suite 200

Fort Callins, CO 80525

Office: 970-267-2136

Fax: 970-225-3585

Email: larry_perez@nps.gov
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From: Gonzalez, Patrick

To: lar erez@nps.qgov
Subject: Out of the office - Absent du bureau - Re: SLR / SS Report Call
Date: Saturday, February 10, 2018 1:01:30 PM

Hi - i am out of the office February 9, 2018. Thanks for your patience
in awaiting areply to your message.

Best regards, Patrick

Bonjour - Je vous remercie pour votre message. Je suis en congéle 9
février 2018. Je prendrai connaissance de votre courriel dansles
meilleurs délais.

Cordialement, Patrick

Patrick Gonza ez, Ph.D.

Principal Climate Change Scientist
Natural Resource Stewardship and Science
U.S. National Park Service

Associate Adjunct Professor
Department of Environmental Science, Policy, and Management
University of California, Berkeley

https://ourenvironment.berkel ey.edu/peopl e/patrick-gonzal ez

131 Mulford Hall, Berkeley, CA 94720-3114 USA
patrick_gonzal ez@nps.gov
+1 (510) 643-9725

Patrick Gonza ez, Ph.D.

Principal Climate Change Scientist
Natural Resource Stewardship and Science
U.S. National Park Service

Associate Adjunct Professor
Department of Environmental Science, Policy, and Management
University of California, Berkeley

https://ourenvironment.berkel ey.edu/peopl e/patrick-gonzal ez

131 Mulford Hall, Berkeley, CA 94720-3114 USA
patrick_gonzal ez@nps.gov
+1 (510) 643-9725
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From: larry_perez@nps.gov

To: patrick gov; cat_hawkins. gov; rebecca
Subject: Invitation: SLR/SS Report Author Call @ Wed Feb 21, 2018 1pm - 2pm (PST) (patrick_gonzalez@nps.gov)

Attachments: invite.ics

HYPERLINK "https://www.google.com/calendar/event?

action VIEW&eid MDVpdnRqYWImOTIIN2FrdTZvNmtoND. it ds 292&tok MTKj y yZXpAbnBzL mavdjdlY zRhY TRkZDBhM zg2NzU4Y WUXNGY 2N2USNDcOY mMyZjRkYWV]N2U&ctz Americal.os Angeles&hl en" more
details »

SLR/SS Report Author Call

New Meeti

ing
Wed, Feb 21, 2018 2:00 PM - 3:00 PM MST

Pleasejoin my meeting from your computer teblet or smartphone.
HYPERLINK]

Join the conference call
Conference Line
Passcode|

First GoToMeeting? Let's do auick heck: HY PERLINK 7 hitps! heck&sa D&ust 1518300275937000&usg AFQ]CNFhOVMXIgiQfO4viZJESfs6tRbpLg" hitps://link.gotomeeting.com/system-check
When Wed Feb 21, 2018 1pm — 2pm Pacific Time

Where See GoToMeeting Info Below (HY PERLINK “hitps://maps google.con/maps? See GoToMeeting Info Below&hl en" map)

Video call HYPERLINK " https:/plus.google.com/hangouts/_/doi.gov/larry-perezzhceid bGFyenlfcGVyZXpAbnBzL mavdg 60" /_/doi.govllarry-per

Calendar patrick_gonzalez@nps.gov

Who + larry_perez@nps.gov - organizer

« patrick_gonzalez@nps.gov

« cat_hawkins_hoffman@nps.gov

« rebecca_beavers@nps.gov

Going? HYPERLINK "https://www.google.com/calendar/event?

action RESPOND&eid MDVpdnRqY WImOTIIN2FrdTZvNmtoND. |ekBu 292&rst 1&tok MTkjbGFycnlfcGVyZXpAbnBzLmdvdjdlY zRhY TRKZDBhMzg2NzU4Y WUXNGY 2N2U NDcOY mMyZjRKY WVjN2U&ctz Americallos Angeles&hl en”
Yes - HYPERLINK "https://www.google.com/calendar/event?
action RESPOND&eid MDVpdr\RqYWImOT\INZFVdTZVNm(oND Bucl 92& 15t 3&tok MTkjbGFycnlfcGVyZXpAbnBzLmdvdjd!Y zRhY TRkZDBhMzg2NzU4Y WUXNGY 2N2U NDcOYmMyZjRkYWVjN2U&ctz AmericalLos Angeles&hl en”

Maybe - HY PERLINK "https://www.google.com/calendar/eve
action RESPOND&eid MDVpanqYWImOT\INZdeTZvatoNDJlNmlchFOcm\]amnb?SGVleS(BucHMuZZQZ&vs 2&tok MTkjbGFycnlfcGVyZXpAbnBzL mdvejdiY ZRhY TRKZDBhMzg2NzU4Y WUXNGY2N2U. NDcOYmMyZjRkYWVjN2U&ctz Americall.os Angelesihl en”

No HYPERLINK "https/Awww.google.com/calendar/eve

action VIEW&eid MDVpanqVWImOT\INZFrdTZVNm(OND ji 292&tok MTKj y yZXpAbnBzL mdvdjd!Y zRhY TRkZDBhMzg2NzU4Y WUXNGY 2N2USNDcOY mMyZjRkYWVjN2U&ctz Americall.os_Angeles&hl en" more
options »

Invitation from HY PERLINK "https//www.google.com/calendar/” Google Calendar

You are receiving this email at the account patrick ibed for invitati calendar patrick

To stop receiving , pleaselogin to and sattings for

Forwarding thisnvitation could allow any recipient to modify your RSVP response. HY PERLINK 1 g" Learn More.
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From: Google Calendar on behalf of Patrick Gonzalez

To: lar erez@nps.qov

Subject: Accepted: SLR/SS Report Author Call @ Wed Feb 21, 2018 2pm - 3pm (MST) (larry_perez@nps.gov)
Attachments: invite.jcs

Patrick Gonzalez has accepted this invitation

SLR/SS Report Author Call

New Meeting

Wed, Feb 21, 2018 2:00 PM - 3:00 PM MST

Please join my meeting from your computer. tablet or smartphone

Join the conference call:
Conference Line

Passcode:

First GoToMeeting? Let's do a quick system check: HYPERLINK "https://www google com/url?q=https%3A%2F%2Flink gotomeeting com%2Fsystem-
check&sa=D&ust=1518729678814000&usg=AFQjCNEztqn?x§ WNrfbz5blLLuSp7ceung” htips://link gotomeeting com/system-check

When Wed Feb 21, 2018 2pm — 3pm Mountain Time

Where See GoToMeeting Info Below (HYPERLIINK "https://maps google com/maps?q=See+GoToMeeting+Info+Below&hl=en" map)

Video call HYPERLINK "https://plus google com/hangouts/_/doi gov/larry-perez?heeid=bGFyenlfcGVyZXpAbnBzLmdvdg 051vijaif?9e7aku6otkhd 2ubb”
https://plus google com/hangouts/ /doi gov/lary-perez

Calendar larry_perez@nps gov

Who - larry_perez@nps gov - organizer

* rebecca_beavers@nps gov

* cat_hawkins_hoffman@nps gov

* patrick_gonzalez@nps gov

Invitation from HYPERLINK "https://'www google com/calendar/” Google Calendar

You are receiving this email at the account larry_perez@nps gov because you are subscribed for invitation replies on calendar larry_perez@nps gov
To stop recetving these emails, please log in to https://www google com/calendar/ and change your notification settings for this calendar
Forwarding this invitation could allow any recipient to modify your RSVP response HYPERLINK

"https://support google com/calendar/answer/3713 5#forwarding” Learn More
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From: Patrick Gonzalez NPS

To: Maria Caffrey

Subject: Re: Discussing scientific integrity

Date: Tuesday, February 20, 2018 10:59:58 AM

Hi Maria- Thanks for making time. It would be fine in 20 minutes. I’m in the office: (510)
643-9725.

Patrick

From: Maria Caffrey <maria.caffrey@colorado.edu>
Subject: Re: Discussing scientific integrity

Date: February 20, 2018 at 9:55:44 AM PST

To: Patrick Gonzalez NPS <patrick_gonzalez@nps.gov>

Hi Patrick

Y es, we definitely need to talk. I'm (b) (6) sitokif I call
you after that? 1’|l probably be around 20 minutes.

Maria Caffrey, Ph.D.

Office: (303) 969-2097
Cell: (303) 518-3419

mariacaffrey.com

On Feb 20, 2018, at 10:41 AM, Patrick Gonzalez NPS
<patrick_gonzalez@nps.gov> wrote:

Hi Maria,

Rebecca has probably told you that they have scheduled a tel ephone call
tomorrow at 2 PM MST (1 PM PST) to discuss the sealevel rise report.

I’d like to talk to you before that and hope that you might have time today or
tomorrow. Today is OK most of the day and tomorrow 11 AM MST (10 AM
PST) isOK.

Thanks,

Patrick

Patrick Gonzalez, Ph.D.



Principal Climate Change Scientist
Natural Resource Stewardship and Science
U.S. National Park Service

Associate Adjunct Professor
Department of Environmental Science, Policy, and Management
University of California, Berkeley

https://ourenvironment.berkel ey.edu/peopl e/patrick-gonzal ez

patrick_gonzal ez@nps.gov
+1 (510) 643-9725
131 Mulford Hall, Berkeley, CA 94720-3114 USA
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From: Iar[g perez@nps.qov

To: rebecca beavers@nps.gov; cat hawkins hoffman@nps.gov; patrick gonzalez@nps.gov
Subject: Canceled event: SLR/SS Report Author Call @ Wed Feb 21, 2018 2pm - 3pm (MST) (rebecca_beavers@nps.gov)
Attachments: invite.ics

This event has been canceled and removed from your calendar
SLR/SS Report Author Call

New Meeting

Wed, Feb 21, 2018 2:00 PM - 3:00 PM MST

Please join my meeting from your computer. tablet or smartphone

Join the conference call:
Conference Line:

Passcode

First GoToMeeting? Let's do a quick system check: HYPERLINK "https://www google com/url?q=https%3 A%2F%2Flink gotomeeting com%:2Fsystem-
check&sa=D&ust=1519176804056000&usg=AFQjCNH-ixT30IpMr5KJO_0m5fiJQkKLxw" https:/link gotomeeting com/system-check

When Wed Feb 21, 2018 2pm — 3pm Mountain Time

‘Where See GoToMeeting Info Below (HYPERLINK "https://maps google com/maps?q=5See+GoToMeeting+Info+Below&hl=en" map)

Video call HYPERLINK "https://plus google com/hangouts/_/doi gov/larry-perezTheeid=bGFyenlfeGVyZXpAbnBzLmdvdg 05ivtjaiff9eTakubobkhd 2usb”
https://plus google com/hangouts/_/doi gov/larry-perez

Calendar rebecca_beavers@nps gov

Who * larry_perez@nps gov - organizer

- rebecca_beavers@nps gov

= cat_hawkins_hoffiman@nps gov

* patrick gonzalez@nps gov

Invitation from HYPERLINK "https://www google com/calendar/" Google Calendar

You are receiving this email at the account rebecca_beavers@nps gov because you are subscribed for cancellations on calendar rebecca_beavers@nps gov
To stop receiving these emails, please log in to hitps://www google com/calendar/ and change your notification settings for this calendar

Forwarding this invitation could allow any recipient to modify your RSVP response HYPERLINK

"https://support google com/calendar/answer/37135#forwarding” Learn More
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From: larr TEZ([@Nps.qov

To: rebecca beavers@nps.gov; cat hawkins hoffman@nps.gov; patrick gonzalez@nps.gov
Subject: Canceled event: SLR/SS Report Author Call @ Wed Feb 21, 2018 ipm - 2pm (PST) (patrick_gonzalez@nps.gov)
Attachments: invite.ics

This event has been canceled and removed from your calendar
SLR/SS Report Author Call

New Meeting

Wed, Feb 21, 2018 2:00 PM - 3:00 PM MST

Please join my meeting from your computer, tablet or smartphone

Join the conference call:
Conference Line:

Passcode:

First GoTolMeeting? Let's do a quick system check: HYPERLINK "https://www google com/url?q=https%3 A%2F%2Flink gotomeeting com%a2Fsystem-
check&sa=D&ust=151917680402 5000&usg=AFQ)CNEf4jHFn-u-Tyc83Cirxrs6 THINS A" https://link gotomeeting comy/system-check

When Wed Feb 21, 2018 1pm — 2pm Pacific Time

Where See GoToMeeting Info Below (HYPERLINK "https://maps google com/maps?q=See-+GoToMeeting+Info+Below&hl=en" map)

Video call HYPERLINK "https://plus google com/hangouts/_/do1 gov/larry-perez?heeid=bGFyenlfcGVyZXpAbnBzLmdvdg 051vijaif99e7akubobkhd2usb”
hitps://plus google com'hangouts/_/do1 gov/larry-perez

Calendar patrick gonzalez(@nps gov

Who + larry_perez{@nps gov - organizer

+ rebecca_beavers@nps gov

+ cat_hawkins_hoffman@nps gov

+ patrick_gonzalez{@inps gov

Invitation from HYPERLINK "https://www google com/calendar Google Calendar

You are recerving this email at the account patnck_gonzalez{@nps gov because you are subscribed for cancellations on calendar patrick_gonzalez{@nps gov
To stop recerving these emails, please log in to https://'www google com/calendar/ and change your netification settings for tlus calendar

Forwarding this invitation could allow any recipient to modify your ESVP response HYPERLINK

"https://support google com/calendar/answer/3713 5#forwarding" Learn More
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From: Patrick Gonzalez NPS

To: Maria Caffrey
Subject: They canceled tomorrow"s telephone call - Canceled event: SLR/SS Report Author Call
Date: Tuesday, February 20, 2018 4:36:25 PM
Attachments: Mail Attachment.ics
invite.ics
Hi Maria,

Larry just canceled the call. We'll see when they reschedule. We no longer need to talk
tomorrow at 5 PM MST.

Thanks,

Patrick

From: Larry Perez <larry_perez@nps.gov>
Subject: Canceled event: SLR/SS Report Author Call @ Wed Feb 21, 2018 1pm - 2pm

(PST) (patrick_gonzalez@nps.gov)
Date: February 20, 2018 at 3:33:24 PM PST

To: patrick_gonzalez@nps.gov

Reply-To: Larry Perez <larry_perez@nps.gov>

This event has been canceled and removed from your calendar.

SLR/SS Report Author Call

New Meeting
Wed, Feb 21, 2018 2:00 PM - 3:00 PM MST

Please join my meeting from your computer, tablet or smartphone.

Join the conference call:

Conference Line:

Passcode:

First GoToMeeting? Let's do a quick system check: https://link.gotomeeting.com/system-check

When Wed Feb 21, 2018 1pm — 2pm Pacific Time

Where See GoToMeeting Info Below (map)

Video call  https://plus.google.com/hangouts/ /doi.gov/larry-perez
Calendar patrick_gonzalez@nps.gov

Who o larry perez@nps.gov - organizer
o rebecca beavers@nps.gov
o cat_hawkins hoffman@nps.gov
o patrick_gonzalez@nps.gov



Invitation from Google Calendar

You are receiving this email at the account patrick_gonzalez@nps.gov because you are subscr bed for cancellations on

calendar patrick_gonzalez@nps.gov.

To stop receiving these emails, please log in to https://www.google.com/calendar/ and change your notification settings
for this calendar.

Forwarding this invitation could allow any recipient to modify your RSVP response. Learn More.
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From: Hoffman. Cat

To: Maria Caffrey; Rebecca Beavers; Patrick Gonzalez
Subject: thanks for the discussion
Date: Tuesday, February 27, 2018 2:55:07 PM

Thanksto all of you for taking time and being willing to talk through the suggested changes to
the report.

| have another call in afew minutes, but will get the track-changes version to you later this
afternoon/evening Maria. Having trouble figuring out how to del ete the wayside images, but
will figure that out.

Cat Hawkins Hoffman
National Park Service

Chief, NPS Climate Change Response Program
1201 Oakridge Drive

Fort Collins, CO 80525

cat_hawkins hoffman@nps.gov

office: 970-225-3567

cell: 970-631-5634

Adaptation websites: public, NPS managers
Climate Change Response Resources
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From: Maria Caffrey

To: Patrick Gonzalez NPS

Subject: Re: Upholding scientific integrity

Date: Wednesday, February 28, 2018 3:43:00 PM

Attachments: NPS attempted deletions Caffrey report 2018-02-27 1240.png

NPS attempted deletions Caffrey report 2018-02-27 1256.png
NPS attempted deletions Caffrey report 2018-02-27 1258.png
NPS attempted deletions Caffrey report 2018-02-27 1309.png
NPS attempted deletions Caffrey report 2018-02-27 1311.png
NPS attempted deletions Caffrey report 2018-02-27 1313.png
NPS attempted deletions Caffrey report 2018-02-27 1314.png

Hi Patrick

Thanks for this. Good ideato get screen shots. Cat sent me a copy of thefile. | will forward it
to you. | will share my editsto you once | get around to them. That probably won’t be until
Monday at the earliest.

Cheers
Maria Caffrey, Ph.D.

Office: (303) 969-2097
Cell: (303) 518-3419

mariacaffrey.com
On Feb 28, 2018, at 10:44 AM, Patrick Gonzalez NPS <patrick_gonzalez@nps.gov> wrote:

Hi Maria,

Y ou will see attached seven files that are screen shots of your National Park
Service (NPS) sealevel rise report that Cat Hawkins Hoffman showed us
yesterday by webinar. I’ m sending these to you because we had not, at the time of
yesterday’ s telephone call, been sent the Word file. NPS is attempting to delete
the words “ anthropogenic climate change” or any text on how greenhouse gas
emissions from human activities are the cause of climate change. The
Intergovernmental Panel on Climate Change (2013) and the U.S. Global Change
Research Program (2017) both confirm the overwhelming scientific evidence and
agreement of scientists on the human cause of climate change.

Intergovernmental Panel on Climate Change. 2013. Climate Change 2013: The
Physical Science Basis. Contribution of Working Group | to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change [Stocker, T.F., D. Qin,
G.-K. Plattner, M. Tignor, SK. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex
and P.M. Midgley (eds.)]. Cambridge University Press, Cambridge, UK and New
York, NY.

U.S. Global Change Research Program. 2017. Climate Science Special Report:
Fourth National Climate Assessment, Volume | [Wuebbles, D.J., D.W. Fahey,
K.A. Hibbard, D.J. Dokken, B.C. Stewart, and T.K. Maycock (eds.)]. U.S. Global
Change Research Program, Washington, DC.



The attempt to alter scientific content or meaning for non-science and non-policy
reasons violates scientific integrity and U.S. Department of the Interior policy.
Therefore, if the scientific content and words are not restored to the report, | will
remove my name as a co-author.

| really appreciate your invitation to me to serve as a co-author on your report and
working with you. We have spoken about this situation and | greatly appreciate
your understanding that | would remove my name in order to uphold scientific

integrity.
Best regards,

Patrick

Patrick Gonzalez, Ph.D.

Principal Climate Change Scientist
Natural Resource Stewardship and Science
U.S. National Park Service

Associate Adjunct Professor
Department of Environmental Science, Policy, and Management
University of California, Berkeley

https://ourenvironment.berkel ey.edu/peopl e/ patrick-gonzal ez

patrick_gonzalez@nps.gov
+1 (510) 643-9725
131 Mulford Hall, Berkeley, CA 94720-3114 USA

<NPS attempted deletions Caffrey report 2018-02-27 1240.png><NPS attempted
deletions Caffrey report 2018-02-27 1256.png><NPS attempted deletions Caffrey
report 2018-02-27 1258.png><NPS attempted deletions Caffrey report 2018-02-
27 1309.png><NPS attempted deletions Caffrey report 2018-02-27 1311.png>
<NPS attempted deletions Caffrey report 2018-02-27 1313.png><NPS attempted
deletions Caffrey report 2018-02-27 1314.png>
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Sathir-Simspon category 2 hurnicane striking the Washington D.C. region at hugh tide.
Colored areas represent areas of flooding. Colors from green to red show estimated

height of a storm surge (see nset legend for estimated range) 20

Figure 11. Projected future sea level rise by 2100 for the NPS Intermountain Region
under all of the representative concentration pathways. Black dots indicate the average
sea level rise (m) for all units within the respective regions. Black bars represent the
standard deviation from each mean. Blue bars mark the full range of sea level estimates
DO T MO i SRPIPOTCRTOPI 22

Figure 12. A SLOSH MOM map showing storm surge height and extent created by a
Saffir-Simspon category 4 hurricane striking the southwestern Texas region at mean tide.

The dark green line around the 1sland represents the boundary of Padre Island National

Seashore. Colored areas represent areas of flooding. Colors from green to red show

estimated height of a storm surge (see inset legend for estimated range). ........cccoocciviiiiniiiiniiiaiiinn. 23

Figure 13. Radiative forcing for each of the Representative Concentration Pathways
(RCPs). Positive radiative forcing means Earth receives more int : s i : e

1

mto-the-atmospher will resultan higher glob AT rage temperalies R(P-\, [ep'ace "]g
[PCC SRES scenarios. Note how RCP4.5 (yellow line) projections are shghtly higher
than RCP6.0 (gray line) in the early part of this century. Source: Meinshausen et al. 2011............... 26
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Executive Summary

ngomg changes nChanging relative sea levels and the potential for increasing storm surge@yiue to
mithropogenic climate change present challenges to national park managers. This report summarizes
work done by the University of Colorado in partnershup with the National Park Service (NPS) to
provide sea level rise and storm surge projections to coastal area national parks using information
from the Umited Nations Intergovernmental Panel on Chimate Change (IPCC) and storm surge
scenarios from National Oceanic and Atmosphenic Administration (NOAA) models. This research 1s
the first to analyze IPCC and NOAA projections of sea level and storm surge under climate change
for U.S. national parks. Results illustrate potential future inundation and storm surge due to climate
change under four greenhouse gas emissions scenarios. In addition to including multiple scenarios,
the analysis considers multiple time honzons (2030, 2050 and 2100). This analysis provides sea level
rnise projections for |18 park units and storm surge projections for 79 of those parks.

Within the National Park Service, the National Capital Region is projected to experience the highest
average rate of sea level change by 2100. The coasthine adjacent to Wright Brothers National
Memonal in the Southeast Region 15 projected to experience the highest sea level nse by 2100. The
Southeast Region 15 projected to experience the highest storm surges based on historical data and
NOAA storm surge models.

by the National Park Service. Sea level change and storm surge pose consideral

¥ | [l 1 . ¥ - o1 A B # . F
IRICH Lt ] JOUSes, [0ITs, and O oL lc

These results are intended to inform park planning and adaptation strategies for resources managed
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Global sea level is rising at an increasing ratel While sea-levels have been gradually risu Inchude relevant cites
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F 3, Meams ebal 2044 Mehlo et al -C ﬂnHllllt.‘d warming of the atmosphere will cause sea | H Hoffman, Cat H. "
levels ko continue to rise, w lmh will have a-significant impact en how we we prolect and manage our e i o
public lands. The rate of warming dcpeuds on numerous factors considered by the Intergovernmental
Panel on Climate Change (IPCC) under four different representative concentration pathways (RCPs;
Moss et al. 2010, Memshausen et al. 2011). Used as the basis for this report, the RCPs are clhimate
change scenarios based on potential greenhouse gas concentration trajectones mtroduced in the fifth
clunate change assessment report of the Intergovernmental Panel on Climate Change (IPCC 2013).
The IPCC’s process-based approach for estimating future sea levels contrasts with other estimates I Perez, Lamy
from semi-empirical techniques that commonly generate lugher numbers. ‘ Report to be cited m preparation
Y . , . e Hoffman, Cat H.
[his report provides estimates of sea level change due to climate change for 118 National Park H shonkd be “onst of addeeming potentinl damage consed by
Service units and estimates of storm surge for 79 of those units. As temperature increases, sea levels sen Jovel riss™ or somee similer wontng
rise due to a number of factors that will be discussed in greater detail. As sea levels incrementally n Perez, Larry
nse, periods of flooding caused by storms and hurricanes exacerbate the growing problem of coastal ;:;:;;,:ﬁ.rr;?m‘u a:al:.-ln;ﬂi':(ut?:::llin(:ﬁ‘-::'ﬂ”“'-;l\‘lt
inundation (see list of terms). Peek et al. (20155) estimated that the cost of sea level rise in 10040 it important to understand SLR and §5°
National Park Service units could exceed $2 340 billion if these units were exposed to one-meter of I Perez, Lanry
sea level rise. The aim of this report 1s to: 1) quantify projections of sea level rise | National ~ Suggesied altemative fo this paragraph
I Service units over the next century based on the latest 1IPCC ( 2013) n‘lﬂdt‘l"n 'Hld j} show how The passage of Hurricane Sandy m 201 2—and more
. 5 : " . " - _— e recenthy with Hurmcanes Harvey, Inma, and Mans—brought
storm surge generated by hurricanes and extratropical storms could also affect these parks. i e e e e B
numerous coastal national park amits. The mpacts of
- = extreme storms can brng extreme costs, as tallied through
When Hurricane Sandy struck New York City in "Ul 2 it caused an estimated $19 billion in damage loss of vesitor access, umpacts to local economaes
- , ~ e S e S imvestments in recovery, and or the irmevocable loss of
to pUbllt and pf“att‘ infrastructure ‘ queibﬂn 2013). et i ininsien it inioinmdi Uunsgii® résolirces. Fuliife scénanios of increasing greenhoise
PO DOORIM '.ilil:.i He-chanee. el the SLOM-SUroe- OcciiTe a0y P a-sgaswhose toviel ad msendue to gid SMENIONG project increasing storm intenasties (Mann snd
r Emanse] 2006, Knuteon ot al 2010, Lin et &l 2012, Ting &1
climate ¢h - Extreme storms such as Humicane {'ﬁaﬂd‘( have extreme cosls. \‘F.hen Hurmcane al 201%), and riseng sea levels increase the potential for
damage from storm surge. Masagemant decisions and
Sandy Struuh it was estimated to have a return period between a 398 year (Lin et al. 2016) and a 1570 - S .:mj:l:l.:::u prion-rfontr
year storm (Sweet et al. 2013). Currently, a 100 year storm surge in New York City could cost $2-5 lt}mm these projections for the future with lessons leamed
L ! - ; rOMm oUr past
billion and a 500 year storm surge could cost $5-11 billion (Aerts et al. 2013). Under future -
_ _ : offman, Cat H. -
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contipue to nse, which will have a signiticant- impact oa how we we protect and manage our public

lands. The rate of warming depends on numerous factors considered by the Intergovernmental Panel
on Climate Change (IPCC) under four different representative concentration pathways (RCPs; Moss
et al. 2010, Meinshausen et al. 2011). Used as the basis for this report, the RCPs are climate change
scenarios based on potential greenhouse gas concentration trajectories introduced in the fifth climate
change assessment report of the Intergovernmental Panel on Climate Change (IPCC 2013). The
IPCC’s process-based approach for estimating future sea levels contrasts with other estimates from
semi-empirical techniques that commonly generate higher numbers.

» for 118 National Park
Service units and estimates of storm surge for 79 of those units. As temperature increases, sea levels

This report provides estimates of sea level change due 1o climate

rise due to a number of factors that will be discussed in greater detail. As sea levels incrementally
nse, periods of flooding caused by storms and hurricanes exacerbate the growing problem of coastal
inundation (see list of terms). Peek et al. (204851n prep: be sure to check this in bibliog) estimated
that the value of infrastructure at risk cost-of sea-level rise-in | 0040 National Park Service units could
exceed $2340 billion if these units were exposed to one-meter of sea level rise. The aim of this report
s to: 1) quantify projections of sea level rise in coastal National Park Service unils over the next
century based on the latest IPCC (2013) models, and 2) show how storm surge generated by
hurricanes and extratropical storms could also atfect these parks.

When Hurricane Sandy struck New York City in 2012 it caused an estimated $19 billion in damage
to public and pn’vate mfrasirucmrc (Tﬂ_l_lt:fﬁon 2013). This single storm cannot be attributed to

limate change E\lremc storms such as }{umLane ‘%and‘« have extreme costs. W hen Hurrlcane
S'mdv struck it was estimated to have a return period between a 398 year (Lin et al. 2016) and a 1570
year storm (Sweet et al. 2013). Currently, a 100 year storm surge in New York City could cost §2-5
billion and a 500 year storm surge could cost $5~11 billion (Aerts et al. 2013). Under future
scenanos of mcreasing anthsopogenic greenhouse gas emissions, models project increasing storm
intensities (Mann and Emanuel 2006, Knutson et al. 2010, Lin et al. 2012, Ting et al. 2015). When
this change 1n storm intensity (and therefore, storm surge) 15 combined with sea level rise, we expect
to see mcreased coastal flooding and the permanent loss of land across much of the United States
coastline. Increasing sea levels increase the likelihood of another Hurricane Sandy-sized storm surge
striking New York City. Factoring in future sea level rise to these estimates reduces the potential

-
A

A

Perez, Larry
Report to be cited mi preparataon

Perez, Lamy

What are we trving to achieve? Contex1™ Focus on this as an
example rather than a statement of mpending doom. Why 1
it important to understand SLR and 587

Perez, Larry

Supgeited alternative to thes paragraph

The passage of Hurrscane Sandy mn 2012—and more
recently with Hamcanes Harvey Ima and Mama—brought
extensrve damage to mfrastructure and resources in
numerous coastal nahonal park umts. The impacts of
extreme storms can bring extreme costs, as tallsed through
loss of visitor access mpacts to local economies
investments i recovery, and or the yrevocable loss of
umsue resowrces. Future scenanos of increasing greenhouse
23 SMISSIONS project mcreasing storm mlrm:lm (Mann and
Emameel 2006, Knutson et al. 2010, Lm et al 2012, Ting
al 2013) .md rsmg sea levels merease the ]'\l[f‘l‘uh.‘l]f’f
damage from storm surge. Management decisrons and
investments in coastal natronal park unats should, therefore
marry thess projections for the future with lessons leamnad
from our past

Hoffman, Cat H.

Suggestion for first sentence. “The impacts of
Huuncane Sandy in 201 2—and more recenily
Hurcanes Harvey, Inma. and Mara—caused
extensive damage to infrastructure

Sacond sentence. should we say “impacts 1o

galeway commanities ? (o be more clear than “local
economses ' (whose local economies?) and keep this
anchored m lookmg at parks and park-related 1ssues

Suggestion for last sentence’ Mamagement decisions
and mvestments i coastal nabonal park umits can
benefit from analyzing projections for the future m
comunction with lessons learned from the past
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Methods

This report summarizes work of a three-year project initiated in 2013, analyzing sea level change in

| 18 National Park Service units. Consultation with regional managers regarding units they
considered to be potentially vulnerable to sea level change and/or storm surge resulted in selection of
these 118 coastal park units (Appendix B). Project activities included the following:

1) Prepare sea level projections over multiple time horizons for each park unit.

2) Estimate potential exposure to storm surge using the National Oceanographic and
Atmospheric Admimstration (NOAA) Sea, Lake, and Overland Surge from Hurricanes
(SLOSH) Model and Tebaldi et al. (2012).

3) Create wayside exhibits' with information about the impacts of climate change in the coastal

zone for three National Park Service units.

Based on recommendations from regional personnel, three National Park Service units were selected
as sites for wayside exhibits: Gulf Islands National Seashore, Jean Lafitte National Historical Park
and Preserve, and Fire Island National Seashore. The finished wayside designs are in Appendix C.

Each design is different, customized to reflect the messaging and/or themes of each unit.

Sea Level Rise Data

Sea level rise is caused by numerous factors. |ce located on land and in the sea melts with the

] arat '.=._ E_.;_::.!. i fctivities reledse | { ) i Otier ereenhotise eases inlo the alinoe i.‘:‘.'-“":' H I HF a“' Cat H_
+global temperatures increase (IPCC 2013, Gillett et al. 201 3. I’lp\lli;l!_&[ et al. 2014). Risine These may not be relevant references for the suggested

1 . . . - - “new™ 2% sentence; may need to delete these references.
alobal temperatures cause ice located on land and in the sea to melt. The |'|'|elimg of ice found on

land, such as Greenland and Antarctica, is a significant driver of sea level rise.

While the melting of sea ice is problematic from an oceanographic and heat budget perspective
(primarily because it alters water temperatures and salinity and also because it changes the
reflectance of solar energy from the surface), melting sea ice does not cause sea level rise. It is the

melting of ice that 1s currently stored on land that raises global sea levels. Water level does not

change when sea ice (ice wholly supported by water) melts. The volume of water in the sea remains
the same whether it is frozen or liquid. The phase shift of water from solid to liquid does not displace

an additional volume of water.
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Radiative Forcing (W/m?)
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Figure 13. Radla!we forcmg for each of the Reuresentatwﬂ Concentration Pathways cRCPsJ Fie» vise h:
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: f ] RGP’S r{;placr—: the IPCL SHES SCENArios. Note how RLPd 5 {yellnw
nne:u pruiectmns are 5I4gh1Jy hngher than RCP6.0 (gray line) in the early part of this century. Source:
Meinshausen et al. 2011.
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Discussion
Global mean sea levels have been nsing since the last glacial maximum (Lambeck and Chappell

2001, Clark and Mix 2002, Lambeck et al. 2014). Church and White (2006) estimated that twentieth

century global sea levels rose at a rate of approximately 1.7 mm/y, although this rate accelerated over A Hoffman, Cat H.
the latter part of the century. Slangan et al. (2016) found that emissions of greenhouse gases irom LTS Cacute
human activities have been the primary driver of global sea level change since 1970 and that the rate

of sea level nse has increased over time (Table 1). Satellite altumetry data shows that present-day
global relative sea levels are increasing at approximately 3.3 mm/y (Cazenave et al. 2014, Fasullo et
al. 2016).

The IPCC (2013) projects that, without greenhouse gas emissions reductions, this rate will increase,
and that global average sea levels could rise by 0.40-0.63 m (RCP2.6-8.5) by 2100. We used
regional sea level projections from the IPCC (2013) generated for 2050 and 2100 in combination
with our interpolated projections for 2030 to estimate the amount of sea level rise 118 coastal
national park units could experience in the future. Our projections are based on the new
representative concentration pathways (Moss et al. 2010, Figure 13), using a process-based model
approach.

ACPFs

ladiative Forcing (W/m?)
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From: Patrick Gonzalez NPS

To: Raymond Sauvajot

Cc: Guy Adema; Cat Hoffman; Maria Caffrey

Subject: Scientific resources on the term anthropogenic climate change
Date: Friday, March 09, 2018 5:41:38 PM

Attachments: Anthropogenic climate change Web of Science title.pdf

Anthropogenic climate change Web of Science text.pdf
IPCC 2013 Anthropogenic climate change.pdf

USGCRP 2017 Anthropogenic climate change.pdf
Abatzoglou and Williams 2016.pdf

Hi Ray,

Thank you for taking much time out of your schedule yesterday to discuss the NPS sea leve rise report by Maria
Caffrey, I’'m writing to follow up on one point in the discussion.

I’ ve compiled resources on the term anthropogenic climate change in the peer-reviewed scientific literature. |
conducted searches on the Thomson Reuters Web of Science, which, as you know, is the authoritative database of
peer-reviewed scientific journal articles and complied other key examples.

You'll find attached pdf files of:

1. Web of Science results of search on "anthropogenic climate change” in articletitle - 163 results total, list of 50
most recent

2. Web of Science results of search on "anthropogenic climate change” in article text - 1683 results total, list of 50
most recent

3. Intergovernmental Panel on Climate Change (IPCC). 2013. Climate Change 2013: The Physical Science Basis.
Cambridge University Press, Cambridge, UK. - one page illustration of one of the numerous uses of the phrasein
the authoritative global scientific assessment of climate change

4. U.S. Global Change Research Program (USGCRP). 2017. Climate Science Special Report: Fourth National
Climate Assessment, Volume |. USGCRP, Washington, DC. - one page illustration of one of the numerous uses of
the phrase in the authoritative U.S. Government assessment of climate change

5. Abatzoglou, J.T. and A.P. Williams. 2016. Impact of anthropogenic climate change on wildfire across western US
forests. Proceedings of the National Academy of Sciences of the USA 113: 11 770-11 775. - A key reference with
the phrase in the title

This evidence clearly shows that anthropogenic climate change is a standard scientific term. Of coursg, it refersto
the human cause of climate change, overwhelmingly supported by published scientific research.

| hope that you will find the attached files helpful in explaining to anyone who may need an explanation that itisa
standard scientific term.

Best regards,

Patrick

Patrick Gonzaez, Ph.D.

Principal Climate Change Scientist
Natural Resource Stewardship and Science
U.S. National Park Service



Associate Adjunct Professor, Department of Environmental Science, Policy, and Management
Affiliate, Institute for Parks, People, and Biodiversity
University of California, Berkeley

https://ourenvironment.berkel ey.edu/peopl e/patrick-gonzal ez

patrick_gonzalez@nps.gov
+1 (510) 643-9725
131 Mulford Hall, Berkeley, CA 94720-3114 USA
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Summary for Policymakers

16

Climate models now include more cloud and aerosol processes, and their interactions, than at the time of the AR4, but
there remains low confidence in the representation and quantification of these processes in models. {7.3, 7.6, 9.4, 9.7}

There is robust evidence that the downward trend in Arctic summer sea ice extent since 1979 is now reproduced by more
models than at the time of the AR4, with about one-quarter of the models showing a trend as large as, or larger than,
the trend in the observations. Most models simulate a small downward trend in Antarctic sea ice extent, albeit with large
inter-model spread, in contrast to the small upward trend in observations. {9.4}

Many models reproduce the observed changes in upper-ocean heat content (0-700 m) from 1961 to 2005 (high
confidence), with the multi-model mean time series falling within the range of the available observational estimates for
most of the period. {9.4}

Climate models that include the carbon cycle (Earth System Models) simulate the global pattern of ocean-atmosphere
CO, fluxes, with outgassing in the tropics and uptake in the mid and high latitudes. In the majority of these models the
sizes of the simulated global land and ocean carbon sinks over the latter part of the 20th century are within the range of
observational estimates. {9.4}

D.2 Quantification of Climate System Responses

Observational and model studies of temperature change, climate feedbacks and changes in
the Earth’s energy budget together provide confidence in the magnitude of global warming
in response to past and future forcing. {Box 12.2, Box 13.1}

The net feedback from the combined effect of changes in water vapour, and differences between atmospheric and
surface warming is extremely likely positive and therefore amplifies changes in climate. The net radiative feedback due to
all cloud types combined is likely positive. Uncertainty in the sign and magnitude of the cloud feedback is due primarily
to continuing uncertainty in the impact of warming on low clouds. {7.2}

The equilibrium climate sensitivity quantifies the response of the climate system to constant radiative forcing on multi-
century time scales. It is defined as the change in global mean surface temperature at equilibrium that is caused by a
doubling of the atmospheric CO, concentration. Equilibrium climate sensitivity is /ikely in the range 1.5°C to 4.5°C (high
confidence), extremely unlikely less than 1°C (high confidence), and very unlikely greater than 6°C (medium confidence)'®.
The lower temperature limit of the assessed likely range is thus less than the 2°C in the AR4, but the upper limit is the
same. This assessment reflects improved understanding, the extended temperature record in the atmosphere and ocean,
and new estimates of radiative forcing. {TS TFE.6, Figure 1; Box 12.2}

The rate and magnitude of global climate change is determined by radiative forcing, climate feedbacks and the storage
of energy by the climate system. Estimates of these quantities for recent decades are consistent with the assessed
likely range of the equilibrium climate sensitivity to within assessed uncertainties, providing strong evidence for our
understanding of anthropogenic climate change. {Box 12.2, Box 13.1}

The transient climate response quantifies the response of the climate system to an increasing radiative forcing on a decadal
to century timescale. It is defined as the change in global mean surface temperature at the time when the atmospheric CO,
concentration has doubled in a scenario of concentration increasing at 1% per year. The transient climate response is likely
in the range of 1.0°C to 2.5°C (high confidence) and extremely unlikely greater than 3°C. {Box 12.2}

A related quantity is the transient climate response to cumulative carbon emissions (TCRE). It quantifies the transient
response of the climate system to cumulative carbon emissions (see Section E.8). TCRE is defined as the global mean

16

No best estimate for equilibrium climate sensitivity can now be given because of a lack of agreement on values across assessed lines of evidence and studies.
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ture was higher than normal in 2012 despite
the surface drying, due to wet conditions in
prior years, indicating the long time scales
relevant below the surface.”?

The recent California drought, which began
in 2011, is unusual in different respects. In
this case, the precipitation deficit from 2011 to
2014 was a result of the “ridiculously resil-
ient ridge” of high pressure. This very stable
high pressure system steered storms towards
the north, away from the highly engineered
California water resource system.'* 2 A
slow-moving high sea surface temperature
(SST) anomaly, referred to as “The Blob”—
was caused by a persistent ridge that weak-
ened the normal cooling mechanisms for that
region of the upper ocean.” Atmospheric
modeling studies showed that the ridge that
caused The Blob was favored by a pattern of
persistent tropical SST anomalies that were
warm in the western equatorial Pacific and
simultaneously cool in the far eastern equato-
rial Pacific.?*?¢ [t was also favored by reduced
arctic sea ice and from feedbacks with The
Blob’s SST anomalies.” These studies also
suggest that internal variability likely played a
prominent role in the persistence of the 2013—
2014 ridge off the west coast of North Ameri-
ca. Observational records are not long enough
and the anomaly was unusual enough that
similarly long-lived patterns have not been of-
ten seen before. Hence, attribution statements,
such as that about an increasing anthropogen-
ic influence on the frequency of geopotential
height anomalies similar to 2012-2014 (e.g.,
Swain et al. 2014%), are without associated
detection (Ch. 3: Detection and Attribution).
A secondary attribution question concerns the
anthropogenic precipitation response in the
presence of this SST anomaly. In attribution
studies with a prescribed 2013 SST anomaly, a
consistent increase in the human influence on
the chances of very dry California conditions
was found.®

U.S. Global Change Research Program

235

8 | Droughts, Floods, and Wildfires

Anthropogenic climate change did increase
the risk of the high temperatures in California
in the winters of 2013-2014 and 2014-2015,
especially the latter,” % ® further exacerbat-
ing the soil moisture deficit and the associ-
ated stress on irrigation systems. This raises
the question, as yet unanswered, of whether
droughts in the western United States are
shifting from precipitation control* to tem-
perature control. There is some evidence to
support a relationship between mild win-

ter and /or warm spring temperatures and
drought occurrence,® but long-term warming
trends in the tropical and North Pacific do not
appear to have led to trends toward less pre-
cipitation over California.** An anthropogenic
contribution to commonly used measures of
agricultural drought, including the Palmer
Drought Severity Index (PDSI), was found in
California®* and is consistent with previous
projections of changes in PDSI'* %% and with
an attribution study.* Due to its simplicity,

the PDSI has been criticized as being overly
sensitive to higher temperatures and thus may
exaggerate the human contribution to soil dry-
ness.” In fact, this study also finds that formu-
lations of potential evaporation used in more
complicated hydrologic models are similarly
biased, undermining confidence in the magni-
tude but not the sign of projected surface soil
moisture changes in a warmer climate. Seager
et al.”® analyzed climate model output directly,
finding that precipitation minus evaporation
in the southwestern United States is projected
to experience significant decreases in surface
water availability, leading to surface runoff
decreases in California, Nevada, Texas, and
the Colorado River headwaters even in the
near term. However, the criticisms of PDSI
also apply to most of the CMIP5 land sur-
tace model evapotranspiration formulations.
Analysis of soil moisture in the CMIP5 models
at deeper levels is complicated by the wide
variety in sophistication of their component
land models. A pair of studies reveals less

Climate Science Special Report
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Impact of anthropogenic climate change on wildfire

across western US forests
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Increased forest fire activity across the western continental United
States (US) in recent decades has likely been enabled by a number of
factors, including the legacy of fire suppression and human settle-
ment, natural climate variability, and human-caused climate change.
We use modeled cimate projections to estimate the contribution
of anthropogenic climate change to observed increases in eight fuel
aridity metrics and forest fire area across the western United States.
Anthropogenic increases in temperature and vapor pressure deficit
significantly enhanced fuel aridity across western US forests over the
past several decades and, during 2000-2015, contributed to 75%
more forested area experiencing high (>1 ¢) fire-season fuel aridity
and an average of nine additional days per year of high fire potential.
Anthropogenic climate change accounted for ~55% of observed in-
creases in fuel aridity from 1979 to 2015 across western US forests,
highlighting both anthropogenic climate change and natural climate
variability as important contributors to increased wildfire potential in
recent decades. We estimate that human-caused climate change con-
tributed to an additional 4.2 million ha of forest fire area during 1984
2015, nearly doubling the forest fire area expected in its absence.
Natural climate variability will continue to alternate between modulat-
ing and compounding anthropogenic increases in fuel aridity, but an-
thropogenic climate change has emerged as a driver of increased forest
fire activity and should continue to do so while fuels are not limiting.

wildfire | climate change | attribution | forests

idespread increases in fire activity, including area burned

(1, 2), number of large fires (3), and fire season length
(4, 5), have been documented across the western United States
(US) and in other temperate and high latitude ecosystems over
the past half century (6, 7). Increased fire activity across western
US forests has coincided with climatic conditions more con
ducive to wildfire (2 4, 8). The strong interannual correlation
between forest fire activity and fire season fuel aridity, as well as
observed increases in vapor pressure deficit (VPD) (9), fire danger
indices (10), and climatic water deficit (CWD) (11) over the past
several decades, present a compelling argument that climate
change has contributed to the recent increases in fire activity. Pre
vious studies have implicated anthropogenic climate change (ACC)
as a contributor to observed and projected increases in fire activity
globally and in the western United States (12 19), yet no studies
have quantified the degree to which ACC has contributed to ob
served increases in fire activity in western US forests.

Changes in fire activity due to climate, and ACC therein, are
modulated by the co occurrence of changes in land management
and human activity that influence fuels, ignition, and suppression.
The legacy of twentieth century fire suppression across western
continental US forests contributed to increased fuel loads and fire
potential in many locations (20, 21), potentially increasing the
sensitivity of area burned to climate variability and change in re
cent decades (22). Climate influences wildfire potential primarily
by modulating fuel abundance in fuel limited environments, and
by modulating fuel aridity in flammability limited environments
(1, 23, 24). We constrain our attention to climate processes that
promote fuel aridity that encompass fire behavior characteris
tics of landscape ignitability, flammability, and fire spread via fuel
desiccation in primarily flammability limited western US forests by

11770-11775 | PNAS | October 18,2016 | vol. 113 | no. 42

considering eight fuel aridity metrics that have well established
direct interannual relationships with burned area in this region
(1, 8, 24, 25). Four metrics were calculated from monthly data for
1948 2015: (i) reference potential evapotranspiration (ETo),
(ii) VPD, (iii) CWD, and (iv) Palmer drought severity index
(PDSI). The other four metrics are daily fire danger indices cal

culated for 1979 2015: (v) fire weather index (FWI) from the
Canadian forest fire danger rating system, (vi) energy release
component (ERC) from the US national fire danger rating system,
(vii) McArthur forest fire danger index (FFDI), and (viii) Keetch

Byram drought index (KBDI). These metrics are further described
in the Materials and Methods and Supporting Information. Fuel
aridity has been a dominant driver of regional and subregional
interannual variability in forest fire area across the western US in
recent decades (2, 8, 22, 25). This study capitalizes on these re

lationships and specifically seeks to determine the portions of the
observed increase in fuel aridity and area burned across western
US forests attributable to anthropogenic climate change.

The interannual variability of all eight fuel aridity metrics aver
aged over the forested lands of the western US correlated signifi
cantly (R* = 0.57 0.76, P < 0.0001; Table S1) with the logarithm of
annual western US forest area burned for 1984 2015, derived from
the Monitoring Trends in Burn Severity product for 1984 2014 and
the Moderate Resolution Imaging Spectroradiometer (MODIS)
for 2015 (Supporting Information). The record of standardized fuel
aridity averaged across the eight metrics (hereafter, all metric
mean) accounts for 76% of the variance in the burned area record,
with significant increases in both records for 1984 2015 (Fig. 1).
Correlation between fuel aridity and forest fire area remains
highly significant (R* = 0.72, all metric mean) after removing the
linear least squares trends for each time series for 1984 2015,
supporting the mechanistic relationship between fuel aridity and

Significance

Increased forest fire activity across the western United States
in recent decades has contributed to widespread forest mor-
tality, carbon emissions, periods of degraded air quality, and
substantial fire suppression expenditures. Although numerous
factors aided the recent rise in fire activity, observed warming
and drying have significantly increased fire-season fuel aridity,
fostering a more favorable fire environment across forested
systems. We demonstrate that human-caused climate change
caused over half of the documented increases in fuel aridity
since the 1970s and doubled the cumulative forest fire area
since 1984. This analysis suggests that anthropogenic climate
change will continue to chronically enhance the potential for
western US forest fire activity while fuels are not limiting.
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Fig. 1. Annual western continental US forest fire area versus fuel aridity:

1984 2015. Regression of burned area on the mean of eight fuel aridity
metrics. Gray bars bound interquartile values among the metrics. Dashed
lines bounding the regression line represent 95% confidence bounds, ex
panded to account for lag 1 temporal autocorrelation and to bound the
confidence range for the lowest correlating aridity metric. The two 16 y periods
are distinguished to highlight their 3.3 fold difference in total forest fire area.
Inset shows the distribution of forested land across the western US in green.

forest fire area. It follows that co occurring increases in fuel aridity
and forest fire area over multiple decades would also be
mechanistically related.

We quantify the influence of ACC using the Coupled Model
Intercomparison Project, Phase 5 (CMIP5) multimodel mean
changes in temperature and vapor pressure following Williams
et al. (26) (Fig. S1; Methods). This approach defines the ACC
signal for any given location as the multimodel mean (27 CMIP5
models) 50 y low pass filtered record of monthly temperature
and vapor pressure anomalies relative to a 1901 baseline. Other
anthropogenic effects on variables such as precipitation, wind, or
solar radiation may have also contributed to changes in fuel
aridity but anthropogenic contributions to these variables during
our study period are less certain (22). We evaluate differences
between fuel aridity metrics computed with the observational
record and those computed with observations that exclude the
ACCsignal to determine the contribution of ACC to fuel aridity.
To exclude the ACC signal, we subtract the ACC signal from daily
and monthly temperature and vapor pressure, leaving all other
variables unchanged and preserving the temporal variability of
observations. The contribution of ACC to changes in fuel aridity is
shown for the entire western United States; however, we constrain
the focus of our attribution and analysis to forested environments
of the western US (Fig. 1, Inset; Methods).

Anthropogenic increases in temperature and VPD contributed
to a standardized (o) increase in all metric mean fuel aridity av
eraged for forested regions of +0.6 o (range of +0.3cto +1.1 ¢
across all eight metrics) for 2000 2015 (Fig. 2). We found similar
results with reanalysis products (all metric mean fuel aridity in
crease of +0.6 o for two reanalysis datasets considered; Methods),
suggesting robustness of the results to structural uncertainty in
observational products (Figs. S2 S4 and Table S2). The largest
anthropogenic increases in standardized fuel aridity were present
across the intermountain western United States, due in part to
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larger modeled warming rates relative to more maritime areas (27).
Among aridity metrics, the largest increases tied to the ACC signal
were for VPD and ETo because the interannual variability of these
variables is primarily driven by temperature for much of the study
area (28). By contrast, PDSI and ERC showed more subdued ACC
driven increases in fuel aridity because these metrics are more
heavily influenced by precipitation variability.

Fuel aridity averaged across western US forested areas showed a
significant increase over the past three decades, with a linear trend
of +1.2 o (95% confidence: 0.42 20 o) in the all metric mean for
1979 2015 (Fig. 34, Top and Table S1). The all metric mean ACC
contribution since 1901 was +0.10 & by 1979 and +0.71 o by 2015.
The annual area of forested lands with high fuel aridity (>1 o)
increased significantly during 1948 2015, most notably since 1979
(Fig. 34, Bottom). The observed mean annual areal extent of for
ested land with high aridity during 2000 2015 was 75% larger for
the all metric mean (+27% to +143% range across metrics) than
was the case where the ACC signal was excluded.

Significant positive trends in fuel aridity for 1979 2015 across
forested lands were observed for all metrics (Fig. 38 and Table
S1). Positive trends in fuel aridity remain after excluding the
ACC signal, but the remaining trend was only significant for
ERC. Anthropogenic forcing accounted for 55% of the observed
positive trend in the all metric mean fuel aridity during 1979
2015, including at least two thirds of the observed increase in
ETo, VPD, and FWI, and less than a third of the observed in
crease in ERC and PDSI. No significant trends were observed
for monthly fuel aridity metrics from 1948 1978.

The duration of the fire weather season increased significantly
across western US forests (+41%, 26 d for the all metric mean)
during 1979 2015, similar to prior results (10) (Fig. 44 and Table
S2). Our analysis shows that ACC accounts for ~54% of the in
crease in fire weather season length in the all metric mean (15
79% for individual metrics). An increase of 17.0 d per year of high
fire potential was observed for 1979 2015 in the all metric mean
(11.7 28.4 d increase for individual metrics), over twice the rate of
increase calculated from metrics that excluded the ACC signal
(Fig. 4B and Table S2). This translates to an average of an addi
tional 9d (7.8 12.0 d) per year of high fire potential during 2000
2015 due to ACC.

Given the strong relationship between fuel aridity and annual
western US forest fire area, and the detectable impact of ACC on
fuel aridity, we use the regression relationship in Fig. 1 to model

= "-"-.n..'_'_\_ .'.,'_;—-‘
A Fuel Aridity ACC (2000-2015) _

-10 000 0.10 025 045 0.70 100

Fig. 2. Standardized change in each of the eight fuel aridity metrics due
to ACC. The influence of ACC on fuel aridity during 2000 2015 is shown
by the difference between standardized fuel aridity metrics calculated
from observations and those calculated from observations excluding the
ACC signal. The sign of PDSI is reversed for consistency with other aridity
measures.
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Fig. 3. Evolution and trends in western US forest fuel aridity metrics over
the past several decades. (4) Time series of (Upper) standardized annual fuel
aridity metrics and (Lower) percent of forest area with standardized fuel
aridity exceeding one SD. Red lines show observations and black lines show
records after exclusion of the ACC signal. Only the four monthly metrics
extend back to 1948. Daily fire danger indices begin in 1979. Bold lines in
dicate averages across fuel aridity metrics. Bars in the background of A show
annual forested area burned during 1984 2015 for visual comparison with
fuel aridity. (B) Linear trends in the standardized fuel aridity metrics during
1979 2015 for (red) observations and (black) records excluding the ACC
signal (differences attributed to ACC). Asterisks indicate positive trends at
the (*) 95% and (**) 99% significance levels.
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the contribution of ACC on western US forest fire area for the
past three decades (Fig. 5 and Fig. §5). ACC driven increases in
fuel aridity are estimated to have added ~4.2 million ha (95%
confidence: 2.7 6.5 million ha) of western US forest fire area
during 1984 2015, similar to the combined areas of Massachusetts
and Connecticut, accounting for nearly half of the total modeled
bumed area derived from the all metric mean fuel aridity. Re
peating this calculation for individual fuel aridity metrics yields
ACC contributions of 1.9 4.9 million ha, but most individual
fuel aridity metrics had weaker correlations with burned area
and thus may be less appropriate proxies for attributing burned
area. The effect of the ACC forcing on fuel aridity increased
during this period, contributing ~5.0 (95% confidence: 4.2 5.9)
times more burned area in 2000 2015 than in 1984 1999 (Fig. 5B).
During 2000 2015, the ACC forced bumed area likely exceeded
the burned area expected in the absence of ACC (Fig. 5B).
A more conservative method that uses the relationship between
detrended records of burned area and fuel aridity (2) still indicates a
substantial impact of ACC on total burned area, with a 19% (95%

11772 | www.pnas.org/cgifdoi/10.1073/pnas. 1607171113

confidence: 12 24%) reduction in the proportion of total burned
area attributable to ACC (Fig. S5).

Our attribution explicitly assumes that anthropogenic increases
in fuel aridity are additive to the wildfire extent that would have
arisen from natural climate variability during 1984 2015. Because
the influence of fuel aridity on burned area is exponential, the
influence of a given ACC forcing is larger in an already arid fire
season such as 2012 (Fig. 54 and Fig. S5C). Anthropogenic in
creases in fuel aridity are expected to continue to have their most
prominent impacts when superimposed on naturally occurring
extreme climate anomalies. Although numerous studies have
projected changes in burned area over the twenty first century due
to ACC, we are unaware of other studies that have attempted to
quantify the contribution of ACC to recent forested burned area
over the western United States. The near doubling of forested
burmned area we attribute to ACC exceeds changes in burned area
projected by some modeling efforts to occur by the mid twenty
first century (29, 30), but is proportionally consistent with mid
twenty first century increases in burned area projected by other
modeling efforts (17, 31 33).

Beyond anthropogenic climatic changes, several additional
factors have caused increases in fuel aridity and forest fire area
since the 1970s. The lack of fuel aridity trends during 1948 1978
and persistence of positive trends during 1979 2015 even after
removing the ACC signal implicates natural multidecadal climate
variability as an important factor that buffered anthropogenic
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Fig. 4. Changes in fire weather season length and number of high fire
danger days. Time series of mean western US forest (A) fire weather season
length and (B) number of days per year when daily fire danger indices
exceeded the 95th percentile. Baseline period: 1981 2010 using observa
tional records that exclude the ACC signal. Red lines show the observed
record, and black lines show the record that excludes the ACC signal. Bold
lines show the average signal expressed across fuel aridity metrics.
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Fig. 5. Attribution of western US forest fire area to ACC. Cumulative forest
fire area estimated from the (red) observed all metric mean record of fuel
aridity and (black) the fuel aridity record after exclusion of ACC (No ACQ).
The (orange) difference is the forest fire area forced by anthropogenic in
creases in fuel aridity. Bold lines in A and horizontal lines within box plots
in B indicate mean estimated values (regression values in Fig. 1). Boxes in B
bound 50% confidence intervals. Shaded areas in A and whiskers in B bound
95% confidence intervals. Dark red horizontal lines in B indicate observed
forest fire area during each period.

effects during 1948 1978 and compounded anthropogenic effects
during 1979 2015. During 1979 2015, for example, observed
Mar Sep vapor pressure decreased significantly across many US
forest areas, in marked contrast to modeled anthropogenic in
creases (Fig. S6) (34). Significant declines in spring (Mar May)
precipitation in the southwestern United States and summer
(Jun Sep) precipitation throughout parts of the northwestern
United States during 1979 2015 (Fig. S7 A and B) hastened in
creases in fire season fuel aridity, consistent with observed in
creases in the number of consecutive dry days across the region
(10). Natural climate variability, including a shift toward the cold
phase of the interdecadal Pacific Oscillation (35), was likely the
dominant driver of observed regional precipitation trends (36)
(Fig. S7 B and D).

Our quantification of the ACC contribution to observed in
creases in forest fire activity in the western United States adds to
the limited number of climate change attribution studies on
wildfire to date (37). Previous attribution efforts have been re
stricted to a single GCM and biophysical variable (14, 16). We
complement these studies by demonstrating the influence of
ACC derived from an ensemble of GCMs on several biophysical
metrics that exhibit strong links to forest fire area. However, our
attribution effort only considers ACC to manifest as trends in
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mean climate conditions, which may be conservative because cli
mate models also project anthropogenic increases in the temporal
variability of climate and drought in the western United States (34,
38, 39). In focusing exclusively on the direct impacts of ACC on
fuel aridity, we do not address several other pathways by which
ACC may have affected wildfire activity. For example, the fuel
aridity metrics that we used may not adequately capture the role of
mountain snow hydrology on soil moisture. Nor do we account for
the influence of climate change on lightning activity, which may
increase with warming (40). We also do not account for how fire
risk may be affected by changes in biomass/fuel due to increases in
atmospheric CO, (41), drought induced vegetation mortality (42),
or insect outbreaks (43).

Additionally, we treat the impact of ACC on fire as inde
pendent from the effects of fire management (e.g., suppression
and wildland fire use policies), ignitions, land cover (e.g., exur
ban development), and vegetation changes beyond the degree to
which they modulate the relationship between fuel aridity and
forest fire area. These factors have likely added to the area
burned across the western US forests and potentially amplified
the sensitivity of wildfire activity to climate variability and change
in recent decades (2, 22, 24, 44). Such confounding influences,
along with nonlinear relationships between burned area and its
drivers (e.g., Fig. 1), contribute uncertainty to our empirical attri
bution of regional burned area to ACC. Our approach depends on
the strong observed regional relationship between burned area and
fuel aridity at the large regional scale of the western United States,
so the quantitative results of this attribution effort are not nec
essarily applicable at finer spatial scales, for individual fires, or to
changes in nonforested areas. Dynamical vegetation models with
embedded fire models show emerging promise as tools to diagnose
the impacts of a richer set of processes than those considered here
(41, 45) and could be used in tandem with empirical approaches
(46, 47) to better understand contributions of observed and pro
jected ACC to changes in regional fire activity. However, dynamic
models of vegetation, human activities, and fire are not without
their own lengthy list of caveats (2). Given the strong empirical
relationship between fuel aridity and wildfire activity identified
here and in other studies (1, 2, 4, 8), and substantial increases in
western US fuel aridity and fire weather season length in recent
decades, it appears clear from empirical data alone that increased
fuel aridity, which is a robustly modeled result of ACC, is the
proximal driver of the observed increases in western US forest fire
area over the past few decades.

Conclusions

Since the 1970s, human caused increases in temperature and
vapor pressure deficit have enhanced fuel aridity across western
continental US forests, accounting for approximately over half of
the observed increases in fuel aridity during this period. These
anthropogenic increases in fuel aridity approximately doubled
the western US forest fire area beyond that expected from nat
ural climate variability alone during 1984 2015. The growing
ACC influence on fuel aridity is projected to increasingly pro
mote wildfire potential across western US forests in the coming
decades and pose threats to ecosystems, the carbon budget,
human health, and fire suppression budgets (13, 48) that will
collectively encourage the development of fire resilient land
scapes (49). Although fuel limitations are likely to eventually
arise due to increased fire activity (17), this process has not yet
substantially disrupted the relationship between western US
forest fire area and aridity. We expect anthropogenic climate
change and associated increases in fuel aridity to impose an in
creasingly dominant and detectable effect on western US forest
fire area in the coming decades while fuels remain abundant.
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Methods

We focus on climate variables that directly affect fuel moisture over forested
areas of the western continental United States, where fire activity tends to be
flammability limited rather than fuel or ignition limited (1) (study region
shown in Fig. 1, Inset). There are a variety of climate based metrics that have
been used as proxies for fuel aridity, yet there is no universally preferred
metric across different vegetation types (24). We consider eight frequently
used fuel aridity metrics that correlate well with fire activity variables, in
cluding annual burned area (Fig. 1 and Table S1), in western US forests.

Fuel aridity metrics are calculated from daily surface meteorological data
(50) on a 1/24° grid for 1979 2015 for the western United States (west of
103°W). Although we calculated metrics across the entire western United
States, we focus on forested lands defined by the climax succession vege
tation stages of “forest” or “woodland” in the Environmental Site Potential
product of LANDFIRE (landfire.gov). Forested 1/24° grid cells are defined by
at least 50% forest coverage aggregated from LANDFIRE. We extended the
aridity metrics calculated at the monthly timescale (ETo, VPD, CWD, and
PDSI) back to 1948 using monthly anomalies relative to a common 1981
2010 period from the dataset developed by the Parameterized Regression
on Independent Slopes Model group (51) for temperature, precipitation,
and vapor pressure, and by bilinearly interpolating NCEP NCAR reanalysis
for wind speed and surface solar radiation. We aggregated data to annu
alized time series of mean May Sep daily FWI, KBDI, ERC, and FFDI; Mar Sep
VPD and ETo; Jun Aug PDSI; and Jan Dec CWD. We also calculated the
aridity metrics strictly from ERA INTERIM and NCEP NCAR reanalysis prod
ucts for 1979 2015 covering the satellite era (Supporting Information).

Days per year of high fire potential are quantified by daily fire danger indices
(ERC, FWI, FFDI, and KBDI) that exceed the 95th percentile threshold defined
during 1981 2010 from observations after removing the ACC signal. Obser
vational studies have shown that fire growth preferentially occurs during high
fire danger periods (52, 53). We also calculate the fire weather season length
for the four daily fire danger indices following previous studies (10).

The ACC signal is obtained from ensemble members taken from 27 CMIP5
global climate models (GCMs) regridded to a common 1° resolution for 1850
2005 using historical forcing experiments and for 2006 2099 using the
Representative Concentration Pathway (RCP) 8.5 emissions scenario (Table
S3 and Supporting Information). These GCMs were selected based on
availability of monthly outputs for maximum and minimum daily tempera
ture (Tmax and Tmin, respectively), specific humidity (huss), and surface
pressure. Saturation vapor pressure (e), vapor pressure (e), and VPD were
calculated using standard methods (Supporting Information). A variety of
approaches exist to estimate the ACC signal (26). We define the anthropo
genic signals in Tmax Tmine € €5 VPD, and relative humidity by a 50 y low
pass filter time series (using a 10 point Butterworth filter) averaged across the
27 GCMs using the following methodology: For each GCM, variable, month,
and grid cell, we converted each annual time series to anomalies relative to a
1901 2000 baseline. We averaged annual anomalies across all realizations
(model runs) for each GCM and calculated a single 50 y low pass filter annual
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time series for each of the 12 mo for 1850 2099. We averaged each month’s
low pass filtered time series across the 27 GCMs and additively adjusted so that
all smoothed records pass through zero in 1901. The resultant ACC signal
represents the CMIP5 modeled anthropogenic impact since 1901 for each
variable, grid cell, and month (Supporting Information).

We bilinearly interpolated the 1° CMIP5 multimodel mean 50 y low pass
time series to the 1/24° spatial resolution of the observations and subtracted
the ACCsignal from the observed daily and monthly time series. We consider
the remaining records after subtraction of the ACC signal to indicate climate
records that are free of anthropogenic trends (26).

Annual variations in fuel aridity metrics are presented as standardized
anomalies (o) to accommodate differences across geography and metrics. All
fuel aridity metrics are standardized using the mean and SD from 1981 to
2010 for observations that excluded the ACC signal. Although the selection
of a reference period can bias results (54), our findings were similar when
using the full 1979 2015 time period or the observed data (without removal
of ACC) for the reference period. The influence of anthropogenic forcing on
fuel aridity metrics is quantified as the difference between metrics calcu
lated with observations and those calculated with observations that ex
cluded the ACC signal. Area weighted standardized anomalies and the
spatial extent of western US forested land that experienced high (>1 o)
aridity are computed for each aridity metric. Annualized burned area as well
as aggregated fuel aridity metrics calculated with data from ref. 50 and the
two reanalysis products are provided in Datasets S1 S3.

We use the regression relationship between the annual western US forest
fire area and the all metric mean fuel aridity index in Fig. 1 to estimate the
forcing of anthropogenic increases in fuel aridity on forest fire area during
1984 2015. Uncertainties in the regression relationship due to imperfect
correlation and temporal autocorrelation are propagated as estimated
confidence bounds on the anthropogenic forcing of forest fire area. This
approach was repeated using a more conservative definition of the re
gression relationship, where we removed the linear least squares trend for
1984 2015 from both the area burned and fuel aridity time series before
regression to reduce the possibility of spurious correlation due to common
but unrelated trends (Fig. S5). Statistical significance of all linear trends and
correlations reported in this study are assessed using both Spearman’s rank
and Kendall’s tau statistics. Trends are considered significant if both tests
yield P < 0.05.
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Fuel Aridity Metrics

We use eight metrics as proxies for fuel aridity that have established
interannual links to area burned in forested systems: (i) reference
evapotranspiration (ETo) (55, 56), (i) vapor pressure deficit (VPD)
(25), (ii) fire weather index (FWI) from the Canadian forest fire
danger rating system (57), (iv) energy release component (ERC)
from the US national fire danger rating system (8), (v) climatic
water deficit (CWD) (17), (vi) McArthur forest fire danger
index (FFDI) (10), (vii) Keetch Byram drought index (KBDI)
(25), and (viii) Palmer drought severity index (PDSI) (58). Each
metric varies in terms of its input requirements, serial correlation,
and sensitivity to the driving meteorological fields (59 61).

Daily surface meteorological data from ref. 50 are used to
calculate the fuel aridity metrics. These data combine the tem
poral attributes and multiple variables from the North American
Land Data Assimilation System 2 meteorological forcing dataset
(NLDAS?2; ref. 62) and the spatial attributes of the monthly dataset
developed by the Parameterized Regression on Independent Slopes
Model (PRISM) group at Oregon State University (51).

Monthly climate data are used to calculate PDSI, ETo, CWD,
and VPD. We calculate ETo using the Penman Monteith method
(63). PDSI is calculated using monthly ETo, precipitation, and soil
water holding capacity derived from State Soil Geographic
(STATGO) database and aggregated to the 1/24° grid (26). CWD
is calculated using a monthly water balance runoff model that has
been modified to account for snowpack dynamics (11, 64).

Monthly mean vapor pressure (¢) is estimated from monthly
mean specific humidity and an estimate of surface pressure based
on elevation (63). Monthly mean saturation vapor pressure (e) is
calculated from mean daily maximum and minimum temperature
(Tmax and Ty, respectively), resulting in maximum and minimum
saturation vapor pressure values (€s max and es min, respectively).
Monthly mean ey is calculated as the mean of eg . and e min.
Monthly mean VPD is calculated as eg minus e.

Daily meteorological fields are used to calculate ERC, FWI,
KBDI, and FFDI. ERC s an output of the US national fire danger
rating system and represents the potential daily fire intensity for a
static fuel type [we use model G (65), which is dense conifer with
heavy fuels] exposed to the cumulative drying effect on the 100
and 1,000 h fuels forced by temperature, precipitation, relative
humidity, and solar radiation (66). The FWI is an output of the
Canadian forest fire danger rating system that integrates several
fire danger indices to provide a numerical rating of frontal fire
intensity that accounts for fuel dryness and potential fire spread.
KBDI is a proxy for the cumulative soil moisture deficit calculated
using precipitation, temperature, and latitude. The FFDI is an em
pirical approach for assessing fire danger developed in Australia that
uses temperature, wind speed, humidity, and a drought factor (67,
68). To accommodate the requirements of ERC and FWI that
incorporate observations at 1300 and 1200 local standard time,
respectively, we use daily Tpax and minimum relative humidity.
Each fire danger index has different input requirements and
sensitivities to changes in individual meteorological variables.
For example, wind speed has no impact on calculated ERC or
KBDI, but does impact FWI and FFDI.

We repeated our analyses using the European Centre for
Medium Range Weather Forecasts Re Analysis Interim (ERA

Abatzoglou and Williams www.pnas.org/cgi/content/short/1607171113

INTERIM) and National Centers for Environmental Prediction

National Center for Atmospheric Research (NCEP NCAR)
reanalysis products to assess structural uncertainty in observa
tions and the resultant impact on our study. Reanalyses from
ERA INTERIM and NCEP NCAR are acquired at 0.75 and 2.5

degree spatial resolution, respectively. Daily maximum and mini
mum relative humidity are not readily available from reanalysis, and
are instead estimated using daily mean specific humidity (or dew
point temperature) and maximum and minimum temperature (69).
Any biases in estimated relative humidity imparted by this approach
should not substantially impact calculated trends. Forest or wood
land cover from the Environmental Site Potential product of
LANDFIRE are aggregated up to the native resolution of ERA
INTERIM, where ERA INTERIM grid cells are considered for
ested if composed of at least 50% woodland or forest. To maintain
relatively similar spatial coverage across reanalysis products,
we bilinearly interpolate aggregated forest cover from the ERA
INTERIM grid to the NCEP NCAR grid.

Fig. S7 A and B shows linear least squares trends in 250 hPa
geopotential height and precipitation for 1979 2015 for Mar
May and Jun Sep. Geopotential height trends are computed
using data from ERA INTERIM reanalysis products. Seasonal
precipitation trends are computed using data from PRISM
(product version AN81m: M3) (51).

Annual time series of standardized fuel aridity indices, number
of days per year of high fire danger, and fire weather season length
aggregated for western US forested areas, both based on ob
servations and based on observations after exclusion of the
anthropogenic climate signal are provided in Supplemental
Datasets S1 S3.

Fire Data

Satellite derived burned area for 1984 2014 are obtained from
the Monitoring Trends in Burn Severity (MTBS; ref. 70). This re
cord consists of only large wildfires at least 404 ha in size, but these
fires account for over 92% of the total burned area in forests across
the western United States (2). Area burned for 2015 is estimated
using the MODIS burned area product version 5.1 (71). MODIS
annual burned area values were bias corrected to the MTBS record
across the overlap period (2001 2014). Annual records of the log
arithm of western US forest fire area derived from MTBS and
MODIS were highly correlated (r = 0.97, P < 0.01) during the
overlap period.

Climate Models

We obtained monthly means of daily 2 m T, (fasmax), Tiax
(tasmin), specific humidity (huss), and surface pressure (ps) from
available ensemble members of 27 GCMs participating in the
fifth phase of the Climate Model Intercomparison Project (Table
S3). We appended historical model simulations for 1850 2005
with simulations for experiment RCP8.5 for 2006 2099 (72).
CMIP5 models were used to obtain an anthropogenic climate signal
that could be removed from the observational record. In addition,
we evaluated CMIPS5 trends in seasonal precipitation (pr) and 250 hPa
geopotential height (gz250) for 39 models to evaluate the mag
nitude of anthropogenic impacts on precipitation during 1979

2015 relative to observed trends during this period.
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Fig. S1. Multimodel mean anthropogenic climate change signal of 50 y smoothed values for 2015 minus those for 1901 for (Left to Right) Dec Feb, Mar May,
Jun Aug, and Sep Nov for (Top to Bottom) maximum temperature, minimum temperature, vapor pressure, vapor pressure deficit, mean relative humidity,
maximum relative humidity, and minimum relative humidity. Black dots show grid cells where at least 20 (>74%) of the 27 models agree on the direction of
the trend.

Abatzoglou and Williams www.pnas.org/cgi/content/short/1607171113 20of 8



a) ERC

ERA-I

BNAS

|

ACC (2000-2015)

-10 0.00 0.10 0.25 0.45 0.70 1.00

Fig. 52. As in Fig. 2 but for (A H) ERA INTERIM and (/ P/ NCEP MNCAR reanalysis. The influence of ACC on fuel aridity during 2000 2015 is shown by the
difference between standardized fuel aridity metrics calculated from observations and those calculated from observations excluding the ACC signal. The sign
of PDSI is reversed for consistency with other aridity measures.
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Fig. S3. Asin Fig 3 but for ERA INTERIM. (A) Time series of (Top) standardized annual fuel aridity metrics and (Bottom) percent of forest area with stan
dardized fuel aridity exceeding one SD. Red lines show observations and black lines show records after exclusion of the ACC signal. Only the four monthly
metrics extend back to 1950. Daily fire danger indices are constrained to 1979 2015. Bold lines indicate averages across fuel aridity metrics. (8) Linear trends in

the standardized fuel aridity metrics during 1979 2015 for (red) observations and (black) records excluding the ACC signal (black). Asterisks indicate positive
trends at the (*) 95% and (**) 99% significance levels.
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Fig. S4. Asin Fig 3 but for NCEP NCAR reanalysis. (A) Time series of (Top) standardized annual fuel aridity metrics and (Bottom) percent of forest area with
standardized fuel aridity exceeding one SD. Red lines show observations and black lines show records after exclusion of the ACC signal. Only the four monthly
metrics extend back to 1950. Daily fire danger indices are constrained to 1979 2015. Bold lines indicate averages across fuel aridity metrics. (B) Linear trends in
the standardized fuel aridity metrics during 1979 2015 for (red) observations and (black) records excluding the ACC signal (black). Asterisks indicate positive
trends at the (*) 95% and (**) 99% significance levels.
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Fig. S5. Relationships between all metric mean fuel aridity anomalies and burned area in western US forests (A and B) are used to model the annual respornse
of forest fire area to fuel aridity (C and D) under observed fuel aridity conditions and those recalculated after the removal of ACC. Two methods are used to
derive the response of forest fire area: (4) derived from raw data (as presented in the article) and (B) derived from detrended data for 1984 2015. This al
ternate approach is more conservative because it reduces risk of assuming an artificially strong relationship caused by common but unrelated trends. () The
estimated relative forcing of ACC on cumulative burned area, calculated as the relative difference between burned area modeled from observed fuel aridity
and burned area modeled in the absence of ACC.In A D, areas bounding the central lines correspond to 95% confidence intervals around the regression lines.
In E, boxes and whiskers indicate 50% and 95% confidence intervals, respectively.
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Fig. S6. Observations (blue) versus CMIP5 projections (black and gray) of March September vapor pressure anomalies (relative to 1948 1990 mean) in western
US forest areas. Thick black line is the multimodel (n = 27) mean and gray area bounds the interquartile values. CMIP5 projections have had a 50 y low pass
filter applied to exclude high frequency variations caused by natural climate variability.
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Fig. S7. Linear trend in (A) March May, and (B) June September (contours) 250 hPa geopotential height (in meters, data source: ERA INTERIM) and (back
ground) precipitation (percent of 1979 2015 average, data source: PRISM an81m) during 1979 2015. Only precipitation trends significant at the P < 0.1 level
are shown. Lower shows CMIP5 ensemble mean trends for the same variables during 1979 2015 for (C) March May and (B) June September (n = 39 models).
For precipitation, trends are only shown if at least 75% of models agree on the sign of the trend. Trends are reported in units per 37 y. The location of western
US forests is shown in gray in A and B.
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Table S1. Pearson'’s correlation coefficients between standardized fuel aridity metrics and log-10 area burned (1984~
2015), and linear change in in the standardized duel aridity metrics during 1979-2015

No ACC No ACC No ACC
Metric gridMET gridMET ERA | ERA | NN1 NN1
Interannual correlation with log 10 of area burned
PDSI 0.76** 0.71** 0.74** 0.72** 0.72** 0.67**
FWI 0.80** 0.71%* 0.87** 0.86** 0.75%* 0.69**
ERC 0.87** 0.85** 0.86** 0.85** 0.75** 0.71**
FFDI 0.83** 0.74%* 0.86** 0.85** 0.76** 0.64**
ETo 0.81** 0.65** 0.82** 0.73** 0.71** 0.54**
CWD 0.87** 0.81** 0.87** 0.85** 0.78** 0.72%*
KBDI 0.80** 0.74** 0.79** 0.73** 0.73** 0.60**
VPD 0.87** 0.77*%* 0.83** 0.81+** 0.75%* 0.60**
MEAN 0.87** 0.79** 0.87** 0.85** 0.80** 0.70**
Linear trend in standardized fuel aridity metric per 37 years
PDSI 1.12* 0.75 1.28** 1.03** 0.86** 0.59*
FWI 0.79* 0.25 1.64** 1.15** 0.91** 0.46*
ERC 1.30** 0.93** 1.61** 1.34** 0.79** 0.52*
FFDI 1.04* 0.35 2.03** 1.18** 0.79* 0.10
ETo 1.45*%* 0.27 1.81** 0.86* 1.07** 0.16
CWD 1.30%* 0.70 1.63%* 1.22%* 0.92* 0.47
KBDI 0.94** 0.49 1.63** 0.72* 0.80** 0.09
VPD 1.73** 0.58 2.24%* 1.26** 1.30** 0.23
MEAN 1.21** 0.54 1.73** 1.10** 0.93** 0.33

Units of the trends are SDs per 37 y, as in Fig. 3. Columns labeled as “No ACC" indicate that these variables have been recalculated
after subtraction of the CMIP5 ensemble mean trends in temperature and vapor pressure. Correlations and trends are shown using the
gridded meteorological dataset (gridMET) (50), ERA INTERIM (ERA 1), and NCEP NCAR (NN1). Asterisks indicate significance at the (*)
95% and (**) 99% levels. Significance was evaluated using a two tailed test for correlations and a single tailed test for trends.

Table S2. Linear trend in the relative fire weather season length and number of days of high fire potential
(exceeding the 95th percentile of observations) per 37 y averaged over western forests from 1979 to 2015

No ACC No ACC No ACC
Metric gridMET gridMET ERA | ERA | NN1 NN1
Trend in fire weather season length (percent) per 37 years
KBDI 50.0%* 20.7% 80.6** 37.3%* 13.7% 42%
FFDI 37.1%* 7.9% 57.8%** 34.3%** 19.5%* 0.5%
FWI 33.6%* 9.3% 57.7%** 41.3%** 25.1%** 1.7%
ERC 45.1%** 38.4%** 45.3%** 40.5%** 19.5%** 16.6%*
MEAN 41.4%* 19.1% 60.4%** 38.3%** 19.5%* 5.8%
Trend in number of days with high fire potential per 37 years
KBDI 12.7* 4.9 26.0** 10.0 11.3 2.9
FFDI 15.1%* 3.2 19.8** 8.0* 4.3 4.2
FWI 11.7* 2.9 17.1%* 11.2%* 6.4* 2.7
ERC 28.4** 20.0** 32.2%* 24.1** 10.7* 2.6
MEAN 17.0%* 7.8 23.8** 13.3*%* 8.2* 0.3

Columns labeled as “No ACC” indicate that these variables have been recalculated after subtraction of the CMIP5 ensemble mean
trends in temperature and vapor pressure. Trends are shown using the gridded meteorological dataset (gridMET) (50), ERA INTERIM
(ERA 1), and NCEP NCAR (NN1). Asterisks indicate significant trends at the (*) 95% and (**) 99% levels. Significance was evaluated using
a single tailed test for trends.

Abatzoglou and Williams www.pnas.org/cgi/content/short/1607171113
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Table S3. List of the 39 climate models from the CMIP5 used in the study

Resolution Variables Ensemble size
Name lat x lon tasmax, tasmin, huss, ps pr, 9z2sp Historical rcp8.5
ACCESS1 0 1.25° x 1.875° X X 3 1
ACCESS1 3 1.25° x 1.875° X X 3 1
BCCCSM1 1M 1.1215° x 1.125° X X 3 1
BCC CSM1 1 2.7905° x 2.8125° X X 3 1
BNU ESM 2.7905° x 2.8125° X 1 1
CANESM2 2.7905° x 2.8125° X X 5 5
cCsm4 0.9424° x 1.25° X X 8 6
CESM1 BGC 0.9424° x 1.25° X X 1 1
CESM1 CAM5 0.9424° x 1.25° X X 3 3
CESM1 WACCM 1.8947° x 2.5° X X 7 3
CNRM CM5 1.4008° x 1.4063° X X 10 5
CSIROMK36 0 1.8652° x 1.875° X X 10 10
CMCC CESM 3.711° x 3.75° X 1 1
CMCC CM 0.7484° x 0.75° X 1 1
CMCC CMS 1.8652° x 1.875° X 1 1
FGOALS G2 2.7905° x 2.8125° X 5 1
FIO ESM 2.7905° x 2.8125° X 3 3
GFDL CM3 2° x 2.5° X X 5 1
GFDL ESM2G 2.0225° x 2.5° X X 1 1
GFDL ESM2M 2.0225° x 2.5° X X 1 1
GISS E2 H 2° x 2.5° X X 18 5
GISS E2 R 2° x 2.5° X X 24 5
GISS E2 H CC 2°x 2.5° X 1 1
GISS E2 R CC 2° x 2.5° X 1 1
HADGEM2 CC 1.25° x 1.875° X X 3 3
HADGEM2 ES 1.25° x 1.875° X X 5 4
INMCM4 1.5° x 2° X X 1 1
IPSL CM5A LR 1.8947° x 3.75° X X 6 4
IPSL CM5A MR 1.2676° x 2.5° X X 3 1
IPSL CM5B LR 1.8947° x 3.75° X X 1 1
MIROC ESM CHEM 2.7905° x 2.8125° X X 1 1
MIROC ESM 2.7905° x 2.8125° X X 3 1
MIROCS 1.4008° x 1.4063° X X 5 3
MRI CGCM3 1.1215° x 1.125° X X 5 1
MPI ESM LR 1.8652° x 1.875° X 3 3
MPI ESM MR 1.8652° x 1.875° X 3 1
MRI ESM1 1.1215° x 1.125° X 1 1
NORESM1 M 1.8947° x 2.5° X X 3 1
NORESM1 ME 1.8947° x 2.5° X 1 1

All of these models had monthly output for precipitation (pr) and 250 hPa geopotential height (gz2s0). The 27
models that had monthly mean output of daily 2 m T« (tasmax), Tmin (tasmin), specific humidity (huss), and
surface pressure (ps) and denoted with an x in the third column. The number of ensemble realizations for the
historical (1850 2005) and rcp8.5 (2006 2099) experiments are shown in the fifth and sixth columns, respectively.

Other Supporting Information Files

Dataset S1 (CSV)
Dataset S2 (CSV)
Dataset S3 (CSV)

Abatzoglou and Williams www.pnas.org/cgi/content/short/1607171113
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From: Hoffman, Cat

To: Patrick Gonzalez NPS
Subject: Re: sorry!
Date: Saturday, March 10, 2018 1:02:21 PM

Hi Patrick -- | also meant to say that in hindsight, rearranging the order in which we discussed
the sealevel change report and the broader discussion with Ray wasn't agood idea. It seemed
to make sense at the time, because he anticipated providing the same "backdrop” to each of the
sessions. Clearly | should've anticipated that it would run a bit long though, and | really do
regret that the shortened time meant you couldn't participate in the full discussion.

On Fri, Mar 9, 2018 at 5:26 PM, Hoffman, Cat <cat_hawkins_hoffman@nps.gov> wrote:
right...thanks for the JOTR reminder re. Monday. Enjoy beingin thefield.

On Fri, Mar 9, 2018 at 5:08 PM, Patrick Gonzalez NPS <patrick gonzalez@nps.gov>
wrote:
Hi Cat,

Thanks for the message. It was unfortunate that the first meeting with Ray ran long and
squeezed the critical meeting on the sealevel rise report with Maria. The two of us spoke
and she derived how the rest of the time went.

It's good that you found the meetings this week went well. The discussions were
roductive and we did accomplish most of what was on the list. Thanks for (SIS
and the dinner with everybody.

| leave Sunday for Joshua Tree and will be in the field counting trees with staff and
partners all day Monday. So, no telephone call then, but we will talk the next Monday.

Thanks,

Patrick

From: "Hoffman, Cat" <cat_hawkins_hoffman@nps.gov>
Subject: sorry!

Date: March 8, 2018 at 8:07:41 PM PST

To: Patrick Gonzalez <patrick_gonzalez@nps.gov>

Patrick -- I'm really sorry that | didn't catch you in time as you had to head for your
shuttle. | wanted to tell you goodbye, and that | appreciated having you in Fort Collins for
the last couple days. | was pleased that we got alot done, and whether the rest of you
concur, | thought we had good/beneficial discussions!

| do really regret that we didn't have adequate time before you had to leave to finish the
discussion with Ray. | probably should've anticipated that, and perhaps asked you to stay
over one more night, or tried to organize the discussion earlier in the day with Ray. | felt



that we ended up in areasonable place as we talked through text further along in the
document -- at least that was my perspective. Mariawill be in touch with you on a couple
sections.

hope your trip back was uneventful, and thanks again for coming out Patrick. Talk with
you next week.

Cat Hawkins Hoffman
National Park Service

Chief, NPS Climate Change Response Program

1201 Oakridge Drive
Fort Callins, CO 80525

cat_hawkins hoffman@nps.gov
office: 970-225-3567
cell: 970-631-5634

Adaptation websites: public, NPS managers
Climate Change Response Resources

Cat Hawkins Hoffman
National Park Service

Chief, NPS Climate Change Response Program
1201 Oakridge Drive

Fort Collins, CO 80525

cat_hawkins hoffman@nps.gov

office: 970-225-3567

cell: 970-631-5634

Adaptation websites: public, NPS managers
Climate Change Response Resources

Cat Hawkins Hoffman
National Park Service

Chief, NPS Climate Change Response Program
1201 Oakridge Drive

Fort Collins, CO 80525

cat_hawkins hoffman@nps.gov

office: 970-225-3567

cell: 970-631-5634

Adaptation websites: public, NPS managers
Climate Change Response Resources
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From: Maria Caffrey

To: Perez, Larry

Cc: Patrick Gonzalez NPS

Subject: Copy of the SLR report

Date: Monday, March 12, 2018 9:15:27 AM
Hi Larry,

Would it be possible for you to email me and Patrick a copy of the report that includes the
notes following from our discussion with Ray?

| just opened the flash drive you gave me and the report isn't on it. All it has are 508 files.
Thanks!

Maria Caffrey, PhD

Research Associate

Geological Sciences,
UCB 399,

2200 Colorado Ave,
Boulder, CO 80309

Office: (303) 969-2097
Cell: (303) 518-3419
Web: mariacaffrey.com
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From: Maria Caffrey

To:

Subject: Re: Time to go over edits?

Date: Sunday, March 18, 2018 6:31:09 PM
Hi Patrick

Sure, that works for me | thought they had shared it with you They couldn’t put it on the drive because my NPS profile got deleted (Rebeccatold IT | had left so they purged my
account) Larry tried to give me the file on aflash drive but the file somehow didn’t get transferred onto it, so Cat sent an email last week with alink to aftp site I'll seeif I can forward it
toyou

Maria Caffrey, Ph D

Office: (303) 969-2097
Cell: (303) 518-3419
mariacaffrey com

On Mar 18, 2018, at 6:25 PM, Patrick Gonzalez NPS <patrick_gonzalez@nps gov> wrote:

Hi Maria,
If 1:30 PM MDT (12:30 PM PDT) is OK in your schedule, let'stalk then | can't talk at 10 AM MDT

Another negative aspect of this situation is that they have not shared the Word file with you, the lead author All authors should be able to have the report | have not seen a
message from Larry He can easily post the file on Google Drive for both of us

Thanks,

Patrick

From Maria Caffrey <maria.caffrey@colorado.edu>
Subject Re Time to go over edits?

Date March 12, 2018 at 8:18 01 AM PDT

To Patrick Gonzalez NPS <patrick_gonzalez@nps gov>

Hi Patrick,

Let's plan to go over it next Monday. I'm free all day on Monday, so just let me know what works for you. I thought I had a copy of the file, but it turns out it didn't get
copied over to the flash drive Larry gave me. | have asked Larry to email us both a copy.

Cheers,

Maria Caffrey, PhD

Research Associate

Geological Sciences,
UCB 399,

2200 Colorado Ave,
Boulder, CO 80309

Office: (303) 969-2097
Cell: (303) 518-3419
Web: mariacaffrey.com

From: Patrick Gonzalez NPS <patrick gonzalez@nps gov>
Sent: Friday, March 9, 2018 5 02:48 PM

To: Maria Caffrey

Subject: Re: Time to go over edits?

Hi Maria,

I am working in Joshua Tree this Sunday through Wednesday, then | am off Thursday and Friday. If next Monday (March 19) is too far from now, then | could find time on Thursday. | don't think it will take us more
than an hour.

May you please send me the Word file. We don't need to have a webinar if we both have the same file.
Thanks,

Patrick

Patrick Gonzalez, Ph.D.

Principal Climate Change Scientist
Natural Resource Stewardship and Science
U.S. National Park Service

Associate Adjunct Professor
Department of Environmental Science, Policy, and Management

University of California, Berkeley

https://oL Wviror berkeley.edt ick-gonzale:

patrick_gonzalez@nps.gov
+1 (510) 643-9725
131 Mulford Hall, Berkeley, CA 94720-3114 USA

From: Maria Caffrey <maria.caffr lorado.edu>

Subject: Time to go over edits?

Date: March 9, 2018 at 12:40:31 PM PST

To: "patrick_gonzalez@nps.gov" <patrick_gonzalez@nps.gov>

Hi Patrick
Do you have some time to go over the edits next week? I'm free everyday except Monday and Friday afternoon.

Thanks,



Maria Caffrey, Ph.D.

Office: (303) 969-2097
Cell: (303) 518-3419
ffrey.com
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From: Maria Caffrey

To: patrick gonzalez@nps.gov
Subject: Fwd: File for your use

Date: Sunday, March 18, 2018 6:33:18 PM
Patrick

Apologiesthisdidn’t get sent to you. | assumed you had been sent a copy given that you're a
co-author. No ideawhy they didn’t send this to you too.

Maria Caffrey, Ph.D.

Office: (303) 969-2097
Cell: (303) 518-3419

mariacaffrey.com
Begin forwarded message:

From: "Hoffman, Cat" <cat_hawkins hoff man@nps.gov>
Date: March 14, 2018 at 9:22:37 AM MDT

To: Patrick Gonzalez <patrick_gonzalez@nps.gov>

Cc: Maria Caffrey <maria.caffr colorado.edu>
Subject: Fwd: Filefor your use

Hi Patrick -- | hope you had a really successful visit to Joshua Tree (and also a rejuvenating
time being out in the field...that's always so valuable).

I know you are traveling today, and scheduled to be off tomorrow and Friday. Just wanted
to be sure that you're able to download this file so that you and Maria can talk through the
suggested changes. | think there were only a few flagged for discussion, and as soon as
you and Maria have a chance to discuss, | will get the final version to Fagan as a priority for
completion so that we can post the report.

Thanks,

Cat

---------- Forwarded message ----------

From: larry_perez@nps.gov <doi_secure file transfer@doi.gov>
Date: Mon, Mar 12, 2018 at 3:12 PM

Subject: File for your use

To: patrick_gonzalez@nps.gov, cat_hawkins _hoffman@nps.gov,
maria.caffrey@colorado.edu, larry _perez@nps.gov

b

You have received 1 file from larry_perez@nps.gov.



Maria,

So sorry for the trouble. Hard to imagine | could screw up saving a
file to a hard drive, but I'll chalk that one up to having too many

windows open on my desktop ;)

-L

2018-03-08 Sea Level Change Report _4Maria.docx

123.90 MB
File links expire: Mar 26, 2018

DOWNLOAD

kiteworks™

http://www.nps.gov

Cat Hawkins Hoffman
National Park Service

Chief, NPS Climate Change Response Program
1201 Oakridge Drive

Fort Collins, CO 80525

cat_hawkins hoffman@nps.gov

office 970-225-3567

cell: 970-631-5634

Adaptation websites: public, NPS managers
Climate Change Response Resources
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From: Google Calendar on behalf of Patrick Gonzalez

To: maria_caffrey@partner.nps.gov
Subject: Accepted: SLR/SS Report Edits @ Mon Mar 19, 2018 1:30pm - 2:30pm (MDT) (maria_caffrey@partner.nps.gov)
Attachments: invite.ics

Patrick Gonzalez has accepted thisinvitation.
SLR/SS Report Edits

Meeting to discuss the proposed edits to the sea level and storm surge report.

Mariawill call Patrick. A link will be sent just before the meeting so we can share screens.

When Mon Mar 19, 2018 1:30pm — 2:30pm Mountain Time

Video call HY PERLINK "https://hangouts.google com/hangouts/_/doi.gov/maria-caffrey-p?
heceid=bWFyaWFfY 2FmzZnJeUBwY X JObmVyL m5wcy5nb3Y .3ofs034jdofllusadco6onjf81" https://hangouts.google.com/hangouts/_/doi.gov/maria-
caffrey-p

Calendar maria_caffrey@partner.nps.gov

Who « maria_caffrey@partner.nps.gov - organizer

« patrick_gonzalez@nps.gov

Invitation from HY PERLINK "https.//www.google.com/calendar/" Google Calendar

You are receiving this email at the account maria_caffrey@partner nps.gov because you are subscribed for invitation replies on calendar
maria_caffrey@partner.nps.gov.

To stop receiving these emails, please log in to https://www.google.com/calendar/ and change your notification settings for this calendar.
Forwarding this invitation could allow any recipient to modify your RSV P response. HY PERLINK

"https://support.google.com/ca endar/answer/37135#forwarding" Learn More.
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From: Patrick Gonzalez NPS

To: Larry Perez

Cc: Cat Hoffman; Maria Caffrey
Subject: Sea level rise report Word file

Date: Monday, March 19, 2018 9:17:55 AM
Hi Larry,

Thank you for sending the ftp link, but | don’t see the file in my ftp folder. If you could upload
the Word file to Google Drive, that will work.

Thanks,

Patrick

Patrick Gonzalez, Ph.D.

Principal Climate Change Scientist
Natural Resource Stewardship and Science
U.S. National Park Service

Associate Adjunct Professor, Department of Environmental Science, Policy, and Management
Affiliate, Institute for Parks, People, and Biodiversity
University of California, Berkeley

patrick_gonzalez@nps.gov
+1 (510) 643-9725
131 Mulford Hall, Berkeley, CA 94720-3114 USA

From: "larry_perez@nps.gov" <doi_secure_file_transfer@doi.gov>
Subject: File for your use
Date: March 12, 2018 at 2:12:01 PM PDT

To: patrick_gonzalez@nps.gov, cat_hawkins hoffman@nps.gov,

maria.caffrey@colorado.edu, larry _perez@nps.gov
Reply-To: larry_perez@nps.gov

You have received 1 file from larry_perez@nps.gov.
Maria,

So sorry for the trouble. Hard to imagine | could screw up saving a file to a hard
drive, but I'll chalk that one up to having too many windows open on my



desktop ;)
-L

2018-03-08 Sea Level Change Report 4Maria.docx
123.90 MB

File links expire: Mar 26, 2018

DOWNLOAD

http://www.nps.gov



21 Updated invitation_ SLR_SS Report Edits @ Mon M....pdf



From: maria_caffrey@partner.nps.gov.

To: patr ck_gonzalez@nps.gov

Subject: Updated nvitation: SLR/SS Report Ed ts @ Mon Mar 19, 2018 12:30pm - 1:30pm (PDT) (patrick_gonzalez@nps.gov)

Attachments: invite.ics

“This event has been changed.

HYPERLINK "https://www. google.convalendar/event?

action VIEW&ed 2T oD kB MikibWFyaWFFY 2FmzndeUBwY X J0bmVyLmSwey5nb3Y 3NjUyNmiwZTRKZGY 5ZGNhZ TMONGNINWUIMGIMNTEY Y{hiZjZI Y TE3&ctz America%2FLos Angelesihl en&es 1* more
details »

SLRI/SS Report Ediits

the sea
Mariawill call Patrick. A link will be sent just before the meeting so we can shere screens.
‘When Changed: Mon Mar 19, 2018 12:30pm — 1:30pm Pcific Time
Video call HYPERLINK /_Jdoi
Calendar patrick_gonzalez@nps.gov
Who - maria_caffrey@partner.nps gov - organizer
« patrick_gonzalez@nps.gov

Going? HYPERLINK “https//www google.com/calendar/event?

caffrey-pheeid bWFyaWFFY 2FmZndeUBwY X 0bmVyL

action RESPOND&eid T oD 1&t0k Y2FmZnJeUBwY X J0bmVylL 3NjUYNmIWZTRKZGY 5ZGNhZT! JIMGIMNTEYY|hiZjZI Y TE3& ctz Americab2FLos Angeles&hl en&es 1"
Yes- HYPERLINK "https//www.google com/calendar/event?
action RESPOND&eid T OD! 3&tok Y2FmZnJeUBwY XJ0bmVyL INjUYNmIWZTR NKZT JIMGIMNTEYY|hiZjZI Y TE3& ctz Americal2FLos Angeleskhl enes 1'
Maybe - HY PERLINK "https//www.google.convcalendar/event?
action RESPOND&eid T oD 2810k Y2FmZndeUBwY X J0bmVyL TRKZGY5ZGNHZT! JIMGIMNTEYY|hiZjZIY TE3&ctz America2FLos Angeleskhl enes 1°
No HYPERLINK "https://www.google.com/calendar/event?
adtion VIEW&eid T 1 KbWFyaWFFY 2FmZndeUBwY X J0bmV yL mSicy5nb3Y 3NjUyNmiwZTRKZGY SZGNhZ TMONGNINWUIMGIMNTEY YjhiZjZI Y TE3&ctz America?2FLos Angelesihl enges 1° more
options »
Invitation from HY PERLINK *https://www.google.com/calendar/” Google Calendar
You are receiving this email at the account patrick because for updated al

i to https/iwww. calend:

Learn More.

Tostop please log y
Forwarding thisinvitation could allow any recipient to modify your response. HY PERLINK
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From: lar| erez@nps.gov

To: cat_hawkins hoffman@nps.gov; maria.caffrey@colorado.edu; patrick gonzalez@nps.gov
Subject: 2nd Attempt
Date: Monday, March 19, 2018 9:29:00 AM

You have received 1 file from larry_perez@nps.gov.
Patrick,
Let's try this FTP once more. As you'll see, the file is pretty massive.

2018-03-08 Sea Level Change Report_4Maria.docx
123.90 MB

File links expire: Apr 2, 2018

kimwo rks-

http://www.nps.gov
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From: maria_caffrey@partner.nps.gov.

To: patr ck_gonzalez@nps.gov
Subject: Updated  nvitation: SLR/SS Report Ed ts @ Mon Mar 19, 2018 1:30pm - 2:30pm (PDT) (patrick_gonzalez@nps.gov)
Attachments: invite.ics.

“This event has been changed.
HYPERLINK "https://www. google.convalendar/event?
2T

action VIEW&eid
details »

SLRISS Report Edits

the seal
Mariawill call Patrick. A link will be sent just before the meeting so we can shere screens.
‘When Changed: Mon Mar 19, 2018 1:30pm — 2:30pm Pacific Time:
Video call HYPERLINK /_Idoi
Calendar patrick_gonzalez@nps.gov
Who - maria_caffrey@partner.nps gov - organizer
« patrick_gonzalez@nps.gov

Going? HYPERLINK “https//www google.com/calendar/event?

MjkjbWFyaWFfY 2FmZndeUBwY X0bmVyLmSwey5nb3Y 3NjUyNmIwZ TRKZGY 5ZGNhZ TMONGNINWUIMGIMNTEY YjhiZjZIY TE3&ctz Americabi2FLos Angeles&hl en&es 1" more

caffrey-pheeid bWFyaWFFY 2FmZndeUBwY X 0bmVyL

JIMGIMNTEYY|hZjZIY TE3&ctz Americadi2FLos Angeles&hl enges 1"

action RESPOND&eid T oD
Yes- HYPERLINK *https:/fwww google com/calendarfevent?

Y 2FmZneUBwY XJ0bmVyL

3NjUYNMIWZTRKZGY 5ZGNhZT

JIMGIMNTEYYjhiZiZIY TE3&ctz America¥2FLos Angelesthl enges 1'

action RESPOND&eid T oD
Maybe - HY PERLINK "htps://www.google.comvcalendar/event?

Y 2FmZneUBwY XJ0bmVyL

INjUYNMIWZTR NhZTT

TRKZGY5ZGNZT! JIMGIMNTEYYjhiZjZIVTE3& ctz Americads2FLos Angelesghl en&es 1"

action RESPOND&eid i oD!

No HYPERLINK "https://www.google.com/calendar/event?
action VIEW&eid i

options »
Invitation from HY PERLINK *https:/fwww.google.comVcalendar* Google Calendar

Y2FmZnJeUBwY X J0bmVyL

‘You arereceiving this email at the account patrick. because: for updated

into https:/fwww.

calend:

Learn More.

Tostop pleaselog y
Forwarding this invitation could allow any recipient to modify your esponse. HYPERLINK

Y 2FmZnJleUBwY X J0bmVyL mSwey5nb3Y 3NjUyNmIwZ TRKZGY 5ZGNhZ TMONGNINWUIMGIMNTEYYjhiZjZI Y TE3&ctz America#2FLos Angeleshl en&es 1" more
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From: Patrick Gonzalez NPS

To: Larry Perez

Cc: Cat Hoffman; Maria Caffrey; maria caffrey@partner.nps.qov
Subject: Thanks - Sea level rise Word file

Date: Monday, March 19, 2018 9:58:37 AM

Hi Larry,

Thanks. That link worked and | downloaded the file.

Patrick

From: "larry perez@nps.gov" <doi secure file transfer@doi.gov>
Subject: 2nd Attempt
Date: March 19, 2018 at 8:27:54 AM PDT

To: cat_hawkins_hoffman@nps.gov, maria.caffrey@colorado.edu,
patrick gonzalez@nps.gov
Reply-To: larry_perez@nps.gov

You have received 1 file from larry_perez@nps.gov.

Patrick,

Let's try this FTP once more. As you'll see, the file is pretty massive.

2018-03-08 Sea Level Change Report _4Maria.docx
123.90 MB

File links expire: Apr 2, 2018

DOWNLOAD kiteworks™

http://www.nps.gov
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From: Maria Caffrey

To: Patrick Gonzalez NPS
Subject: Re: Sea level - can you call at 2:30 PM MDT (1:30 PM PDT)
Date: Monday, March 19, 2018 10:34:48 AM

Sure thing. | just updated the invite.

Maria Caffrey, PhD

Research Associate

Geological Sciences,
UCB 399,

2200 Colorado Ave,
Boulder, CO 80309

Office: (303) 969-2097
Cell: (303) 518-3419
Web: mariacaffrey.com

From: Patrick Gonzalez NPS <patrick_gonzalez@nps.gov>
Sent: Monday, March 19, 2018 9:36:17 AM

To: Maria Caffrey

Cc: Maria Caffrey

Subject: Sea level - can you call at 2:30 PM MDT (1:30 PM PDT)

Hi Maria,

Cat just scheduled an unrelated telephone call at the same time. | hope that it will be possible
to talk an hour later, at 2:30 PM MDT (1:30 PM PDT).

Y our idea of sharing your screen isindeed the best way. If you could arrange that, it would be
great.

Thanks,

Patrick

Patrick Gonzalez, Ph.D.

Principal Climate Change Scientist
Natural Resource Stewardship and Science
U.S. National Park Service

Associate Adjunct Professor, Department of Environmental Science, Policy, and Management

Affiliate, Institute for Parks, People, and Biodiversity
University of California, Berkeley

https://ourenvironment.berkel ey.edu/peopl e/patrick-gonzal ez

patrick_gonzal ez@nps.gov
+1 (510) 643-9725



131 Mulford Hall, Berkeley, CA 94720-3114 USA

From: Maria Caffrey <maria_caffr artner.nps.gov>
Subject: Updated invitation: SLR/SS Report Edits @ Mon Mar 19, 2018 12:30pm -

1:30pm (PDT) (patrick_gonzalez@nps.gov)
Date: March 19, 2018 at 7:55:54 AM PDT

To: patrick_gonzalez@nps.gov

Reply-To: Maria Caffrey <maria_caffr artner.nps.gov>

This event has been changed.

SLR/SS Report Edits more details »

Meeting to discuss the proposed edits to the sea level and storm surge report.
Maria will call Patrick. A link will be sent just before the meeting so we can share screens.

When Changed: Mon Mar 19, 2018 12:30pm — 1:30pm Pacific Time

Video call  https://hangouts.google.com/hangouts/ /doi.gov/maria-caffrey-p
Calendar patrick_gonzalez@nps.gov

Who o maria caffrey@partner.nps.gov - organizer
o patrick_gonzalez@nps.gov

Going? Yes - Maybe - No more options »

Invitation from Google Calendar
You are receiving this email at the account patrick gonzalez@nps.gov because you are subscr bed for updated

invitations on calendar patrick_gonzalez@nps.gov.

To stop receiving these emails, please log in to https://www.google.com/calendar/ and change your notification settings
for this calendar.

Forwarding this invitation could allow any recipient to modify your RSVP response. Learn More.
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From: Patrick Gonzalez NPS

To: Maria Caffrey U Colorado
Subject: KEMP_et_al-2013-Journal_of_Quaternary_Science.pdf
Date: Monday, March 19, 2018 4:00:03 PM

Attachments: KEMP et al-2013-Journal of Quaternary Science.pdf
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JOURNAL OF QUATERNARY SCIENCE (2013) 28(6) 537 541

Rapid Communication

ISSN 0267 8179. DOI: 10.1002/jgs.2653

Contribution of relative sea-level rise to historical

hurricane flooding in New York City

ANDREW C. KEMP'*' and BENJAMIN P. HORTON?

'School of Forestry and Environmental Studies, Yale University, New Haven, USA
2Sea Level Research, Institute of Marine and Coastal Sciences, Rutgers University, New Brunswick, USA

Received 13 March 2013; Revised 20 June 2013; Accepted 5 July 2013

ABSTRACT: Flooding during hurricanes is a hazard for New York City. Flood height is determined by storm surge
characteristics, timing (high or low tide) and relative sea level (RSL) change. The contribution from these factors is
estimated for seven historical hurricanes (1788 2012) that caused flooding in New York City. Measurements from
The Battery tide gauge and historical accounts are supplemented with a RSL reconstruction from Barnegat Bay,
New Jersey. RSL was reconstructed from foraminifera preserved in salt marsh sediment that was dated using marker
horizons of lead and copper pollution and '*’Cs activity. Between the 1788 hurricane and Hurricane Sandy in
2012, RSL rose by 56 cm, including 15 cm from glacio isostatic adjustment. Storm surge characteristics and timing
with respect to astronomical tides remain the dominant factors in determining flood height. However, RSL rise will
raise the base level for flood heights in New York City and exacerbate flooding caused by future hurricanes.

Copyright © 2013 John Wiley & Sons, Ltd.

KEYWORDS: Hurricane Sandy; New Jersey; salt marsh; storm surge; tide gauge.

Introduction

Flooding during hurricanes is a hazard and economic burden
to New York City (Coch, 1994; Gornitz et al., 2001; Colle
et al., 2008). In October 2012, Hurricane Sandy caused an
estimated $50 billion of damage, making it the second
costliest hurricane (after Katrina in 2005) to hit the United
States (Blake et al,, 2013). In New York City, coastal New
Jersey, and elsewhere along the US north east Atlantic coast,
this damage was caused predominantly by flooding. Notable
historical flooding from hurricanes in New York City also
occurred in 1985 (Hurricane Gloria), 1960 (Hurricane
Donna), 1938, 1893, 1821, and 1788 (unnamed; Coch,
1994; Scileppi and Donnelly, 2007).

The height of flooding attained during a hurricane is the
product of storm surge height, timing in the astronomical
tidal cycle and relative sea level (RSL) change. Storm surge
height is unique to each hurricane, being governed by
meteorological conditions and coastal geomorphology (Irish
et al., 2008; Lin et al., 2010). Worse flooding occurs when a
hurricane’s impact is coincident with higher tides. Converse
ly, lower tides provide vertical space to accommodate a
storm surge and to lessen, or prevent, flooding. RSL changes
through time and is ultimately the base level on which
astronomical tides and storm surges are superimposed.
Consequently, the flood height reached at a particular
location in New York City (e.g. a building or landmark)
during one hurricane compared with another is partly
attributed to RSL change. In the 21st century, RSL rise will
impact New York City by augmenting the height of storm
surges and tides (Bindoff et al., 2007; Yin et al., 2009).

The contribution of RSL change to flooding in New York
City during Hurricane Sandy compared with earlier historical
events is unknown. We reconstruct RSL for the past ~230
years from salt marsh sediment in northern New Jersey and
*Correspondence: A. C. Kemp, at "Present address below.

E-mail: andrew.kemp@tufts.edu

*Present address: Department of Earth and Ocean Sciences, Tufts University,
Medford, MA 02155, USA.

Copyright © 2013 John Wiley & Sons, Ltd.

show that RSL rose by 56 + 4 cm between the 1788 hurricane
and Hurricane Sandy in 2012. Ongoing glacio isostatic
adjustment accounted for an estimated 15 cm of this change.
These results demonstrate that future RSL rise will add to
flood heights attained during hurricanes, but that variability
among storm surges and timing remain the dominant controls
on flooding in New York City.

Historical hurricane flooding in
New York City

The National Hurricane Center defines a storm tide as the
water level reached from the combined effects of astronomi
cal tides and storm surge and expressed relative to a
contemporary tidal datum. Storm surge height at a tide gauge
is the difference between the observed water level and the
predicted astronomical tide for that time. Tide level reflects
the daily rising and falling of the tides and also position in the
astronomical cycle of spring and neap tides. Great diurnal
tidal range at The Battery tide gauge in New York City is
currently 1.54m. Wave heights are excluded from these
definitions because they are filtered out by tide gauge
measurements. RSL is the height of the ocean surface relative
to the land at a given location, where zero commonly refers
to present (Shennan et al., 2012). It is what an observer on a
coast would experience and the net effect of many processes
acting simultaneously, including glacio isostatic adjustment.
RSL rise between hurricanes raises the base level on which
tides and storm surges are superimposed.

The digitized instrumental record of individual hurricane
flooding events in New York City is available from the
National Ocean Survey since 1920, although archival data
from as early as 1835 exist (Talke and Jay, 2013). Tide gauge
data from The Battery on the southern tip of Manhattan
(Fig. 1) show that Hurricane Sandy (October 2012) generated
a 2.81 m storm surge that occurred with a high astronomical
tide (0.67 m above mean tide level; MTL) resulting in a storm
tide of 3.48m MTL (Fig. 2). The King’s Point tide gauge in
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From: Patrick Gonzalez NPS

To: Maria Caffrey U Colorado
Subject: Sea level - 2:30 PM MDT (1:30 PM PDT)
Date: Monday, March 19, 2018 4:23:22 PM

Thanks, Maria | will bein the office at (510) 643-9725

Patrick

From Maria Caffrey <maria.caffrey@colorado.edu>

Subject Re Sealevel - can you call at 2 30 PM MDT (1 30 PM PDT)
Date March 19, 2018 at 8:39:40 AM PDT

To Patrick Gonzalez NPS <patrick gonzalez@nps.gov>

Sure thing. | just updated the invite.

Maria Caffrey, PhD

Research Associate

Geological Sciences,
UCB 399,

2200 Colorado Ave,
Boulder, CO 80309

Office: (303) 969-2097
Cell: (303) 518-3419
Web: mariacaffrey.com

From: Patrick Gonzalez NPS <patrick gonzalez@n V>
Sent: Monday, March 19, 2018 9:36:17 AM

To: Maria Caffrey

Cc: Maria Caffrey

Subject: Sea level - can you call at 2:30 PM MDT (1:30 PM PDT)

Hi Maria,

Cat just scheduled an unrelated telephone call at the same time. | hope that it will be possible to talk an hour later, at 2:30 PM MDT (1:30 PM PDT).
Your idea of sharing your screen is indeed the best way. If you could arrange that, it would be great.

Thanks,

Patrick

Patrick Gonzalez, Ph.D.

Principal Climate Change Scientist
Natural Resource Stewardship and Science
U.S. National Park Service

Associate Adjunct Professor, Department of Environmental Science, Policy, and Management
Affiliate, Institute for Parks, People, and Biodiversity
University of California, Berkeley

https://ourenvironment.berkeley.edu/people/patrick-gonzalez
patrick_gonzalez@nps.gov

+1 (510) 643-9725
131 Mulford Hall, Berkeley, CA 94720-3114 USA

From: Maria Caffrey <maria_caffre: artner.nps.gov>
Subject: Updated invitation: SLR/SS Report Edits @ Mon Mar 19, 2018 12:30pm - 1:30pm (PDT) (patrick gonzalez@nps.gov)
Date: March 19, 2018 at 7:55:54 AM PDT

To: patrick_gonzalez@nps gov
Reply-To: Maria Caffrey <mari (ffr ner.nps.gov:

This event has been changed.

SLR/SS Report Edits more details »

Meeting to discuss the proposed edits to the sea level and storm surge report.
Maria will call Patrick. A link will be sent just before the meeting so we can share screens.

When Changed: Mon Mar 19, 2018 12:30pm — 1:30pm Pacific Time
Video call  https://hangouts.google.com/hangouts/ /doi.gov/maria-caffrey-p
Calendar  patrick_gonzalez@nps.gov
Who « maria_caffre artner.nps.gov - organizer
« patrick_gonzalez@nps.gov
Going? Yes - Maybe - No more options »
Invitation from Google Calendar
You are receiving this ema | at the account patrick_gonzalez@nps.gov because you are subscribed for updated invitations on calendar patrick_gonzalez@nps.gov

To stop receiving these emails, please log in to hitps /iwww.google.com/calendarf and change your notification settings for this calendar
Forwarding this invitation could allow any recipient to modify your RSVP response. Learn More
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From: Hoffman. Cat

To: Maria Caffrey

Cc: Patrick Gonzalez NPS

Subject: Re: SLR/SS report

Date: Monday, March 19, 2018 5:10:26 PM

That sounds great Maria -- thank you.
Cat

On Mon, Mar 19, 2018 at 4:27 PM, Maria Caffrey <maria.caffrey@colorado.edu> wrote:
Hi Cat,

Just wanted to let you know that Patrick and I just spent the last couple hours going over
the report. I still need to check the references, but I need to (b) (6) sol
won't be able to get to it until tomorrow. Hope that's ok.

Cheers,

Maria Caffrey, PhD

Research Associate

Geological Sciences,
UCB 399,

2200 Colorado Ave

Boulder, CO 80309

Office: (303) 969-2097
Cell: (303) 518-3419

Web: mariacaffrey.com

Cat Hawkins Hoffman
National Park Service

Chief, NPS Climate Change Response Program
1201 Oakridge Drive

Fort Collins, CO 80525

cat_hawkins hoffman@nps.gov

office: 970-225-3567

cell: 970-631-5634

Adaptation websites: public, NPS managers
Climate Change Response Resources
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From: Maria Caffrey (via le Drive

To: patrick gonzalez@nps.qov

Cc: cat_hawkins hoffman@nps.gov; rebecca beavers@nps.gov
Subject: Caffrey et al Sea Level Change Report_Final version .docx
Date: Wednesday, March 21, 2018 12:57:09 PM

maria_caffrey@partner.nps.gov has shared the following document:

Caffrey et al Sea Level Change Report_Final version
.docx

Google Drive: Have all your files within reach from any device. G O 0 I e.u
Google LLC, 1600 Amphitheatre Parkway, Mountain View, CA 94043, USA g
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From: Patrick Gonzalez NPS

To: Maria Caffrey

Cc: Maria Caffrey U Colorado

Subject: Re: Sea level and storm surge report

Date: Wednesday, March 21, 2018 1:02:17 PM

Attachments: Caffrey et al Sea Level Change Report Final version without pics .docx
Dear Maria,

| greatly appreciate you agreeing with me to maintain scientific integrity by restoring all
instances of “anthropogenic climate change” and “human-caused climate change” into the
report after they had tried to delete them.

Thanks,

Patrick

Patrick Gonzalez, Ph.D.

Principal Climate Change Scientist
Natural Resource Stewardship and Science
U.S. National Park Service

Associate Adjunct Professor, Department of Environmental Science, Policy, and Management
Affiliate, Institute for Parks, People, and Biodiversity
University of California, Berkeley

https://ourenvironment.berkel ey.edu/people/patrick-gonzal ez

patrick_gonzalez@nps.gov
+1 (510) 643-9725
131 Mulford Hall, Berkeley, CA 94720-3114 USA

From: "Caffrey, Marid' <maria_caffr artner.nps.gov>

Subject: Sealevel and storm surgereport

Date: March 21, 2018 at 11:55:52 AM PDT

To: Cat Hoffman <cat_hawkins_hoffman@nps.gov>

Cc: Rebecca Beavers <rebecca beavers@nps.gov>, Patrick Gonzalez

<patrick_gonzalez@nps.gov>

Cat,

Hereisalink to the sealevel and storm surge

report: https://drive.google.com/file/d/1_Vbnz2c3JZOKUlyy582xoDsMfzAZaGSd/view?
usp=sharing



| am also attaching aversion of it to this email that does not include the pictures so we can
keep track of the versions, but the full version (including pictures) is now up on the drive for
you to download.

Cheers,

Maria Caffrey, Ph.D.

NPS Water Resources Division
PO Box 25287

Denver CO 80225

Office: 303-969-2097
Cell: 303-518-3419

www.nps.gov/subjects/wetlands
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Driftwood washed up on the shoreline of Redwood National Park, California.
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Figures

Figure 1. Sea level trends for the United States based on Zervas (2009), for all available
data through 2015. Each dot represents the location of a long-term (>30 years) tide gauge
station. Green dots represent stations that are experiencing the average global rate of sea
level change. Stations depicted by yellow to red dots are experiencing greater than the
global average (primarily driven by regional subsidence) and blue to purple dots are
stations experiencing less than the global average (due to isostatic rebound or other
tectonically-driven factors). Source:

https://tidesandcurrents.noaa.gov/sltrends/slrmap.ntm ..o

Figure 2. An example of how areas of inundation appear in ArcGIS. In this example for
the Toms Cove area of Assateague Island National Seashore, areas of inundation
(RCP4.5 2050) appear in blue. Green shading indicates other low lying areas that are
blocked from inundation by some impediment, but nonetheless could experience flooding

should the physical barrier be removed or breached............ccccoiieiiiiiiin i

Figure 3. An example of the extent of an operational basin shown in NOAA’s SLOSH
display program (http://www.nhc.noaa.gov/surge/slosh.php). The black area is the full

extent of the operational basin for Chesapeake Bay. ..........cccocerereierieneieneneee e

Figure 4. Projected future sea level by NPS region for 2100 under RCP8.5 (the “business
as usual” climate change scenario). Black dots indicate the average sea level rise (m) for
all units within the respective regions. Black bars represent the standard deviation of each

mean. Blue bars mark the full range of sea level estimates for each region. ...........cccccoeienneen.

Figure 5. Projected future sea level rise by NPS region for 2030 under RCP8.5 (the
“business as usual” climate change scenario). Black dots indicate the average sea level
rise (m) for all units within the respective regions. Black bars represent the standard
deviation of each mean. Blue bars mark the full range of sea level estimates for each
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Figure 6. Projected future sea level rise by NPS region for 2050 under RCP8.5 (the
“business as usual” climate change scenario). Black dots indicate the average sea level
rise (m) for all units within the respective regions. Black bars represent the standard
deviation of each mean. Blue bars mark the full range of sea level estimates for each
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Figure 7. Projected future sea level rise by 2100 for the NPS Northeast Region under all
of the representative concentration pathways. Black dots indicate the average sea level
rise (m) for all units within the respective regions. Black bars represent the standard
deviation of each mean. Blue bars mark the full range of sea level estimates for each
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Figure 8. Estimated storm surge created by Saffir-Simpson category 3 hurricane
occurring at high tide near Boston Harbor Islands National Recreation Area. Colored
areas represent areas of flooding. Colors from green to red show estimated height of a

storm surge (see inset legend for estimated range). ........cccvoveveieeresie i
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Figure 9. SLOSH MOM storm surge maps for a Saffir-Simpson category 1 (left) versus

category 2 hurricane striking Everglades National Park at mean tide (right). Colored areas

represent areas of flooding. Colors from green to red show estimated height of a storm

surge (see inset legend for eStIMAated FANGE). ......coovviieriiiiiiiiie st nee s 16

Figure 10. A SLOSH MOM map showing storm surge height and extent created by a
Saffir-Simspon category 2 hurricane striking the Washington D.C. region at high tide.

Colored areas represent areas of flooding. Colors from green to red show estimated

height of a storm surge (see inset legend for estimated range). ........coceveeeeeeieieieee e 17

Figure 11. Projected future sea level rise by 2100 for the NPS Intermountain Region

under all of the representative concentration pathways. Black dots indicate the average

sea level rise (m) for all units within the respective regions. Black bars represent the

standard deviation from each mean. Blue bars mark the full range of sea level estimates

TOF BACKH CALEYOY . ...ttt et e e e e s e e e et e st e s e e se e s e eneeneeneeneeneenean 18

Figure 12. A SLOSH MOM map showing storm surge height and extent created by a
Saffir-Simspon category 4 hurricane striking the southwestern Texas region at mean tide.

The dark green line around the island represents the boundary of Padre Island National

Seashore. Colored areas represent areas of flooding. Colors from green to red show

estimated height of a storm surge (see inset legend for estimated range)..........ccoceeevereieicicieienenn. 18

Figure 13. Radiative forcing (see list of terms) for each of the Representative

Concentration Pathways (RCPs). An increase in radiative forcing (due to the loading of
anthropogenic gases into the atmosphere) will result in higher global average

temperatures. RCPs replace the IPCC SRES scenarios. Note how RCP4.5 (yellow line)

projections are slightly higher than RCP6.0 (gray line) in the early part of this century.

Source: MeinShausen et al. 2011.......c.ooiiiiiieieeieee et e e 21
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Photo 1. Looking out towards the Gulf of Mexico from Fort Jefferson, Dry Tortugas National Park. Photo
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Executive Summary

Ongoing changes in relative sea levels and the potential for increasing storm surges due to
anthropogenic climate change present challenges to national park managers. This report summarizes
work done by the University of Colorado in partnership with the National Park Service (NPS) to
provide sea level rise and storm surge projections to coastal area national parks using information
from the United Nations Intergovernmental Panel on Climate Change (IPCC) and storm surge
scenarios from National Oceanic and Atmospheric Administration (NOAA) models. This research is
the first to analyze IPCC and NOAA projections of sea level and storm surge under climate change
for U.S. national parks. Results illustrate potential future inundation and storm surge due to climate
change under four greenhouse gas emissions scenarios. In addition to including multiple scenarios,
the analysis considers multiple time horizons (2030, 2050 and 2100). This analysis provides sea level
rise projections for 118 park units and storm surge projections for 79 of those parks.

Within the National Park Service, the National Capital Region is projected to experience the highest
average rate of sea level change by 2100. The coastline adjacent to Wright Brothers National
Memorial in the Southeast Region is projected to experience the highest sea level rise by 2100. The
Southeast Region is projected to experience the highest storm surges based on historical data and
NOAA storm surge models.

These results are intended to inform park planning and adaptation strategies for resources managed
by the National Park Service. Sea level change and storm surge pose considerable risks to
infrastructure, archeological sites, lighthouses, forts, and other historic structures in coastal units of
the national park system. Understanding projections for continued change can better guide protection
of such resources for the benefit of long-term visitor enjoyment and safety.

Photo 2. Basement flooding in the visitor center at Rosie the Riveter WWII Home Front National
Historical Park. This photograph was taken on December 5, 2012 —12 years after the establishment
of the park. Photo credit: Maria Caffrey.
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List of Terms
The following list of terms are defined here as they will be used in this report.

Bathtub model: A simplification of the sea as bathtub of water to simulate a change in water level
relative to the land. This model does not include other factors such changes in erosion or accretion
that change alter the geometry of the coastline.

Flooding: The temporary occurrence of water on the land.
Inundation: The permanent impoundment of water on what had previously been dry land.

Isostatic rebound: A change in land level caused by a change in loadings on the Earth’s crust. The
most common cause of isostatic rebound is the loading of continental ice during the Last Glacial
Maximum in North America. The North American land surface is still returning to equilibrium after
the melting of this continental ice in an effort to return to equilibrium with its original pre-loading
state.

National Park Service unit: Property owned or managed by the National Park Service.

Radiative Forcing: Is the change in the incoming solar radiation minus the outgoing infrared
radiation: the change in heat at the surface of the Earth. Positive radiative forcing means Earth
receives more incoming energy from sunlight than it radiates to space. This net gain of energy warms
the earth, resulting in higher global average temperatures.

Relative sea level: Where the water level can be found compared to some reference point on land.
This term is most frequently used in discussion of changes in relative sea level. A change in relative
sea level could be caused by a change in water volume or a change in land level (or some
combination of these two factors).

Sea level: The average level of the seawater surface.

Sea level change: This term is frequently used in reference to relative sea level change. This is the
product of two main factors, 1) an increase in the volume of ocean water, and 2) a change in land
level. These two factors can be broken down further into other drivers that will be discussed in
greater detail in other sections. This term is sometimes mistakenly confused with the term sea level
rise.



Sea level rise: An increase in sea level. This is the result of an increase in ocean water volume caused
principally by melting continental ice and thermal expansion. This term is not to be confused with
increasing relative sea level, which can also be caused by decreasing land levels.



Introduction

Global sea level is rising. While sea levels have been gradually rising since the last glacial maximum
approximately 21,000 years ago (Clark et al. 2009, Lambeck et al. 2014), anthropogenic climate
change has significantly increased the rate of global sea level rise (Grinsted et al. 2010, Church and
White 2011, Slangen et al. 2016, Fasullo et al. 2016). Human activities continue to release carbon
dioxide (CO3) into the atmosphere, causing the Earth’s atmosphere to warm (IPCC 2013, Mearns et
al. 2013, Melillo et al. 2014). Further warming of the atmosphere will cause sea levels to continue to
rise, which will affect how we protect and manage our national parks. The rate of warming depends
on numerous factors considered by the Intergovernmental Panel on Climate Change (IPCC) under
four different representative concentration pathways (RCPs; Moss et al. 2010, Meinshausen et al.
2011). Used as the basis for this report, the RCPs are climate change scenarios based on potential
greenhouse gas concentration trajectories introduced in the fifth climate change assessment report of
the Intergovernmental Panel on Climate Change (IPCC 2013). The IPCC’s process-based approach
for estimating future sea levels contrasts with other estimates from semi-empirical techniques that
commonly generate higher numbers.

This report provides estimates of sea level change due to climate change for 118 National Park
Service units and estimates of storm surge for 79 of those units. As temperature increases, sea levels
rise due to a number of factors that will be discussed in greater detail. As sea levels incrementally
rise, periods of flooding caused by storms and hurricanes exacerbate the growing problem of coastal
inundation (see list of terms). Peek et al. (2015) estimated that the value of infrastructure at risk in 40
National Park Service units could cost billions of dollars if these units were exposed to one-meter of
sea level rise.

For example, when Hurricane Sandy struck New York City in 2012 it caused an estimated $19
billion in damage to public and private infrastructure (Tollefson 2013). This single storm cannot be
attributed to anthropogenic climate change, but the storm surge occurred over a sea whose level had
risen due to climate change (Kemp and Horton 2013). Extreme storms such as Hurricane Sandy have
extreme costs. When Hurricane Sandy struck it was estimated to have a return period between a 398
year (Lin et al. 2016) and a 1570 year storm (Sweet et al. 2013). Currently, a 100 year storm surge in
New York City could cost $2-5 billion and a 500 year storm surge could cost $5-11 billion (Aerts et
al. 2013).

Under future scenarios of increasing anthropogenic greenhouse gas emissions, models project
increasing storm intensities (Mann and Emanuel 2006, Knutson et al. 2010, Lin et al. 2012, Ting et
al. 2015). When this change in storm intensity (and therefore, storm surge) is combined with sea
level rise, we expect to see increased coastal flooding and the permanent loss of land across much of
the United States coastline. Increasing sea levels increase the likelihood of another Hurricane Sandy-
sized storm surge striking New York City. Factoring in future sea level rise to these estimates
reduces the potential return interval of a similar storm surge occurring by 2100 to between 50 years
(Sweet et al. 2013) and 90 years (Lin et al. 2016).



The aim of this report is to: 1) quantify projections of sea level rise in coastal National Park Service
units over the next century based on the latest IPCC (2013) models, and 2) show how storm surge
generated by hurricanes and extratropical storms could also affect these parks.

Format of This Report

This report contains five sections (introduction, methods, results, discussion, and conclusion), and
presents results per park alphabetically by region. The 118 park units studied for this project cover
six administrative regions: the Northeast, Southeast, National Capital, Intermountain, Pacific West,
and Alaska. The scope of this project focuses on sea levels. The scope of this project did not include
projected changes in lake levels, although interior waterways and lakes, especially the Great Lakes,
are vulnerable to the effects of climate change. Further explanation on how to access the data from
this project is available in the methods sections and accompanying appendices.

Frequently Used Terms

Definitions of the most basic terms used in this report occur on page ix. However, some terms require
greater explanation for their use. For example, we follow the advice of Flick et al. (2012) in
differentiating between the terms flooding and inundation. While many choose to use these terms
interchangeably, we use the term “flooding” to describe the temporary impoundment of water on
land. This usually results from storm activity and other short-lived events, such as periodic tidal
action, and will therefore be used here in reference to the effects of a storm surge on land.
“Inundation” refers to the gradual permanent submergence of land that will occur due to sea level
rise.

The terms sea level rise and sea level change are also used differently. Sea level rise refers only to
rising water levels resulting from an increase in global ocean volumes. In most parts of the United
States this increase in water volume will lead to increasing relative sea levels. However, in some
parts of the country relative sea level is decreasing due to isostatic rebound. Figure 1 shows current
sea level trends based on tide gauge records for United States that span at least 30-years of data.

For example, the Southeast Region of Alaska is experiencing a decrease in relative sea level.
Alaska’s crust continues to rebound following the melting of large volumes of ice that occurred for
centuries to millennia on land in the form of glaciers and ice fields. Alaska is tectonically complex
with extensive faults that contribute to this crustal motion. Although the volume of ocean water in
this region is increasing, the rate of sea level rise is less than the rate of isostatic rebound, resulting in
a decrease in relative sea level. For this reason, we use the term “sea level change” as it includes
regions that will experience a decrease in relative sea level (at least in the early part of this century)
as well as those that will see increasing relative sea levels.



Figure 1. Sea level trends for the United States based on Zervas (2009), for all available data through 2015. Each dot represents the location of a
long-term (>30 years) tide gauge station. Green dots represent stations that are experiencing the average global rate of sea level change. Stations
depicted by yellow to red dots are experiencing greater than the global average (primarily driven by regional subsidence) and blue to purple dots
are stations experiencing less than the global average (due to isostatic rebound or other tectonically-driven factors). Source:
https://tidesandcurrents.noaa.gov/sltrends/slrmap.htm



Methods

This report summarizes work of a three-year project initiated in 2013, analyzing sea level change in
118 National Park Service units. Consultation with regional managers regarding units they
considered to be potentially vulnerable to sea level change and/or storm surge resulted in selection of
these 118 coastal park units (Appendix B). Project activities included the following:

1) Prepare sea level projections over multiple time horizons for each park unit.

2) Estimate potential exposure to storm surge using the National Oceanographic and
Atmospheric Administration (NOAA) Sea, Lake, and Overland Surge from Hurricanes
(SLOSH) Model and Tebaldi et al. (2012).

3) Create wayside exhibits® with information about the impacts of climate change in the coastal
zone for three National Park Service units.

Based on site recommendations from regional personnel, three National Park Service units now have
completed wayside exhibits in place: Gulf Islands National Seashore, Jean Lafitte National Historical
Park and Preserve, and Fire Island National Seashore, each with customized designs that reflect the
messaging and/or themes of each unit. This report provides results from the first two project
activities: sea level rise projections, and potential exposure to storm surge.

Sea Level Rise Data

Sea level rise is caused by numerous factors. As human activities release CO, and other greenhouse
gases into the atmosphere, mean global temperatures increase (IPCC 2013). Rising global
temperatures cause ice located on land and in the sea to melt. The melting of ice found on land, such
as Greenland and Antarctica, is a significant driver of sea level rise.

While the melting of sea ice is problematic from an oceanographic and heat budget perspective
(primarily because it alters water temperatures and salinity and also because it changes the
reflectance of solar energy from the surface), melting sea ice does not cause sea level rise. It is the
melting of ice that is currently stored on land that raises global sea levels. Water level does not
change when sea ice (ice wholly supported by water) melts. The volume of water in the sea remains
the same whether it is frozen or liquid. The phase shift of water from solid to liquid does not displace
an additional volume of water.

As ocean waters warm, the density of these waters also changes, causing thermal expansion. Thermal
expansion was responsible for two-fifths of sea level rise from 1993 to 2010, while melting ice
accounted for half (IPCC 2013). Table 1 lists the contribution to sea level rise from several key
sources.

! A wayside is an exhibit designed to be installed outside for visitors to learn about a particular subject
(https://www nps.gov/hfc/products/waysides/).




Table 1. Observed global mean sea level budget (mm/y) for multiple time periods (IPCC 2013).

Source 1901-1990 1971-2010 1993-2010
Thermal expansion n/a 0.08 11
Glaciers except in Greenland and Antarctica® 0.54 0.62 0.76
Glaciers in Greenland 0.15 0.06 0.10°
Greenland ice sheet n/a n/a 0.33
Antarctic ice sheet n/a n/a 0.27
Land water storage -0.11 0.12 0.38
Total of contributions n/a n/a 2.80
Observed 1.50 2.00 3.20
Residual® 0.50 0.20 0.40

#Data until 2009, not 2010.
®This is not included in the total because these numbers have already been included in the Greenland ice sheet.

“This is calculated as observed global mean sea level rise — modeled glaciers — observed land water storage.
See table 13.1 in IPCC (2013) for more details.

The IPCC sea level rise projections used in this analysis follow a process-based model approach,
which estimates sea level based on the underlying physical processes. This contrasts with semi-
empirical models that combine past sea level observations with other variables or theoretical
considerations, including, in some cases, expert opinion (surveys or interviews of professionals)
(Rahmstorf 2010, Orlic and Pasaric 2013). Often the semi-empirical approach yields higher sea level
estimates. IPCC (2013) uses coupled atmosphere-ocean general circulation models (AOGCMs) to
simulate the processes of change rather than the statistical inferences of the semi-empirical approach.
AOGCMs are considered a process-based technique, although some variables derive from semi-
empirical methods (IPCC 2013).

Sea level rise estimates for 2050 and 2100 were taken directly from the IPCC (2013) regional climate
models (RCMs) downscaled to a spatial grid resolution of 1° x 1° from AOGCMs. Because many
park units require estimates for shorter time horizons that fit more closely with the expected lifetime
of various projects, sea level rise projections for 2030 were calculated using IPCC RCM data for
each sea level rise driver shown in Table 2, interpolated to 2030 for each RCP. All projections are
reported relative to the period 1986—2005 (see Appendix B for further discussion). All geographic
information systems (GIS) maps display the projected sea level on top of mean higher-high water
(MHHW) using the most recent tidal datum epoch (1983-2001). MHHW is calculated by averaging
the highest daily water level over a 19-year tidal datum epoch.



Table 2. Median values for projections of global mean sea level rise and contributions of individual
sources, for 2100, relative to 1986-2005, in meters (IPCC 2013).

Source RCP2.6 RCP4.5 RCP6.0 RCP8.5
Thermal expansion 0.15 0.20 0.22 0.32
Glaciers 0.11 0.13 0.14 0.18
Greenland ice sheet surface mass balance® 0.03 0.05 0.05 0.10
Antarctic ice sheet surface mass balance -0.02 -0.03 -0.03 -0.05
Greenland ice sheet rapid dynamics 0.04 0.04 0.04 0.05
Antarctic ice sheet rapid dynamics 0.08 0.08 0.08 0.08
Land water storage 0.05 0.05 0.05 0.05
Sea level rise 0.44 0.53 0.55 0.74

®Changes in ice mass derived through direct observation and satellite data.

The standard error (o) for each site estimate was not calculated because it was beyond the scope of
this project. However, it can be calculated using the following equation and data available from the
IPCC (2013, supplementary material):

Eql 2 = + + )2+2+2+2+2+2+2
ql Otot = O-steric/dyn Osmb_a O-smb_g Uglac OiBe T 0G1a T OLw Gdyn_a O-dyn__g

Where: steric/dyn = the global thermal expansion uncertainty plus dynamic sea surface height; smb_a
= the Antarctic ice sheet surface mass balance uncertainty; smb_g = the Greenland ice sheet surface
mass balance uncertainty; glac = glacier uncertainty; IBE = the inverse barometer effect uncertainty;
GIA = global isostatic adjustment; LW = the land water uncertainty; dyn_a = Antarctica ice sheet
rapid dynamics uncertainty; and, dyn_g = Greenland ice sheet rapid dynamics uncertainty.

Initial data were exported as GeoTIFF files for use in ArcGIS. For parks that crossed more than one
pixel, an average sea level rise was calculated by weighting pixel values by the length of park
shoreline in each pixel. A standard bathtub model approach was used to identify areas of projected
inundation and flooding. In this method, projected sea level under climate change was determined by
adding the IPCC RCM value to the current mean higher high water level. The land that would be at
or below a projected sea level was then determined by analyzing digital elevation models (DEMs) of
land elevation at spatial resolutions of 500 to 7000 m, depending on data availability for the areas of
each park. DEM data for most regions were gathered from the NOAA digital coast website
(https://coast.noaa.gov/digitalcoast). Areas of inundation and flooding are denoted in the maps
(Appendix A) in blue. Additional low-lying areas that could be potentially inundated or flooded are
shown in green (Figure 2). These low-lying areas do not appear to have any inlet or other pathway
for water (based on our elevation datasets), although they should still be considered vulnerable to
exposure to either groundwater seepage or potential flooding via breaching. The lack of high-
resolution DEMs and time constraints prevented us from attempting a dynamic modeling approach
(see limitations below). Maps were created to illustrate inundation for all park units for 2050 and




2100 under RCP4.5 and RCP8.5. These two represent a plausible range of scenarios between
significant policy response (RCP4.5) and business as usual (RCP8.5).

Figure 2. An example of how areas of inundation appear in ArcGIS. In this example for the Toms Cove
area of Assateague Island National Seashore, areas of inundation (RCP4.5 2050) appear in blue. Green
shading indicates other low lying areas that are blocked from inundation by some impediment, but
nonetheless could experience flooding should the physical barrier be removed or breached.

Storm Surge Data

NOAA SLOSH data estimate potential storm surge height at current (most recent tidal datum) sea
level (NOAA 2016). The NOAA SLOSH model comprises the following three products (P-Surge,
MEOW, and MOM:s) that utilize three different modeling approaches (probabilistic, deterministic,
and composite) to estimate storm surge.

P-Surge (also known as the tropical cyclone storm surge probabilities product) uses a probabilistic
approach by examining past events to estimate the storm surge generated by a cyclone that is present
and within 72-hours of landfall. It statistically evaluates National Hurricane Center data (calculated
in part using a deterministic approach) including the official projected cyclone track and historical
forecasting errors. It also incorporates astronomical tide calculations and variations in the radius of
maximum wind into this estimate. These rates of motion variables are then fit to a Cartesian or polar
(depending on the location) grid (Jalesnianski et al. 1992).

The Maximum Envelope Of Water (MEOW) calculates flooding using past SLOSH output to create
a composite estimate of the potential storm surge generated by a hypothetical storm. This product
generates a worst-case scenario based on a hypothetical storm category that includes forward speed,
trajectory of the storm when it strikes the coastline, and initial (mean vs. high) tide level that will also
incorporate any historical uncertainty from previous landfall forecasts.

The final SLOSH product is the MOM (Maximum of MEOWSs) model. MOM is a further composite
approach that uses the forward speed, trajectory, and initial tide level data that is also used by
MEQOW to create a worst-of-the-worst scenario (or “perfect storm”). Storms are simulated for 32
regions (also known as operational basins, Figure 3) defined by NOAA. Data was imported into
ArcGIS using the SLOSH display program. Maps were generated showing storm surge for all
possible Saffir-Simpson hurricane categories for each site. While most sites had data for Saffir-
Simpson hurricane categories 1-5 (Table 3), a few sites, such as Acadia National Park, were missing
the highest category. NOAA did not model this scenario because it is considered extremely unlikely
at a location that far north in the Atlantic Ocean.

Figure 3. An example of the extent of an operational basin shown in NOAA’s SLOSH display program
(http://www.nhc.noaa.gov/surge/slosh.php). The black area is the full extent of the operational basin for
Chesapeake Bay.




Table 3. Saffir-Simpson hurricane categories.

Saffir-Simpson Sustained Wind Speed

Hurricane Category (miles per hour, mph; knots, kt; kilometers per hour, km/h)
1 74-95 mph; 64-82 kt; 118-153 km/h

2 96-110 mph; 83-95 kt; 154-177 km/h

3 111-129 mph; 96-112 kt; 178-208 km/h

4 130-165 mph; 113-136 kt; 209-251 km/h

5 More than 157 mph; 137 kt; 252 km/h

SLOSH MOM was used to estimate potential storm surge in 79 coastal park units. Unfortunately,
MOM data do not exist for the remaining 39 units, so we supplemented this with data from Tebaldi et
al. (2012) wherever possible. Tebaldi et al. (2012) used 55 long-term tide gauge records to calculate
potential sea level and storm surge estimates above mean high water levels. We used the current 50-
year and 100-yr return level data from their paper for any parks near a tide gauge. Unfortunately, due
to insufficient coverage by tide gauges in this area, we were unable to use either Tebaldi et al. (2012)
or SLOSH MOM data for the Alaska, Guam, and American Samoa park units. It is important to note
that the Tebaldi (2012) and SLOSH MOM data differ in their methods of calculation making it
inadvisable to compare storm surge values from the Pacific West Region to other regions. However,
this method had to be used due to the lack of SLOSH MOM data for the Pacific West Region.

We recommend that parks planning for future hurricanes use information from one hurricane
category higher than any previous storm experienced. Historical hurricane data from the International
Best Track Archive for Climate Stewardship (IBTrACS; Knapp et al. 2010) is listed in Appendix D
(Table D3) to allow staff to determine the highest Saffir-Simpson category hurricane to strike within
10 miles of each park unit. Applying information from one storm category higher than historical data
may more closely approximate what could happen in the future, as storms are projected to be more
intense under continued climate change (Emanuel 2005, Webster et al. 2005, Mendelsohn et al.
2012). However, we recommend caution in using this approach for any detailed (site-level) planning
due to limitations discussed in the following section of this report.

Limitations
All projects of this nature have limitations that should be clearly described to ensure appropriate use
and interpretation of these data.

Every effort has been made to incorporate any parks established after this project began (e.g. Harriet
Tubman Underground Railroad National Monument); however, some maps might be missing due to
lack of available boundary data in new units.

Sea level and storm surge estimates were derived using separate programs from the IPCC and
NOAA, respectively. These numbers were then imported into GIS maps using the program ArcGIS.
We used a bathtub modeling approach to map the extent of sea level rise and storm surge over every
unit. Bathtub modeling simply simulates how high or how far inland water will go under different
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climate change scenarios. It does not recognize changes in topography or other environmental or
artificial systems that may exist or occur in response to encroaching water. Although the bathtub
model is the most widely used technique for modeling inundation, it is also a simplistic approach to
simulating how sea level rise will affect a landscape (Storlazzi et al. 2013). Dynamic models could
simulate changes in flow around buildings or estimate how topographic features such as dune
systems may migrate in response to inundation and flooding, but dynamic models also vary, which
can be a severe limitation in trying to standardize data for summary analysis and comparison.

The maps provided through this analysis vary in horizontal and vertical accuracy depending on
which digital elevation model (DEM) data were available at the time of mapping. This is discussed in
more detail in the metadata that accompany each map. DEM data for most regions were gathered
from the NOAA digital coast website (https://coast.noaa.gov/digitalcoast/) which uses source
elevation data that either meet or exceed current Federal Emergency Management mapping
specifications. These NOAA digital coast data were required to have a minimum root mean square
error of 18.5 cm for low lying areas that were then corrected for MHHW using the NOAA VDatum
model (Parker et al. 2003). USGS data were used for areas, such as Alaska, where digital coastal data
were not available. We recommend referring to Schmid et al. (2014) for further discussion on
potential uncertainty of this technique.

Although SLOSH MOM has the widest geographic storm surge coverage of any model in the US,
storm surge data were not available for every part of the coastline. Every effort has been made by this
project to bridge any gaps where SLOSH MOM does not exist. While the Tebaldi et al. (2012) data
cover the California, Oregon, Washington, and southern Alaskan coastlines, they do not cover
northern Alaskan, American Samoan, or Guam coastlines. These coastlines are vulnerable to storm
surge but we could not find data that satisfied our standards of accuracy sufficiently to be included in
our mapping efforts.

Furthermore, storm surge maps are only intended as a rough guide of how flooding caused by storm
surge will look today. As more of the coastline becomes inundated we can expect coastal flooding
patterns to also change accordingly. The SLOSH model is a multiple scenario approach that uses
previous storms to estimate future storm surge. It cannot take into account changes in future basin
morphology that could affect the fluid dynamics and propagation of coastal flooding.

SLOSH MOM is modeled using mean sea level (0 m NAVD88) and what NOAA terms “high tide”
(which is not tied to the local tidal datum, but is actually a round number based on the modeled
average high tide for the region). Jalesnianski et al. (1992) estimate surge estimates to be accurate +/-
20%, although Glahn et al. (2009) discuss how others have found the P-Surge model to be more
accurate than originally estimated. Such factors must be kept in mind when using these numbers for

mapping.

Land Level Change

It is important to include changes in land level while interpreting changes in sea level. The IPCC
(2013) includes a limited amount of data regarding changes in relative sea level in their calculations
of sea level change. Our sea level rise results include the IPCC estimates of how changes in land
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level will change over time based on estimates of glacial isostatic adjustment. Land level change is
an important variable when calculating relative sea level. Land levels have changed over time in
response to numerous factors. Changes in various land-based loadings—such as ice sheets during the
last glacial maximum—has been a significant cause of land level change in the U.S. Post-glacial
isostatic rebound is the result of this pressure being released after the removal of ice sheets on the
Earth’s crust. Land level can also be altered by other factors such as tectonic shifts, particularly along
the Alaska and continental U.S. Pacific coastlines. These drivers can often prompt a relative increase
or decrease in land level depending on location. Other factors such as aquifer drawdown and the
draining of coastal swamps can create decreases in relative land level.

Quantifying how land levels are changing is difficult given the paucity of data available prior to
modern satellite data. An upcoming NASA publication on land-based movement (Nerem pers.
comm.) will help to address this data need, providing numbers for land-based movement across the
country. Data from the NASA report can then be incorporated with sea level rise numbers from this
analysis using the following equation (after Lentz et al. 2016):

Eq.2 ae=Ep-ei+R

Where; ae is the adjusted elevation, E is the initial land elevation, e; is the future sea level for either
2030, 2050, or 2100, and R is the current rate of land movement over time due to isostatic
adjustments.

In the interim, tide gauges can provide further data regarding changes in land level, but should be
used cautiously. We have listed tide gauge data for the rate of change in land level for tide gauges
nearest to all units for this study in Appendix D; however, only Fort Pulaski National Monument and
Golden Gate National Recreation Area have a long-term tide gauge on site. This lack of nearby long-
term data can limit the accuracy of these numbers if they are applied to sea level change projections
for almost all other parks units. We indicate in Table D1 which of the nearest tides gauges we do not
recommend using to estimate land movement. This is because in many case the boundary of the park
unit is located either too far away or on a different land mass to where the nearest tide gauge is,
which increases the inaccuracy of this data. Land level changes were only reported for long-term tide
gauges that had at least thirty years of data in order to ensure a statistically robust dataset. Based on
these limited records, we estimate that seven park units are currently experiencing decreasing relative
sea levels (Glacier Bay National Park, Glacier Bay Preserve, Katmai National Park, Kenai Fjords
National Park, Lake Clark National Park, Sitka National Historical Park), although we cannot be
certain of this number given that many of the park units are some distance from a tide gauge. We
expect the release of the NASA data (Nerem pers. comm.) to help refine these estimates.

A discussion of the applicability of these land level numbers (with a natural resources manager or
similar expert) should accompany use of individual park maps from this analysis to ensure that the
nearest tide gauge to any particular project site is appropriate. Current rates of subsidence at these
tide gauges range between +7.6 mm/y (Grand Isle, Louisiana) and -19 mm/y (Skagway, Alaska;
Table D1). In selecting an appropriate tide gauge to use, variables including oceanographic setting,
length of the record, completeness of data, and geography of the coastline must be considered. The
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science team for this project decided against setting a threshold for how close a park unit should be to
a long-term tide gauge based on considerations discussed above.

Where to Access the Data
All GIS data from this project are available at https://irma.nps.gov/Portal for archiving by park.

A website discussing this project is available at the following address:
https://www.nps.gov/subjects/climatechange/sealevelchange.htm

The raw IPCC (2013) data can be downloaded using the following link:
http://www.ipcc.ch/report/ar5/wgl/docs/ar5 wgl chl3sm datafiles.zip
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Results

Sea level and storm surge maps are in Appendix A. A full list of the 118 park units and a table listing
sea level projections by park are available in Appendix D. Following the methods outlined above, we
found that sea level rise projections across the 118 park units average between 0.45 m (RCP2.6) and
0.67 m (RCP8.5) by 2100. However, this number masks how these projections will vary
geographically. Figure 4 shows these projections in more detail and provides sea level estimates by
region. Error bars in Figure 4 denote the standard deviation for each average per region, further
revealing how these numbers can vary. A high standard deviation and range signals that sea level
estimates vary between units within regions, whereas a low standard deviation and small range are to
be expected in smaller regions where sea level rise estimates do not cover such a large geographic
area.

Figure 4. Projected future sea level by NPS region for 2100 under RCP8.5 (the “business as usual’
climate change scenario). Black dots indicate the average sea level rise (m) for all units within the
respective regions. Black bars represent the standard deviation of each mean. Blue bars mark the full
range of sea level estimates for each region.

Based on the averages per region, we found that the shoreline within the National Capital Region is
projected to experience the highest sea level rise by 2100 (0.80 m RCP8.5), although this number
does not include the full extent of changes in land level over the same time interval. The shoreline
near Wright Brothers National Memorial in the Southeast Region has the highest overall projected
sea level rise (0.82 m, RCP8.5, 2100). Glacier Bay Preserve and Klondike Gold Rush National
Historical Park are tied for lowest projected sea level rise at 0.33 m using RCP8.5 for 2100. The
Alaska Region also has the highest standard deviation among park units. The National Capital
Region conversely has very little standard deviation due to the compact nature of the region
(meaning that all of the parks units fell within the same raster cell). This is not to say that all of the
parks will experience exactly the same rate of sea level rise, but that the IPCC model projected that
sea levels could rise up to an average 0.80 m (RCP8.5) for that region by 2100. The sea level rise
maps (discussed in the National Capital section below) illustrate differences among the National
Capital parks in more detail.

Comparing RCP8.5 data for 2030 and 2050 (Figures 5 and 6, respectively) shows the Northeast
Region almost tied with the National Capital Region in 2030 based on average projected sea level
rise, with the National Capital Region ranked highest. The Alaska Region ranks lowest for all three
time intervals followed by the Pacific Northwest region, Intermountain Region, and Southeast
Region. The Northeast Region ranks second highest for 2050 and 2100.

Figure 5. Projected future sea level rise by NPS region for 2030 under RCP8.5 (the “business as usual”
climate change scenario). Black dots indicate the average sea level rise (m) for all units within the
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respective regions. Black bars represent the standard deviation of each mean. Blue bars mark the full
range of sea level estimates for each region.

Figure 6. Projected future sea level rise by NPS region for 2050 under RCP8.5 (the “business as usual”
climate change scenario). Black dots indicate the average sea level rise (m) for all units within the
respective regions. Black bars represent the standard deviation of each mean. Blue bars mark the full
range of sea level estimates for each region.

Storm surge was mapped for 79 park units. We list data for one storm category higher than the
highest historical storm in Table D3 in Appendix D. Some (31) park units did not have a historical
storm path occurrence within 10 miles of their boundaries, so a Saffir-Simpson hurricane 1 was
simulated for these locations. The lack of a historical storm does not mean that these parks are not
subject to strong storms. It may merely be that these parks are in regions that either do not have
extensive historical records or they experience strong storms, such as nor’easters, that behave
differently and are not part of the NOAA database.

The Southeast Region has the strongest historical hurricanes (average of highest recorded storm
categories = 2.79), followed by the Intermountain Region (average = 2.33), National Capital Region
(average = 1.90), and the Northeast (average = 1.03). None of the historical data intersected with the
10-mile (16.1 km) buffers around the Alaska Region parks. The Pacific West Region has experienced
some tropical depressions, particularly in Hawaii, but most of their storm surges are driven by other
phenomena, such as mid-latitude cyclones or extreme tides (sometimes colloquially referred to as
king tides). The strongest (highest winds) and most intense (lowest pressure at landfall) recorded
historical storm to have impacted a park unit was the “Labor Day Hurricane” that passed within 10
miles of Everglades National Park in 1935. While this storm may have been the highest intensity
storm, it is certainly not the most damaging or costly storm in National Park Service history.

Northeast Region

Colonial National Historical Park, Fort Monroe National Monument, and Petersburg National
Battlefield have the highest projected sea level rise in 2050 and 2100, and, together with Edgar Allen
Poe National Historic Site, Fort McHenry National Monument and Historic Shrine, Independence
National Historical Park, and Thaddeus Kosciusko National Memorial (parks near coastlines) they
also have the highest projected sea level rise for 2030. However, while these parks may have ranked
highly, caution should be used in applying these results. Many of these parks do not have coastline
and so these projections are based on sea level rise for the coastline adjacent to these parks. The maps
in Appendix A show how the projected sea level rise may affect each of these parks. Colonial
National Historical Park, Fort McHenry, and Fort Monroe National Monument are the only park
units of this highest rise grouping that contain coastline with their boundaries.

Figure 7 shows the range of sea level projections for the Northeast Region for 2100, averaging
between 0.49 m (RCP2.6) and 0.74 m (RCP8.5) of sea level rise by the end of the century. Acadia
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National Park had the lowest projected rates of sea level rise for 2030 (0.08-0.10 m), 2050
(0.14-0.19 m), and 2100 (0.28—0.54 m).

Figure 7. Projected future sea level rise by 2100 for the NPS Northeast Region under all of the
representative concentration pathways. Black dots indicate the average sea level rise (m) for all units
within the respective regions. Black bars represent the standard deviation of each mean. Blue bars mark
the full range of sea level estimates for each category.

Regarding storm surge, the highest recorded storm to have travelled within 10 miles of any of the 29
parks units identified for study was an officially unnamed hurricane in 1869 known colloquially as
Saxby’s Gale, which was classified as a Saffir-Simpson 3 hurricane. The storm path passed present-
day Boston National Historical Park and Roger Williams National Memorial. Figure 8 shows the
estimated extent and height of a storm surge from category 3 hurricane striking Boston Harbor
Islands National Recreation Area at mean tide.

Figure 8. Estimated storm surge created by Saffir-Simpson category 3 hurricane occurring at high tide
near Boston Harbor Islands National Recreation Area. Colored areas represent areas of flooding. Colors
from green to red show estimated height of a storm surge (see inset legend for estimated range).

Southeast Region

Historically, the Southeast Region has the highest intensity storms (highest Saffir-Simpson storm
category); Everglades National Park has recorded a category 5 hurricane within 10 miles of its
boundary, the colored areas in Figure 9 indicate the potential height and extent of a storm generated
by two different categories of hurricane. A category 2 hurricane could completely flood the park.

Future storm surges will be exacerbated by future sea level rise nationwide; this could be especially
dangerous for the Southeast Region where they already experience hurricane-strength storms.
Moreover, sea level rise projections only include changes in land movement due to glacial isostatic
adjustment and do not include the full range of drivers of potential changes in land level. Using Table
D1 from Appendix D as a rough guide, changing land level for parks near tide gauges can be
evaluated. For example, the Eugene Island, Louisiana tide gauge’s current rate of sea level rise is the
highest in the country at 9.65 mm/y, owing in part to the large rate of subsidence in the region
(Figure 1). Using the nearest tide gauge to Jean Lafitte National Historical Park and Preserve (Grand
Isle, Louisiana, gauge 8761724) we can estimate that land will subside by 7.60 mm/y. Applying this
estimate of subsidence (using a baseline of 1992) to our RCP8.5 projections, the park could
experience approximately 0.41 m of relative sea level rise by 2030 followed by 0.69 m by 2050 and
1.50 m by 2100. This is an inexact estimate of the land movement for the park given that Jean Lafitte
National Historical Park and Preserve is approximately 60 miles (97 km) from the tide gauge; still,
factoring in changes in land level, we can see that relative change in sea level is more than double the
projected change in sea level using the IPCC estimates alone.
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This analysis projects that, by 2100, the shoreline adjacent to Wright Brothers National Memorial
may have the greatest sea level rise among the Southeast Region’s parks (0.82 m RCP8.5). Given
elevations within the park, this may not inundate a large area of the memorial, unless combined with
other factors such as a storm surge. For example, the park may be almost completely flooded if a
category 2 or higher hurricane strikes on top of inundation from sea level rise.

Nearby Cape Hatteras and Cape Lookout National Seashores are projected to experience sea level
rise of up to 0.79 m and 0.76 m, respectively (RCP8.5) by 2100, resulting in large areas of
inundation. While sea level rise around these national seashores may not be as high as what has been
projected for Wright Brothers National Memorial, they serve as examples of how caution must be
used when using these numbers to assess which park units are most vulnerable to sea level rise. Other
factors, such as percent of exposed land, changes in land movement, and adaptive capacity must also
be taken into account for vulnerability analyses (Peek et al. 2015).
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Figure 9. SLOSH MOM storm surge maps for a Saffir-Simpson category 1 (left) versus category 2 hurricane striking Everglades National Park at
mean tide (right). Colored areas represent areas of flooding. Colors from green to red show estimated height of a storm surge (see inset legend for
estimated range).



National Capital

National Capital Region has minimal variability in projected sea level rise because all park units
selected for study are adjacent to the same section of coastline that was modeled. Their proximity
also explains why they share the same storm history. Despite these similarities, projected sea level
rise may affect each individual park unit differently based on local topography. The strongest storm
recorded within 10 miles (16.1 km) of the National Capital Region parks was a Saffir-Simpson
category 2 hurricane that struck the city in 1878. While the 1878 storm caused relatively little
damage, we can expect a significantly larger amount of damage if a similar storm struck the city
again given considerable development now existing in the area. Figure 10 shows the extent of
flooding caused by a Saffir-Simpson category 2 hurricane. A storm surge measuring more than 3 m
could travel up the Potomac River causing large amounts of flooding. Such a storm surge could be
worse by the end of this century given projected sea level rise around the Capital Region of up to 0.8
m.

Figure 10. A SLOSH MOM map showing storm surge height and extent created by a Saffir-Simspon
category 2 hurricane striking the Washington D.C. region at high tide. Colored areas represent areas of
flooding. Colors from green to red show estimated height of a storm surge (see inset legend for estimated
range).

IPCC/SLOSH models showed either storm surge or sea level rise (or some combination of the two)
affecting every National Capital Region park included in this analysis, with the exception of Harpers
Ferry National Historical Park. Our mapping efforts revealed that Harpers Ferry National Historical
Park (located approximately 149 m above sea level) is unlikely to experience any impacts of sea
level rise due to its elevation and is unlikely to be damaged by storm surge from a hurricane, given
its relatively protected location behind several dams along the Potomac and Shenandoah Rivers.

Sea level rise alone is not expected to spread very far into Washington D.C., although a large section
on the east side of Theodore Roosevelt Island could be inundated. However, storm surge flooding on
top of this sea level rise would have widespread impacts.

Intermountain Region

The Intermountain Region covers mostly inland park units stretching from Texas to Montana. Within
the region, only three park units in Texas are subject to sea level change: Big Thicket National
Preserve, Palo Alto Battlefield National Historical Park, and Padre Island National Seashore. Of
these, Padre Island National Seashore may experience the greatest effects of sea level and storm
surge; sea level is projected to rise 0.46—0.69 m (RCP2.6-8.5, Figure 11) by 2100. The same amount
of sea level rise is projected for the shoreline near Palo Alto Battlefield National Historical Park, but
inundation is not projected to extend far enough to reach the park. Palo Alto Battlefield National
Historical Park has no history of being within 10 miles of any hurricane, making the site unlikely to
be flooded by storm surge. SLOSH MOM maodels for the park unit show that that the region would
have to have either a Saffir-Simpson category 4 hurricane striking at high tide or a category 5
hurricane striking at any tide in order for the park to experience any storm surge. On the other hand,
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Figure 12 shows that Padre Island National Seashore, located to the east of Palo Alto Battlefield
National Historical Park, historically was within 10 miles of a category 4 hurricane. SLOSH MOM
data show that should a category 4 hurricane occur here again, it would likely flood almost the entire
island.

Storm surge could potentially travel up the Neches River and flood the southernmost part of Big
Thicket National Preserve, although both artificial and natural storm surge defenses in Beaumont,
Texas, to the south of the preserve, may buffer it from any surge.

Figure 11. Projected future sea level rise by 2100 for the NPS Intermountain Region under all of the
representative concentration pathways. Black dots indicate the average sea level rise (m) for all units
within the respective regions. Black bars represent the standard deviation from each mean. Blue bars
mark the full range of sea level estimates for each category.

Figure 12. A SLOSH MOM map showing storm surge height and extent created by a Saffir-Simspon
category 4 hurricane striking the southwestern Texas region at mean tide. The dark green line around the
island represents the boundary of Padre Island National Seashore. Colored areas represent areas of
flooding. Colors from green to red show estimated height of a storm surge (see inset legend for estimated
range).

Pacific West Region

The Pacific West Region identified 24 park units for analysis in this study that could be vulnerable to
sea level rise and/or storm surge. These units occur over a large area that includes California,
Oregon, Washington, Hawaii, American Samoa, and Guam. War in the Pacific National Historical
Park in Guam has the highest projected sea level rise at 0.68 m (RCP8.5) by 2100, and shares the
highest projected sea level rise with almost all of the Hawaiian park units in 2030 and 2050. The
average projected sea level rise range is 0.40—0.58 m (RCP2.6—-8.5) by 2100 for the whole region;
high standard deviations (0.04 m and 0.08 m for RCP2.6 and RCP8.5, respectively) indicate that
park-specific projections vary widely across the region.
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At the other end of the spectrum, projected sea level rise around Washington’s Olympic Peninsula
and in the San Juan Islands, affecting Ebey’s Landing National Historical Reserve, Olympic National
Park, and San Juan Island Historical Park, is expected to occur more slowly, reaching a maximum
0.46 m (RCP8.5) by 2100. This region is subject to tectonic shifts and continuing land movement due
to isostatic rebound, further complicating sea level projections. Long-term tide gauge records at Neah
Bay, Washington (gauge 9443090), and Tofino, British Columbia, Canada (gauge 822-116), show
relative sea levels currently decreasing while tide gauges in Port Angeles, Washington (gauge
9444090), Victoria, Canada (gauge 822-101), and Seattle, Washington (gauge 9447130), show it to
be increasing (Zervas 2009). Our projections indicate rising sea level in this region throughout this
century, although further investigation of localized changes in land movement could shed more light
on this matter.

Park units in the Pacific West Region need to be concerned about potential future storms that could
travel along the eastern Pacific Ocean’s increasingly warmer waters. Because of the relative lack of
hurricanes in this region historically, we used data from Tebaldi et al. (2012), which includes
anomalous surges that could be created by storms, and other factors (very high tides sometimes
referred to as king tides). Based on the Tebaldi et al. (2012) data, La Jolla, California (gauge
9410230), has the lowest 100-year storm surge (0.95 m) and Toke Point, Washington (gauge
9440910), has the highest 100-year storm surge (1.96 m) in the Pacific West Region. Tebaldi et al.
(2012) did not analyze storm data for Hawaii, Guam, or American Samoa, although IBTrACS
(Knapp et al. 2010) does have hurricane records for these areas. Only tropical depressions have been
recorded within 10 miles of almost all of the Hawaiian park units we analyzed (Haleakala National
Park, Hawaii VVolcanoes National Park, Kalaupapa National Historical Park, Kaloko-Honokohau
National Historical Park, Puukohola Heiau National Historic Site, and World War 11 Valor in the
Pacific National Monument).

Alaska Region

The Alaska Region has the lowest average projected sea level rise (0.28—-0.43 m by 2100) compared
to the five regions described above. Glacier Bay National Park and Preserve and Klondike Gold Rush
National Historical Park in southeastern Alaska share the lowest projected sea level rise (0.33 m,
RCP8.5, 2100) while Bering Land Bridge National Preserve on the west coast of the state has the
highest projected sea level rise (0.60 m, RCP8.5, 2100).

Figure 1 shows how current relative sea levels vary across the state. Land levels are rapidly rising in
the southeast of the region due to isostatic rebound and other tectonic shifts. The net result of these
increasing land levels is decreasing relative sea levels for at least the early part of this century.
Relative sea level in Skagway, Alaska is decreasing at an average rate of 17.6 mm/y (Zervas 2009).
Despite melting ice and other factors outlined in Table 1 that increase ocean water volume, the
amount of rising water is insufficient to keep up with land level changes. Seven park units (Glacier
Bay National Park, Glacier Bay National Preserve, Katmai National Park, Kenai Fjords National
Park, Lake Clark National Park, Sitka National Historical Park) are identified as potentially having
decreasing relative sea levels based on the nearest tide gauge data to each of these parks. None of
these parks have long-term tide gauges with data spanning at least thirty years. A great strength of
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using the IPCC (2013) process-based model approach is that, unlike many other semi-empirical
models, it does not rely on long-term tide gauge records to statistically project future sea levels.
However, sea level projections in this analysis do not include changes in land level. The estimates
that we report here represent the expected rise due to water volume expansion alone near to each of
these park units. Table D1 shows how land levels are changing at long-term tide gauges across the
country. However, given that all of these park units are located far from a tide gauge and that the
region is relatively geologically complex, we do not recommend using the land movement numbers
from the nearest tide gauge for any of the Alaskan parks.

Storm surge is also very difficult to model for this region. Historically, many of the parks had sea ice
along the coastline that helped protect these parks from storm surge. Consequently, NOAA does not
have SLOSH MOM models for this region. IBTrACS data (Knapp et al. 2010) show a few storm
paths that have moved towards the region, but these types of storms typically do not make landfall
once they move over colder waters. Alaska does hold the record for the highest intensity (lowest
central pressure) storm (Duff 2015). A downgraded super typhoon, Nuri, struck Adak Island, Alaska,
in 2014 with recorded winds gusting up to 122 mph. It is impossible to determine an average or peak
historical storm surge without adequate tide gauge data.
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Discussion

Global mean sea levels have been rising since the last glacial maximum (Lambeck and Chappell
2001, Clark and Mix 2002, Lambeck et al. 2014). Church and White (2006) estimated that twentieth
century global sea levels rose at a rate of approximately 1.7 mm/y, although this rate accelerated over
the latter part of the century. Slangen et al. (2016) found that emissions of greenhouse gases from
human activities have been the primary driver of global sea level change since 1970 and that the rate
of sea level rise has increased over time (Table 1). Satellite altimetry data shows that present-day
global relative sea levels are increasing at approximately 3.3 mm/y (Cazenave et al. 2014, Fasullo et
al. 2016).

The IPCC (2013) projects that, without greenhouse gas emissions reductions, this rate will increase,
and that global average sea levels could rise by 0.40—0.63 m (RCP2.6-8.5) by 2100. We used
regional sea level projections from the IPCC (2013) generated for 2050 and 2100 in combination
with our interpolated projections for 2030 to estimate the amount of sea level rise 118 coastal
national park units could experience in the future. Our projections are based on the new
representative concentration pathways (Moss et al. 2010, Figure 13), using a process-based model
approach.

Figure 13. Radiative forcing (see list of terms) for each of the Representative Concentration Pathways
(RCPs). An increase in radiative forcing (due to the loading of anthropogenic gases into the atmosphere)
will result in higher global average temperatures. RCPs replace the IPCC SRES scenarios. Note how
RCP4.5 (yellow line) projections are slightly higher than RCP6.0 (gray line) in the early part of this
century. Source: Meinshausen et al. 2011.

Numerous academic articles use mostly semi-empirical models (Rahmstorf 2007) to estimate sea
level rise regions across the U.S. The IPCC (2013) lists several semi-empirical sea level rise
estimates, all of which result in projections of future sea level that are higher than the IPCC (2013)
approach. The differences in these approaches can be attributed to many factors. For example, some
of the older papers may have higher sea level estimates because they are based on the older IPCC
SRES scenarios (e.g. Vermeer and Rahmstorf 2009, Grinsted et al. 2010, Jevrejeva et al. 2010).
Other papers may include input from “expert elicitations” in their sea level projections, in which
experts provide their opinion on how much sea level (or a related factor) could rise in the future (e.g.
Bamber and Aspinall 2013, Jevrejeva et al. 2014, Horton et al. 2014). Some published articles
criticize the IPCC sea level estimates as being too conservative or underestimating rates of future sea
level change (e.g. Kerr 2013, Horton et al. 2014). Church et al. (2013) addresses these criticisms by

21



explaining how the IPCC define the probability and likelihood of their estimates, and so they are not
discussed in detail here. Recent analyses by Clark et al. (2015) further support the findings of the
IPCC.

A key strength of the methods used in this analysis lies in providing a unified approach to identify
how sea level change may affect all coastal park units across the National Park System, rather than
relying on sea level data generated for specific areas. Our analyses revealed that the National Capital
Region is projected to experience the greatest increase in sea level (not taking into account changes
in land level). This rise will affect each of the region’s units in different ways depending on the
elevation of the individual unit, but it could be significant if combined with a storm surge from a
storm such as the Saffir-Simpson category 2 hurricane in 1878.

At the individual park level, IPCC projections reveal the sea level along the coastline adjacent to
Wright Brothers National Memorial could rise up 0.82 m (RCP8.5) by 2100, which could lead to
significant flooding if the dynamic landforms are not able to keep pace with such high rates of sea
level rise. In addition, storm surge impacts at this higher sea level would be significant. The
Southeast Region as a whole is generally susceptible to inundation and flooding due to its low-lying
nature in many places, particularly in Cape Hatteras and Cape Lookout National Seashores. Our sea
level rise maps (Appendix A) highlight how much all of these park units may be affected.

These estimates do not include the latest data on changing land levels. The IPCC included estimates
of global isostatic adjustment (Equation 1) in their predictions, but those do not include changes in
land level due to other factors, such as earthquakes and groundwater extraction. We can roughly
estimate relative sea level change for a small number of parks based on current rates of subsidence
gathered from nearby long-term tide gauge data. We project Jean Lafitte National Historical Park and
Preserve to have the greatest relative sea level increase based on the current rate of land movement.
Our sea level projections agree with current sea level trends in showing that the southeast Alaska
region is experiencing the least amount of sea level rise of anywhere in the National Park System.

Sallenger et al. (2012) discussed how changes in Atlantic Ocean temperatures and salinity (resulting
from changes in circulation) could lead to changes in sea level that could create a 1000-km long
“hotspot” along the North Atlantic coast from Cape Cod, Massachusetts to Cape Hatteras, North
Carolina. We estimate that almost all of the coastal park units in this area would be flooded under
these conditions.

It is unknown exactly to what degree future storm surge will affect the Alaskan park units. Accurate
long-term (>30 years) storm surge data do not exist for the Alaska region. Even if such data did exist,
it would be not be analogous to future conditions in the region because sea ice that had previously
protected the shores for many of the western Alaska park units melts to reveal an easily erodible
coastline (Frey et al. 2015). The warming of ocean waters in the Gulf of Alaska and Pacific Ocean
could also make it more conducive for more storms like Typhoon Nuri to travel north without losing
energy as under historic conditions.
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The Pacific West Region shows high variability among parks. War in The Pacific National Historical
Park in Guam ranks highest in projected sea level rise among units in the Pacific West Region. The
large area of the region partly explains the relatively high standard deviation in results for the region.
The tectonically complex setting of many of the region’s parks also complicates future sea level
estimates. Changes in land movement are somewhat gradual nationwide in comparison to Alaska and
the Pacific West Region, especially where earthquakes can rapidly change the position of the land
relative to the sea.

Island park units in general are particularly exposed to the impacts of sea level change and storm
surge. Many of the barrier island parks, such as Fire Island National Seashore, Assateague Island
National Seashore, Palo Alto Battlefield National Historical Park, Gulf Islands National Seashore,
and Cape Hatteras National Seashore, are all projected to experience sea level rise of over 0.69 m by
2100 (RCP8.5). This sea level rise, combined with storm surge, could be especially difficult for
isolated island park units, such as the Caribbean park units, the National Park of American Samoa,
and War in the Pacific National Historical Park, where access to aid in the event of a natural disaster
may not be immediately available.
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Conclusions

This report presents projections of sea level change (118 parks) and storm surge (79 parks) in coastal
park units administered by the National Park Service. Sea level change and storm surge vary
geographically, resulting in locally-specific challenges for adaptation and management. It is
important to acknowledge that sea level change will affect some parts of Alaska differently than
coastal parks in the rest of the country. Northwest Alaska can expect relative sea levels to increase
over time; while in southeast Alaska, relative sea levels may continue to decrease over the first part
of this century, followed by an increase in relative sea level towards the end of the century.

This project is an important first step in assessing how changes in sea level and storm surge may
affect national park units. Using sea level rise and storm surge information, parks can begin to plan
for effects on resources, facilities, access, and other areas of management. While methods used here
are not appropriate for combining the separate sea level rise and storm surge results, parks should be
aware of the potential for synergistic effects of sea level rise and storm surge causing impacts larger
than either may cause individually. It is clear that more research can be done on these complex issues
to assess how these changes may affect parks and regions. These data can inform future projects
related to both natural and cultural resources as well as the planning and management of
infrastructure.
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Appendix A

Links to Data Sources

Maps were created for this project using NOAA DEM data. For further information regarding our
methods refer to methods section on page 3.

Digital versions of our sea level rise maps will be available at www.irma.gov

Storm surge maps are also available on www.irma.gov and
www.flickr.com/photos/125040673@NO03/albums/with/7215764564 3578558
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Appendix B
Frequently Asked Questions

Q. How were the parks in this project selected?

A. Parks were selected after consultation with regional managers. Regional managers were
given a list of parks that authors considered to be vulnerable to sea level change and/or storm
surge. This list was vetted by regional managers and their staff who added or subtracted park
names based on their knowledge of the region.

Q. Who originally identified which park units should be used in this study?

A. The initial list of parks was approved by the following regional managers: Northeast
Region, Amanda Babson (signed 11/27/13); Southeast Region, Shawn Benge (signed
11/14/13); National Capital Region, Perry Wheelock (signed 3/17/14); Intermountain Region,
Patrick Malone signed on behalf of Tammy Whittington (signed 11/13/13); Pacific West
Region, Jay Goldsmith (signed 11/26/13); Alaska Region, Robert Winfree (signed 11/15/13).

Q. What’s the timeline of this project?

A. This is the culmination of a three-year project that was proposed in February 2012. Initial
Fiscal year of funding was 2013.

Q. In what instance did you use data from Tebaldi et al. (2012)?

A. NOAA'’s Sea Lake and Overland Surge from Hurricanes (SLOSH) model does not include
storm surge predictions for all of the parks used in this study. We used data from Tebaldi et
al. (2012) where reasonable to provide data for park units in California, Oregon, Washington,
and southern Alaska. The following parks used Tebaldi et al. (2012) data: Cabrillo National
Monument, Channel Islands National Park, Ebey’s Landing National Historical Reserve, Fort
Point National Historic Site, Fort VVancouver National Historic Site, Golden Gate National
Recreation Area, Klondike Gold Rush National Historical Park, Lewis and Clark National
Historical Park, Olympic National Park, Port Chicago Naval Magazine National Scenic Trail,
Point Reyes National Seashore, Redwood National Park, Rosie the Riveter WWII Home
Front National Historical Park, San Francisco Maritime National Historical Park, San Juan
Island National Historical Park, and Santa Monica Mountains National Recreation Area.

Q. Why don’t all of the parks have storm surge maps?

A. Unfortunately some parks do not have enough data to complete a storm surge map. These
were parks that were not modeled by NOAA’s SLOSH MOM model or near any of the tide
gauges used by Tebaldi et al. (2012). These parks are: Aniakchak Preserve, Bering Land
Bridge National Preserve, Cape Krusenstern National Monument, Glacier Bay National Park
and Preserve, Katmai National Park, Kenai Fjords National Park, Lake Clark National Park,
Sitka National Historical Park, War in the Pacific National Historical Park, and Wrangell —
St. Elias National Park and Preserve.
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Q. My park only has storm surge maps covering a few Saffir-Simpson categories. Why is that?

A. Some parks, particularly those in the Northeast Region, were not modeled by NOAA for
the full range of Saffir-Simpson storm scenarios. This is because it is considered very
unlikely that a Saffir-Simpson category 4 or 5 hurricane would be able to sustain itself into
the northern latitudes of that region.

Q. Why are the storm surge maps in NAVD88?
A. That is the default datum for SLOSH data. This was a decision made by NOAA.

Q. What are the effects of NAVD88 on sea level and storm surge projections for some parks?

A. The North American Vertical Datum of 1988 (NAVD88) is a datum that is commonly
used in North America to refer to the “elevation” of a location. It uses a fixed value for the
height of North America’s mean sea level. While this is a popular datum for mapping, it has
the limitation that it is based on the observed mean sea level for a single location: Rimouski,
Canada. As you move further away from this location you can expect actual sea level to
differ from the mean sea level at Rimouski. For locations such as California this can result in
a significant difference between observed mean sea level and NAVD88. Your natural
resource or GIS specialist will likely have further information about your specific location.
Alternatively you can look up the differences in your region by checking the datum
information for your nearest tide gauge

station: https://tidesandcurrents.noaa.gov/stations.html?type=Datums

Q. Which sea level change or storm surge scenario would you recommend | use?

A. All parks are different, as are all projects. Your choice of scenario may depend on many
different factors including risk tolerance and expected time horizon of the project. The NPS
has not yet released any guidance on which climate change scenarios to use for planning. We
would recommend you contact the appropriate project lead, natural or cultural resource
manager, or someone from the Climate Change Response Program for further guidance
depending on your situation.

Q. How accurate are these numbers?

A. The accuracy of these data varies depending on the data source. SLOSH data has +/- 20%
accuracy, although this is discussed in greater detail by Glahn et al. (2009). Further
information about storm surge data generated by Tebaldi et al. can be found in Tebaladi et al.
(2012). IPCC global sea level rise projections range between 0.26 m (RCP2.6 minimum
likely range) and 0.82 m (RCP8.5 maximum likely range) by 2100. The standard error of the
IPCC is explained in greater detail in the Chapter 13 supplementary material in AR5 (IPCC
2013). An explanation on the horizontal and vertical accuracy of the digital elevation models
used for mapping can be found in the metadata that accompanies the map data

on www.irma.gov. DEM data were required to have a <18.5 cm root mean square error
vertical accuracy before they were converted to MHHW. An exception to this was in Alaska
where these data were not available.

B-2



Q. We have had higher/lower storm surge numbers in the past. Why?

A. The numbers given here are meant to represent a maximum based on a typical storm surge
category. As described above, there is likely to be some deviation around that number.
Certain periods are also likely to result in higher than average storm surges. For example,
periodic changes in regional water temperatures (caused by phenomena such as El Nifio and
La Nifia) will impact water levels that will add to any storm surge. Likewise, changes in the
North Atlantic Oscillation and Pacific Decadal Oscillation will also affect ocean conditions.
This must be taken into account when using these numbers. All of these factors vary
temporally and geographically, so contact your natural resource manager if you are unsure
how this could impact your particular park unit.

Q. What other factors should I consider when looking at these numbers?

A. These projections do not include the impact of all man-made structures, such as flood
barriers, levees, and dams. They also do not take into account how smaller features, such as
dune systems or vegetation changes could impact coastal flooding. There are many meso-
and micro-scale factors that need to be taken into account such as differences in topography,
the presence/absence of any wetlands etc. It should also be expected that as sea levels
change, areas of the shoreline will change accordingly, particularly due to erosion and
accretion.

Q. Why don’t you recommend that | add storm surge numbers on top of the sea level change
numbers?

A. Higher sea level and permanent inundation will change the way waves propagate within a
basin. Sea level change is expected to have a significant impact on the geomorphology of the
coastline. Changing water levels will lead to areas of greater erosion in some areas as well as
increasing accretion in other places. As sea level changes, the fluid dynamics of a particular
region will also change. For example, tidal distance will change as water levels rise, which
will alter the spatial extent of a storm surge as well as potentially impacting wave height.
This is not something NOAA takes into account in their SLOSH model.

Q. Where can | get more information about the sea level models used in this study?
A. https://www.ipcc.ch/report/ar5/wgl/

Q. Where can | get more information about the NOAA SLOSH model?
A. http://www.nhc.noaa.gov/surge/slosh.php

Q. So, based on your maps, can | assume that my location will stay dry in the future?

A. No. As explained above, these numbers are accurate within a certain range. Also, these
maps are based on “bathtub” models where water is simulated as rising over a static surface.
In reality, your coastline will change in response to storms and other coastal dynamics. These
numbers are intended for guidance only.
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Q. Why do you use the period 1986—2005 as a baseline for your sea level rise projections?

A. We are following the standard approach used by the IPCC, USACE, and much of the
academic literature. If you would like your estimate to start from a specific year you can do
one of two things: 1) subtract the observed rate of sea level rise since 1992 for your location,
or 2) contact park, region, or Climate Change Response Program staff for assistance. It may
be possible to interpolate projections further to estimate the amount of rise the models
estimate to have taken place between the baseline and whichever year you choose. We must
caution that if you follow option 1 you will be introducing some inaccuracy to sea level
projections, especially if you use data from a tide gauge that is not close to your location.

Q. The SLOSH/IPCC projections seem lower/higher than X source I’ve found. Why is that?

A. Projections can vary depending on a number of factors such as choice of model, approach,
or the age of the study. We would recommend that you speak to a climate specialist when
choosing sources.

Q. What are other impacts from sea level rise that parks should consider?

A. Impacts from sea level rise could include, but are not limited to, increased erosion,
damaged cultural resources, damage to above and below ground infrastructure, difficulty
accessing inundated infrastructure, increased groundwater intrusion, altered groundwater
salinity, diminished space for recreational activities (possibly leading to conflict between
different recreational users), and the complete loss or migration of certain coastal ecosystems.
For more information on the topic, please see the Coastal Adaptation Strategies Handbook

at: http://www.nps.gov/subjects/climatechange/coastalhandbook.htm
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Appendix C

Data Tables

Table C1. The nearest long-term tide gauge to each of the 118 national park service units used in this report.

Is Tide Gauge Length of Rate of
Within The Park Record Used Subsidence
Region Park Unit Nearest Tide Gauge Boundary? (y)T (mmly)
Northeast Region Acadia National Park Bar Harbor, ME (8413320) N 60 0.750
Assateague Island National Lewes, DE (8557380) N 88 1.660
Seashore’
Boston Harbor Islands National ~ Boston, MA (8443970) N 86 0.840
Recreation Area
Boston National Historical Park  Boston, MA (8443970) N 86 0.840
Cape Cod National Seashore Woods Hole, MA (8447930) N 75 0.970
Castle Clinton National New York, The Battery, NY N 151 1.220
Monument (8518750)
Colonial National Historical Park Sewells Point, VA (8638610) N 80 2.610
Edgar Allen Poe National Philadelphia, PA (8545240) N 107 1.060
Historic Site
Federal Hall National Memorial New York, The Battery, NY N 151 1.220
(8518750)
Fire Island National Seashore Montauk, NY (8510560) N 60 1.230
Fort McHenry National Baltimore, MD (8574680) N 105 1.330

Monument and Historic Shrine

"Number of years used by the USACE to calculate sea level change (source: http://www.corpsclimate.us/ccaceslcurves(superseded).cfm)

*It is not recommended that you use this tide gauge data to determine land level for this park. The boundary is located either too far away or on a different
land mass to where the nearest tide gauge is, which increases the inaccuracy of this data. It is strongly recommended that you wait for the forthcoming NASA
report on land level (Nerem in prep).

*The park boundary stretches over either large or multiple areas. More than one tide gauge record is appropriate for this park.
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Table C1 (continued). The nearest long-term tide gauge to each of the 118 national park service units used in this report.

Is Tide Gauge Length of Rate of
Within The Park Record Used Subsidence

Region Park Unit Nearest Tide Gauge Boundary? (y)T (mmly)
Northeast Region Fort Monroie National Sewells Point, VA (8638610) N 80 2.610
(continued) Monument

Gateway National Recreation Sandy Hook, NJ (8531680) N 75 2.270

Area**

General Grant National New York, The Battery, NY N 151 1.220

Memorial (8518750)

George Washington Birthplace  Solomons Island, MD (8577330) N 70 1.830

National Monument

Governors Island National New York, The Battery, NY N 151 1.220

Monument* (8518750)

Hamilton Grange National New York, The Battery, NY N 151 1.220

Memorial (8518750)

Harriet Tubman Underground Cambridge, MD (8571892) N 64 1.900

Railroad National Monument

Independence National Philadelphia, PA (8545240) N 107 1.060

Historical Park

New Bedford Whaling National =~ Woods Hole, MA (8447930) N 75 0.970

Historical Park

Petersburg National Battlefield®  Sewells Point, VA (8638610) N 80 2.610

Roger Williams National Providence, RI (8454000) N 69 0.300

Memorial

"Number of years used by the USACE to calculate sea level change (source: http://www.corpsclimate.us/ccaceslcurves(superseded).cfm)

*It is not recommended that you use this tide gauge data to determine land level for this park. The boundary is located either too far away or on a different
land mass to where the nearest tide gauge is, which increases the inaccuracy of this data. It is strongly recommended that you wait for the forthcoming NASA
report on land level (Nerem in prep).

*The park boundary stretches over either large or multiple areas. More than one tide gauge record is appropriate for this park.
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Table C1 (continued). The nearest long-term tide gauge to each of the 118 national park service units used in this report.

Is Tide Gauge Length of Rate of
Within The Park Record Used Subsidence

Region Park Unit Nearest Tide Gauge Boundary? (y)T (mmly)
Northeast Region Sagamore Hill National Historic ~ Kings Point, NY (8516945) N 76 0.670
(continued) Site

Saint Croix Island International ~ Eastport, ME (8410140) N 78 0.350

Historic Site*

Salem Maritime National Boston, MA (8443970) N 86 0.840

Historic Site

Saugus Iron Works National Boston, MA (8443970) N 86 0.840

Historic Site

Statue of Liberty National New York, The Battery, NY N 151 1.220

Monument* (8518750)

Thaddeus Kosciuszko National ~ Philadelphia, PA (8545240) N 107 1.060

Memorial

Theodore Roosevelt Birthplace  New York, The Battery, NY N 151 1.220

National Historic Site (8518750)
Southeast Region Big Cypress National Preserve  Naples, FL (8725110) N 42 0.270

Biscayne National Park® Miami Beach, FL (Inactive — N 51 0.690

8723170)

Buck Island Reef National San Juan, Puerto Rico N 45 -0.020

Monument* (9755371)

Canaveral National Seashore Daytona Beach Shores, FL N 59 0.620

(Inactive — 8721120)

"Number of years used by the USACE to calculate sea level change (source: http://www.corpsclimate.us/ccaceslcurves(superseded).cfm)

*It is not recommended that you use this tide gauge data to determine land level for this park. The boundary is located either too far away or on a different
land mass to where the nearest tide gauge is, which increases the inaccuracy of this data. It is strongly recommended that you wait for the forthcoming NASA
report on land level (Nerem in prep).

*The park boundary stretches over either large or multiple areas. More than one tide gauge record is appropriate for this park.
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Table C1 (continued). The nearest long-term tide gauge to each of the 118 national park service units used in this report.

Is Tide Gauge Length of Rate of
Within The Park Record Used Subsidence

Region Park Unit Nearest Tide Gauge Boundary? (y)T (mmly)
Southeast Region Cape Hatteras National Beaufort, NC (8656483) N 54 0.790
(continued) Seashore**

Cape Lookout National Beaufort, NC (8656483) N 54 0.790

Seashore

Castillo De San Marcos National Mayport, FL (8720218) N 79 0.590

Monument*

Charles Pinckney National Charleston, SC (8665530) N 86 1.240

Historic Site

Christiansted National Historic San Juan, Puerto Rico N 45 -0.202

Site* (9755371)

Cumberland Island National Fernandina Beach, FL N 110 0.600

Seashore* (8720030)

De Soto National Memorial St. Petersburg, FL (8726520) N 60 0.920

Dry Tortugas National Park® Key West, FL (8724580) N 94 0.500

Everglades National Park*" Miami Beach, FL (Inactive — N 51 0.690

8723170)

Fort Caroline National Fernandina Beach, FL N 110 0.600

Memorial* (8720030)

Fort Frederica National Fernandina Beach, FL N 110 0.600

Monument* (8720030)

Fort Matanzas National Daytona Beach Shores, FL N 59 0.620

Monument* (Inactive — 8721120)

"Number of years used by the USACE to calculate sea level change (source: http://www.corpsclimate.us/ccaceslcurves(superseded).cfm)

*It is not recommended that you use this tide gauge data to determine land level for this park. The boundary is located either too far away or on a different
land mass to where the nearest tide gauge is, which increases the inaccuracy of this data. It is strongly recommended that you wait for the forthcoming NASA
report on land level (Nerem in prep).

*The park boundary stretches over either large or multiple areas. More than one tide gauge record is appropriate for this park.
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Table C1 (continued). The nearest long-term tide gauge to each of the 118 national park service units used in this report.

Is Tide Gauge Length of Rate of
Within The Park Record Used Subsidence

Region Park Unit Nearest Tide Gauge Boundary? (y)T (mmly)
Southeast Region Fort Pulaski National Monument Fort Pulaski, GA (8670870) Y 72 1.360
(continued)

Fort Raleigh National Historic Beaufort, NC (8656483) N 54 0.790

Site*

Fort Sumter National Charleston, SC (8665530) N 86 1.240

Monument*

Gulf Islands National Seashore  Dauphin Island, AL (8735180) N 41 1.220

(Alabama section)*:C

Gulf Islands National Seashore  Pensacola, FL (8729840) N 84 0.330

(Florida section)**

Jean Lafitte National Historical =~ Grand Isle, LA (8761724) N 60 7.600

Park and Preserve®

Moores Creek National Wilmington, NC (8658120) N 72 0.430

Battlefield*

New Orleans Jazz National Grand Isle, LA (8761724) N 60 7.600

Historical Park*

Salt River Bay National San Juan, Puerto Rico N 45 -0.020

Historical Park and Ecological (9755371)

Preserve’

San Juan National Historic Site  San Juan, Puerto Rico N 45 -0.020

(9755371)
Timucuan Ecological and Fernandina Beach, FL N 110 0.600

Historic Preserve®

(8720030)

"Number of years used by the USACE to calculate sea level change (source: http://www.corpsclimate.us/ccaceslcurves(superseded).cfm)

*It is not recommended that you use this tide gauge data to determine land level for this park. The boundary is located either too far away or on a different
land mass to where the nearest tide gauge is, which increases the inaccuracy of this data. It is strongly recommended that you wait for the forthcoming NASA
report on land level (Nerem in prep).

*The park boundary stretches over either large or multiple areas. More than one tide gauge record is appropriate for this park.
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Table C1 (continued). The nearest long-term tide gauge to each of the 118 national park service units used in this report.

Is Tide Gauge Length of Rate of
Within The Park  Record Used Subsidence
Region Park Unit Nearest Tide Gauge Boundary? (y)T (mmly)
Southeast Region Virgin Islands Coral reef San Juan, Puerto Rico N 45 -0.020
(continued) National Monument (9755371)
Virgin Islands National Park? San Juan, Puerto Rico N 45 -0.020
(9755371)
Wright Brothers National Sewells Point, VA (8638610) N 80 2.610
Memorial®
National Capital Region  Anacostia Park Washington, DC (8594900) N 83 1.340
Chesapeake and Ohio Canal Washington, DC (8594900) N 83 1.340
National Historical Park
Constitution Gardens Washington, DC (8594900) N 83 1.340
Fort Washington Park Washington, DC (8594900) N 83 1.340
George Washington Memorial Washington, DC (8594900) N 83 1.340
Parkway
Harpers Ferry National Washington, DC (8594900) N 83 1.340
Historical Park
Korean War Veterans Memorial Washington, DC (8594900) N 83 1.340
Lincoln Memorial Washington, DC (8594900) N 83 1.340
Lyndon Baines Johnson Washington, DC (8594900) N 83 1.340
Memorial Grove on the Potomac
National Memorial
Martin Luther King Jr. Memorial Washington, DC (8594900) N 83 1.340

"Number of years used by the USACE to calculate sea level change (source: http://www.corpsclimate.us/ccaceslcurves(superseded).cfm)

*It is not recommended that you use this tide gauge data to determine land level for this park. The boundary is located either too far away or on a different
land mass to where the nearest tide gauge is, which increases the inaccuracy of this data. It is strongly recommended that you wait for the forthcoming NASA
report on land level (Nerem in prep).

*The park boundary stretches over either large or multiple areas. More than one tide gauge record is appropriate for this park.




Table C1 (continued). The nearest long-term tide gauge to each of the 118 national park service units used in this report.
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Is Tide Gauge Length of Rate of
Within The Park Record Used Subsidence

Region Park Unit Nearest Tide Gauge Boundary? (y)T (mmly)
National Capital Region  National Mall Washington, DC (8594900) N 83 1.340
(continued)

National Mall and Memorial Washington, DC (8594900) N 83 1.340

Parks

National World War Il Memorial ~Washington, DC (8594900) N 83 1.340

Piscataway Park Washington, DC (8594900) N 83 1.340

Potomac Heritage National Washington, DC (8594900) N 83 1.340

Scenic Trall

President’'s Park (White House) Washington, DC (8594900) N 83 1.340

Rock Creek Park Washington, DC (8594900) N 83 1.340

Theodore Roosevelt Island Park Washington, DC (8594900) N 83 1.340

Thomas Jefferson Memorial Washington, DC (8594900) N 83 1.340

Vietnam Veterans Memorial Washington, DC (8594900) N 83 1.340

Washington Monument Washington, DC (8594900) N 83 1.340
Intermountain Region Big Thicket National Preserve’  Sabine Pass, TX (8770570) N 49 3.850

Palo Alto Battlefield National Port Isabel, TX (8779770) N 63 2.160

Historical Park®

Padre Island National Padre Island, TX (8779750) N 49 1.780

Seashore*

"Number of years used by the USACE to calculate sea level change (source: http://www.corpsclimate.us/ccaceslcurves(superseded).cfm)

*It is not recommended that you use this tide gauge data to determine land level for this park. The boundary is located either too far away or on a different
land mass to where the nearest tide gauge is, which increases the inaccuracy of this data. It is strongly recommended that you wait for the forthcoming NASA
report on land level (Nerem in prep).

*The park boundary stretches over either large or multiple areas. More than one tide gauge record is appropriate for this park.
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Is Tide Gauge Length of Rate of
Within The Park Record Used Subsidence
Region Park Unit Nearest Tide Gauge Boundary? (y)T (mmly)
Pacific West Region American Memorial Park* Marianas Islands, Guam N 46 -2.750
(Inactive — 1630000)

Cabirillo National Monument San Diego, CA (9410170) N 101 0.370

Channel Islands National Park¥ ~ Santa Monica, CA (9410840) N 74 -0.280

Ebey’s Landing National Friday Harbor, WA (9449880) N 73 -0.580

Historical Reserve*

Fort Point National Historic Site  San Francisco, CA (9414290) Y 110 0.360

Fort Vancouver National Historic Astoria, OR (9439040) N 82 -2.100

Site*

Golden Gate National San Francisco, CA (9414290) N 110 0.360

Recreation Area

Haleakala National Park** Kahului, HI (1615680) N 60 0.510

Hawaii Volcanoes National Hilo, HI (1617760) N 80 1.470

Park*"

Kaloko-Honokohau National Hilo, HI (1617760) N 80 1.470

Historical Park®

Lewis and Clark National Astoria, OR (9439040) N 82 -2.100

Historical Park

National Park of American Pago Pago, American Samoa N 59 0.370

Samoa (1770000)

Olympic National Park*" Seattle, WA (9447130) N 109 0.540

"Number of years used by the USACE to calculate sea level change (source: http://www.corpsclimate.us/ccaceslcurves(superseded).cfm)

*It is not recommended that you use this tide gauge data to determine land level for this park. The boundary is located either too far away or on a different
land mass to where the nearest tide gauge is, which increases the inaccuracy of this data. It is strongly recommended that you wait for the forthcoming NASA
report on land level (Nerem in prep).

*The park boundary stretches over either large or multiple areas. More than one tide gauge record is appropriate for this park.
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Is Tide Gauge Length of Rate of
Within The Park Record Used Subsidence
Region Park Unit Nearest Tide Gauge Boundary? (y)T (mmly)
Pacific West Region Point Reyes National Seashore* San Francisco, CA (9414290) N 110 0.360
(continued)
Port Chicago Naval Magazine Alameda, CA (9414750) N 68 -0.780
National Memorial*
Pu’uhonua O Honaunau Hilo, HI (1617760) N 80 1.470
National Historical Park**
Puukohola Heiau National Hilo, HI (1617760) N 80 1.470
Historic Site**
Redwood National and State Crescent City, CA (9419750) N 74 -2.380
Parks
Rosie the Riveter WWII Home Alameda, CA (9414750) N 68 -0.780
Front National Historical Park*
San Francisco Maritime San Francisco, CA (9414290) N 110 0.360
National Historical Park
Santa Monica Mountains Santa Monica, CA (9410840) N 74 -0.280
National Recreation Area
War in the Pacific National Marianas Islands, Guam N 46 -2.750
Historical Park® (Inactive — 1630000)
World War Il Valor in the Pacific Honolulu, HI (1612340) N 102 -0.180
National Monument®
Alaska Region Aniakchak Preserve** Unalaska, AK (9462620) N 50 -7.250
Bering Land Bridge National No data No data No data No data

Preserve

"Number of years used by the USACE to calculate sea level change (source: http://www.corpsclimate.us/ccaceslcurves(superseded).cfm)

*It is not recommended that you use this tide gauge data to determine land level for this park. The boundary is located either too far away or on a different
land mass to where the nearest tide gauge is, which increases the inaccuracy of this data. It is strongly recommended that you wait for the forthcoming NASA
report on land level (Nerem in prep).

*The park boundary stretches over either large or multiple areas. More than one tide gauge record is appropriate for this park.
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Table C1 (continued). The nearest long-term tide gauge to each of the 118 national park service units used in this report.

Is Tide Gauge Length of Rate of
Within The Park Record Used Subsidence

Region Park Unit Nearest Tide Gauge Boundary? (y)T (mmly)
Alaska Region Cape Krusenstern National No data No data No data No data
(continued) Monument*

Glacier Bay National Park** Juneau, AK (9452210) N 71 -14.620

Glacier Bay Preserve** Juneau, AK (9452210) N 71 -14.620

Katmai National Park* Seldovia, AK (9455500) N 43 -11.420

Kenai Fjords National Park? Seward, AK (9455090) N 43 -3.820

Klondike Gold Rush National Skagway, AK (9452400) N 63 -18.960

Historical Park*

Lake Clark National Park Seldovia, AK (9455500) N 43 -11.420

Sitka National Historical Park* Sitka, AK (9451600) N 83 -3.710

Wrangell — St. Elias National Cordova, AK (9454050) N 43 3.450

Park®

Wrangell — St. Elias National Cordova, AK (9454050) N 43 3.450

Preserve®

"Number of years used by the USACE to calculate sea level change (source: http://www.corpsclimate.us/ccaceslcurves(superseded).cfm)

*It is not recommended that you use this tide gauge data to determine land level for this park. The boundary is located either too far away or on a different
land mass to where the nearest tide gauge is, which increases the inaccuracy of this data. It is strongly recommended that you wait for the forthcoming NASA
report on land level (Nerem in prep).

*The park boundary stretches over either large or multiple areas. More than one tide gauge record is appropriate for this park.
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Table C2. Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Northeast Region Acadia National Park 2030 0.08 0.09 0.09 0.1
2050 0.14 0.16 0.16 0.19
2100 0.28 0.36 0.39 0.54
Assateague Island National 2030 0.15 0.15 0.15 0.14
Seashore®
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
Boston Harbor Islands National 2030 0.11° 0.11 0.11° 0.11
Recreation Area " "
2050 0.19 0.2 0.20 0.22
2100 0.37* 0.45 0.50° 0.62
Boston National Historical Park 2030 0.11* 0.11 0.11* 0.11
2050 0.19* 0.2 0.20* 0.22
2100 0.37° 0.45 0.50° 0.62
Cape Cod National Seashore® 2030 0.13 0.15 0.13 0.15
2050 0.23 0.27 0.23 0.29
2100 0.45 0.51 0.57 0.69
Castle Clinton National 2030 0.15 0.14 0.14 0.14
Monument*
2050 0.26 0.25 0.25 0.27
2100 0.52 0.58 0.62 0.77

"Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

"Parks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table C2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Northeast Region Colonial National Historical Park 2030 0.16 0.15 0.15 0.15
(continued)
2050 0.27 0.28 0.27 0.29
2100 0.55 0.64 0.67 0.81
Edgar Allen Poe National 2030 0.16 0.15 0.15 0.14
Historic Site* T T
2050 0.27 0.27 0.27 0.28
2100 0.54* 0.62 0.68* 0.79
Federal Hall National Memorial* 2030 0.15 0.14 0.14 0.14
2050 0.26 0.25 0.25 0.27
2100 0.52 0.58 0.62 0.77
Fire Island National Seashore® 2030 0.14 0.14 0.14 0.14
2050 0.25 0.26 0.25 0.27
2100 0.5 0.58 0.62 0.76
Fort McHenry National 2030 0.16" 0.15 0.15* 0.14
Monument and Historic Shrine T T
2050 0.27 0.27 0.27 0.28
2100 0.54* 0.62 0.68* 0.79
Fort Monroe National Monument 2030 0.16 0.15 0.15 0.15
2050 0.27 0.28 0.27 0.29
2100 0.55 0.64 0.67 0.81

"Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

"Parks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table C2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Northeast Region Gateway National Recreation 2030 0.15 0.14 0.14 0.14
(continued) Area
2050 0.26 0.25 0.25 0.27
2100 0.52 0.58 0.62 0.77
General Grant National 2030 0.15 0.14 0.14 0.14
Memorial*
2050 0.26 0.25 0.25 0.27
2100 0.52 0.58 0.62 0.77
George Washington Birthplace 2030 0.15 0.15 0.15 0.14
National Monument
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
Governors Island National 2030 0.15 0.14 0.14 0.14
Monument
2050 0.26 0.25 0.25 0.27
2100 0.52 0.58 0.62 0.77
Hamilton Grange National 2030 0.15 0.14 0.14 0.14
Memorial*
2050 0.26 0.25 0.25 0.27
2100 0.52 0.58 0.62 0.77
Harriet Tubman Underground 2030 0.15 0.15 0.15 0.14
Railroad National Monument
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8

"Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

"Parks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table C2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Northeast Region Independence National 2030 0.16 0.15 0.15 0.14
(continued) Historical Park* " "
2050 0.27 0.27 0.27 0.28
2100 0.54* 0.62 0.68" 0.79
New Bedford Whaling National 2030 0.13 0.13 0.12 0.13
Historical Park*
2050 0.22 0.23 0.22 0.25
2100 0.45 0.53 0.55 0.7
Petersburg National Battlefield* 2030 0.16 0.15 0.15 0.15
2050 0.27 0.28 0.27 0.29
2100 0.55 0.64 0.67 0.81
Roger Williams National 2030 0.13 0.13 0.12 0.13
Memorial*
2050 0.22 0.23 0.22 0.25
2100 0.45 0.53 0.55 0.7
Sagamore Hill National Historic 2030 0.15 0.14 0.14 0.14
Site
2050 0.26 0.25 0.25 0.27
2100 0.52 0.58 0.62 0.77
Saint Croix Island International 2030 0.15 0.14 0.14 0.14
Historic Site
2050 0.26 0.26 0.26 0.27
2100 0.52 0.59 0.64 0.76

"Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

"Parks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

8Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table C2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Northeast Region Salem Maritime National 2030 0.11° 0.11 0.11° 0.11
(continued) Historic Site " "
2050 0.19 0.2 0.20 0.22
2100 0.37* 0.45 0.50* 0.62
Saugus Iron Works National 2030 0.11* 0.11 0.11° 0.11
Historic Site T T
2050 0.19 0.2 0.20 0.22
2100 0.37° 0.45 0.50° 0.62
Statue of Liberty National 2030 0.15 0.14 0.14 0.14
Monument
2050 0.26 0.25 0.25 0.27
2100 0.52 0.58 0.62 0.77
Thaddeus Kosciuszko National 2030 0.16* 0.15 0.15* 0.14
Memorial* + t
2050 0.27 0.27 0.27 0.28
2100 0.54* 0.62 0.68* 0.79
Theodore Roosevelt Birthplace 2030 0.15 0.14 0.14 0.14
National Historic Site*
2050 0.26 0.25 0.25 0.27
2100 0.52 0.58 0.62 0.77
Southeast Region Big Cypress National Preserve® 2030 0.13 0.13 0.12 0.13
2050 0.23 0.24 0.22 0.24
2100 0.46 0.54 0.55 0.69

"Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

"Parks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table C2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Southeast Region Biscayne National Park 2030 0.14 0.13 0.12 0.12
(continued) !
2050 0.24 0.23 0.21 0.24
2100 0.47* 0.53 0.53 0.68
Buck Island Reef National 2030 0.13 0.12 0.11 0.12
Monument
2050 0.22 0.22 0.2 0.23
2100 0.44 0.5 0.51 0.64
Canaveral National Seashore 2030 0.14 0.13 0.13° 0.12
2050 0.25% 0.24 0.24* 0.24
2100 0.50° 0.54 0.59° 0.68
Cape Hatteras National 2030 0.15° 0.15 0.15 0.14
Seashore :
2050 0.26 0.28 0.28 0.28
2100 0.53* 0.63 0.68 0.79
Cape Lookout National 2030 0.15 0.15 0.15 0.14
Seashore®
2050 0.26 0.27 0.26 0.27
2100 0.53 0.61 0.65 0.76
Castillo De San Marcos National 2030 0.14 0.13 0.13 0.13
Monument
2050 0.24 0.24 0.23 0.25
2100 0.47 0.56 0.56 0.7

"Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

"Parks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table C2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Southeast Region Charles Pinckney National 2030 0.14 0.14 0.13 0.13
(continued) Historic Site* 2050 0.25 0.25 0.24 0.25
2100 0.49 0.57 0.59 0.72
C.hristiansted National Historic 2030 0.13 0.12 0.11 0.12
Stte 2050 0.22 0.22 0.2 0.23
2100 0.44 0.5 0.51 0.64
Cumberland Island National 2030 0.14 0.13 0.13 0.13
Seashore 2050 0.24 0.24 0.23 0.25
2100 0.47 0.56 0.56 0.7
De Soto National Memorial 2030 0.14 0.13 0.13 0.13
2050 0.24 0.24 0.23 0.25
2100 0.48 0.56 0.57 0.72
Dry Tortugas National Park® 2030 0.14 0.13 0.13 0.13
2050 0.24 0.24 0.23 0.24
2100 0.47 0.54 0.56 0.69
Everglades National Park® 2030 0.13 0.13 0.12 0.17
2050 0.23 0.23 0.22 0.24
2100 0.46 0.53 0.54 0.68

"Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

"Parks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table C2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Southeast Region Fort Caroline National Memorial 2030 0.14 0.13 0.13 0.13
(continued)
2050 0.23 0.24 0.22 0.24
2100 0.47 0.56 0.56 0.7
Fort Frederica National 2030 0.14 0.13 0.12 0.12
Monument
2050 0.23 0.24 0.22 0.24
2100 0.47 0.54 0.54 0.69
Fort Matanzas National 2030 0.14 0.13 0.13 0.13
Monument
2050 0.23 0.24 0.22 0.24
2100 0.47 0.56 0.56 0.7
Fort Pulaski National 2030 0.14 0.14 0.13 0.13
Monument®
2050 0.25 0.25 0.24 0.25
2100 0.49 0.57 0.59 0.72
Fort Raleigh National Historic 2030 0.15* 0.15 0.15 0.14
Site
2050 0.27* 0.28 0.28 0.28
2100 0.53* 0.63 0.68 0.79
Fort Sumter National Monument 2030 0.14 0.14 0.13 0.13
2050 0.25 0.25 0.24 0.25
2100 0.49 0.57 0.59 0.72

"Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

"Parks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

8Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table C2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Southeast Region Gulf Islands National Seashore® 2030 0.14 0.13 0.13 0.13
(continued)
2050 0.24 0.24 0.23 0.25
2100 0.48 0.55 0.57 0.7
Jean Lafitte National Historical 2030 0.14 0.13 0.13 0.12
Park and Preserve'®
2050 0.24 0.23 0.23 0.24
2100 0.48 0.54 0.56 0.68
Moores Creek National 2030 0.15 0.15 0.15 0.14
Battlefield*
2050 0.26 0.27 0.26 0.27
2100 0.53 0.61 0.65 0.76
New Orleans Jazz National 2030 0.14 0.13 0.13 0.12
Historical Park*
2050 0.24 0.23 0.23 0.24
2100 0.48 0.54 0.56 0.68
Salt River Bay National Historic 2030 0.13 0.12 0.11 0.12
Park and Ecological Preserve
2050 0.22 0.22 0.2 0.23
2100 0.44 0.5 0.51 0.64
San Juan National Historic Site 2030 0.12 0.12 0.11 0.12
2050 0.22 0.22 0.2 0.22
2100 0.43 0.49 0.5 0.64

"Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

"Parks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table C2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Southeast Region Timucuan Ecological and 2030 0.14 0.13 0.13 0.13
(continued) Historic Preserve
2050 0.24 0.24 0.23 0.25
2100 0.47 0.56 0.56 0.7
Virgin Islands Coral Reef 2030 0.13 0.12 0.11 0.12
National Monument
2050 0.22 0.22 0.21 0.23
2100 0.44 0.5 0.51 0.64
Virgin Islands National Park® 2030 0.13 0.12 0.11 0.12
2050 0.22 0.22 0.21 0.23
2100 0.44 0.5 0.51 0.64
Wright Brothers National 2030 0.15* 0.16 0.16 0.15
Memorial* t
2050 0.27 0.29 0.28 0.29
2100 0.53* 0.65 0.7 0.82
National Capital Region  Anacostia Park* 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
Chesapeake & Ohio Canal 2030 0.15 0.15 0.15 0.14
National Historical Park®
2050 0.26 0.27 0.26 0.28
2100 0.53 0.62 0.66 0.79

"Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

"Parks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table C2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
National Capital Region  Constitution Gardens* 2030 0.15 0.15 0.15 0.14
(continued)
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
Fort Washington Park* 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
George Washington Memorial 2030 0.15 0.15 0.15 0.14
Parkway§ T T
2050 0.26 0.27 0.26 0.28
2100 0.53" 0.62 0.66" 0.79
Harpers Ferry National 2030 0.15 0.15 0.15 0.14
Historical Park*®
2050 0.26 0.27 0.26 0.28
2100 0.53 0.62 0.66 0.79
Korean War Veterans Memorial* 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
Lincoln Memorial* 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8

"Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

"Parks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table C2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
National Capital Region  Lyndon Baines Johnson 2030 0.15 0.15 0.15 0.14
(continued) ’l\\lﬂaetri];%g?lMirr?n\é?igln the Potomac 2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
Martin Luther King Jr. Memorial* 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
National Mall* 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
National Mall & Memorial Parks* 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
National World War Il Memorial* 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
Piscataway Park* 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8

"Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

"Parks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table C2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
National Capital Region  Potomac Heritage National 2030 0.15 0.15 0.15 0.14
(continued) Scenic Trail 2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
President’'s Park (White House)* 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
Rock Creek Park 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
Theodore Roosevelt Island Park 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
Thomas Jefferson Memorial* 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
Vietnam Veterans Memorial* 2030 0.15 0.15 0.15 0.14
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8

"Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

"Parks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table C2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
National Capital Region = Washington Monument* 2030 0.15 0.15 0.15 0.14
(continued)
2050 0.26 0.27 0.26 0.28
2100 0.53 0.63 0.66 0.8
Intermountain Region Big Thicket National Preserve* 2030 0.14* 0.12 0.12° 0.12
2050 0.23* 0.23 0.22° 0.23
2100 0.47* 0.51 0.55° 0.66
Palo Alto Battlefield National 2030 0.13 0.13 0.13 0.12
Historical Park*®
2050 0.23 0.23 0.22 0.24
2100 0.46 0.53 0.56 0.69
Padre Island National 2030 0.13 0.13 0.13 0.12
Seashore®
2050 0.23 0.23 0.22 0.24
2100 0.46 0.53 0.56 0.69
Pacific West Region American Memorial Park 2030 0.13 0.12 0.12 0.12
2050 0.22 0.22 0.22 0.24
2100 0.44 0.51 0.54 0.68
Cabrillo National Monument 2030 0.1 0.1 0.09 0.1
2050 0.17 0.17 0.17 0.19
2100 0.35 0.4 0.41 0.53

"Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

"Parks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table C2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Pacific West Region Channel Islands National Park® 2030 0.11 0.11 0.1 0.1
(continued)
2050 0.2 0.19 0.18 0.2
2100 0.39 0.44 0.46 0.57
Ebey’s Landing National 2030 0.1 0.09 0.09 0.08
Historical Reserve
2050 0.17 0.16 0.16 0.16
2100 0.34 0.37 0.39 0.46
Fort Point National Historic Site 2030 0.11 0.1 0.1 0.1
2050 0.18 0.18 0.17 0.19
2100 0.37 0.41 0.43 0.53
Fort Vancouver National Historic 2030 0.12 0.11 0.11 0.1
Site*
2050 0.21 0.2 0.19 0.19
2100 0.42 0.45 0.47 0.55
Golden Gate National 2030 0.11 0.1 0.1 0.1
Recreation Area®
2050 0.19 0.18 0.17 0.19
2100 0.37 0.42 0.43 0.54
Haleakala National Park 2030 0.13 0.12 0.12 0.12
2050 0.22 0.22 0.21 0.24
2100 0.44 0.5 0.52 0.67

"Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

"Parks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table C2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Pacific West Region Hawaii Volcanoes National Park 2030 0.13 0.12 0.12 0.12
(continued)
2050 0.22 0.22 0.21 0.24
2100 0.44 0.5 0.52 0.67
Kalalélpapa National Historical 2030 0.13 0.12 0.12 0.12
Park
2050 0.22 0.22 0.21 0.24
2100 0.44 0.5 0.52 0.66
Kaloko-Honokohau National 2030 0.13 0.12 0.12 0.12
Historical Park
2050 0.22 0.22 0.21 0.24
2100 0.44 0.5 0.52 0.67
Lewis and Clark National 2030 0.12 0.1 0.1 0.1
Historical Park®
2050 0.2 0.19 0.18 0.19
2100 0.4 0.44 0.46 0.53
National Park of American 2030 0.13 0.12 0.12 0.12
Samoa
2050 0.22 0.22 0.21 0.23
2100 0.44 0.5 0.52 0.65
Olympic National Park® 2030 0.1 0.09 0.09 0.08
2050 0.17 0.16 0.16 0.16
2100 0.34 0.37 0.39 0.46

"Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

"Parks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table C2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Pacific West Region Point Reyes National Seashore® 2030 0.11 0.1 0.1 0.1
(continued)
2050 0.19 0.19 0.18 0.19
2100 0.38 0.43 0.45 0.55
Port Chicago Naval Magazine 2030 0.11 0.1 0.1 0.1
National Memorial
2050 0.18 0.18 0.17 0.19
2100 0.37 0.41 0.43 0.53
Pu’uhonua O Honaunau 2030 0.13 0.12 0.12 0.12
National Historical Park
2050 0.22 0.22 0.21 0.24
2100 0.44 0.5 0.52 0.67
Puukohola Heiau National 2030 0.13 0.12 0.12 0.12
Historic Site
2050 0.22 0.22 0.21 0.24
2100 0.44 0.51 0.52 0.67
Redwood National and State 2030 0.12 0.11 0.1 0.1
Parks
2050 0.2 0.19 0.18 0.2
2100 0.4 0.44 0.46 0.56
Rosie the Riveter WWII Home 2030 0.11 0.1 0.1 0.1
Front National Historical Park
2050 0.18 0.18 0.17 0.19
2100 0.37 0.41 0.43 0.53

"Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

"Parks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

8Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table C2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Pacific West Region San Francisco Maritime 2030 0.11 0.1 0.1 0.1
(continued) National Historical Park
2050 0.18 0.18 0.17 0.19
2100 0.37 0.41 0.43 0.53
San Juan Island National 2030 0.1 0.09 0.09 0.08
Historical Park
2050 0.17 0.16 0.16 0.16
2100 0.34 0.37 0.39 0.46
Santa Monica Mountains 2030 0.12 0.11 0.1 0.11
National Recreation Area®
2050 0.2 0.2 0.19 0.2
2100 0.4 0.45 0.46 0.58
War in the Pacific National 2030 0.13 0.12 0.12 0.12
Historical Park
2050 0.22 0.22 0.22 0.24
2100 0.44 0.51 0.54 0.68
World War Il Valor in the Pacific 2030 0.13 0.12 0.12 0.12
National Monument®
2050 0.22 0.22 0.21 0.23
2100 0.44 0.5 0.52 0.67
Alaska Region Aniakchak Preserve® 2030 0.09° 0.09 0.09 0.09
2050 0.15° 0.17 0.16 0.18
2100 0.31* 0.38 0.4 0.51

"Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

"Parks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table C2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Alaska Region Bering Land Bridge National 2030 0.11 0.11 0.1 0.11
(continued) Preserve®
2050 0.18 0.19 0.18 0.21
2100 0.37 0.44 0.45 0.6
Cape Krusenstern National 2030 0.1 0.1 0.1 0.1
Monument®
2050 0.17 0.18 0.17 0.2
2100 0.35 0.42 0.43 0.58
Glacier Bay National Park™ 2030 0.07 0.06 0.06 0.06
2050 0.11 0.11 0.11 0.12
2100 0.23 0.25 0.28 0.34
Glacier Bay Preserve' 2030 0.06 0.06 0.06 0.06
2050 0.11 0.11 0.11 0.11
2100 0.22 0.24 0.27 0.33
Katmai National Park® 2030 0.09 0.08 0.08 0.08
2050 0.15 0.15 0.15 0.16
2100 0.31 0.34 0.37 0.47
Katmai National Preserve ' 2030 0.09 0.08 0.08 0.08
2050 0.15 0.15 0.14 0.16
2100 0.3 0.33 0.34 0.45

"Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

"Parks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

8Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.
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Table C2 (continued). Sea level rise numbers by NPS unit. Results are sorted by region. Values are reported in meters. See table footnotes for
further details.

Region Park Unit Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
Alaska Region Kenai Fjords National Park'™ 2030 0.09° 0.08 0.08* 0.08
(continued) + T
2050 0.15 0.14 0.14 0.15
2100 0.30* 0.33 0.34° 0.44
Klondike Gold Rush National 2030 0.06* 0.06 0.06* 0.06
Historical Park*™ .
2050 0.11 0.11 0.11 0.11
2100 0.22 0.24 0.27 0.33
Lake Clark National Park*" 2030 0.08 0.08 0.07 0.08
2050 0.14 0.14 0.13 0.15
2100 0.29 0.32 0.33 0.43
Sitka National Historical Park" 2030 0.08 0.07 0.07 0.07
2050 0.14 0.14 0.13 0.14
2100 0.28 0.31 0.33 0.41
Wrar;gell - St. Elias National 2030 0.07 0.06 0.06 0.07
Park
2050 0.12 0.12 0.11 0.12
2100 0.23 0.26 0.8 0.35
Wrangell — St. Elias National 2030 0.07 0.06 0.06 0.06
Preserve*s
2050 0.12 0.12 0.11 0.12
2100 0.23 0.26 0.29 0.35

"Parks that do not have shoreline. These numbers are for the nearest shoreline to the park.

"Parks that are likely to be significantly impacted by changes in land level that could result decreasing relative sea level in the short term followed by increased
relative sea level by the end of the century. Refer to section methods for more information.

*No data was available for this scenario. Data from an adjacent cell was used in lieu.

§Parks that cover two or more cells. Data were averaged between these parks based on percentage of shoreline in each cell. Adjacent cells were used in
cases where boundaries crossed into null data cells.



Table C3. IBTrACS data (Knapp et al. 2010) were used to identify the highest recorded storm track to

have passed within 10 miles of each of the park units.

Region

Park Unit

Highest Recorded Hurricane
Within 10 mi (16.1 km)

Northeast Region

Acadia National Park
Assateague Island National Seashore

Boston Harbor Islands National
Recreation Area

Boston National Historical Park

Cape Cod National Seashore

Castle Clinton National Monument
Colonial National Historical Park
Edgar Allen Poe National Historic Site
Federal Hall National Memorial

Fire Island National Seashore

Fort McHenry National Monument and
Historic Shrine

Fort Monroe National Monument
Gateway National Recreation Area
General Grant National Memorial

George Washington Birthplace National
Monument

Governors Island National Monument
Hamilton Grange National Memorial

Harriet Tubman Underground Railroad
National Monument

Independence National Historical Park

New Bedford Whaling National Historical
Park

Petersburg National Battlefield
Roger Williams National Memorial
Sagamore Hill National Historic Site

Saint Croix Island International Historic
Site

Salem Maritime National Historic Site

Hurricane, Saffir-Simpson category 1
Hurricane, Saffir-Simpson category 1

Hurricane, Saffir-Simpson category 2

Hurricane, Saffir-Simpson category 3
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 1
Tropical storm

Extratropical storm

Hurricane, Saffir-Simpson category 1
Hurricane, Saffir-Simpson category 2

Tropical storm

Tropical storm
Hurricane, Saffir-Simpson category 1
Hurricane, Saffir-Simpson category 1

Extratropical storm

Hurricane, Saffir-Simpson category 1
Hurricane, Saffir-Simpson category 1

Tropical storm

Extratropical storm

Extratropical storm

Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 3
Hurricane, Saffir-Simpson category 2

Hurricane, Saffir-Simpson category 2

Hurricane, Saffir-Simpson category 1
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Table C3 (continued). IBTrACS data (Knapp et al. 2010) were used to identify the highest recorded
storm track to have passed within 10 miles of each of the park units.

Region

Park Unit

Highest Recorded Hurricane
Within 10 mi (16.1 km)

Northeast Region
(continued)

Southeast Region

Saugus Iron Works National Historic Site
Statue of Liberty National Monument
Thaddeus Kosciuszko National Memorial

Theodore Roosevelt Birthplace National
Historic Site

Big Cypress National Preserve
Biscayne National Park

Buck Island Reef National Monument
Canaveral National Seashore

Cape Hatteras National Seashore
Cape Lookout National Seashore

Castillo De San Marcos National
Monument

Charles Pinckney National Historic Site
Christiansted National Historic Site
Cumberland Island National Seashore
De Soto National Memorial

Dry Tortugas National Park
Everglades National Park

Fort Caroline National Memorial

Fort Frederica National Monument
Fort Matanzas National Monument
Fort Pulaski National Monument

Fort Raleigh National Historic Site
Fort Sumter National Monument

Gulf Islands National Seashore

Jean Lafitte National Historical Park and
Preserve

Moores Creek National Battlefield

Hurricane, Saffir-Simpson category 1
Hurricane, Saffir-Simpson category 1
Extratropical storm

Hurricane, Saffir-Simpson category 1

Hurricane, Saffir-Simpson category 4
Hurricane, Saffir-Simpson category 4
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 3
Hurricane, Saffir-Simpson category 3

Hurricane, Saffir-Simpson category 3

Hurricane, Saffir-Simpson category 4
Hurricane, Saffir-Simpson category 4
Hurricane, Saffir-Simpson category 4
Hurricane, Saffir-Simpson category 1
Hurricane, Saffir-Simpson category 4
Hurricane, Saffir-Simpson category 5
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 1
Hurricane, Saffir-Simpson category 1
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 4
Hurricane, Saffir-Simpson category 4

Hurricane, Saffir-Simpson category 2

Hurricane, Saffir-Simpson category 1
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Table C3 (continued). IBTrACS data (Knapp et al. 2010) were used to identify the highest recorded
storm track to have passed within 10 miles of each of the park units.

Region

Park Unit

Highest Recorded Hurricane
Within 10 mi (16.1 km)

Southeast Region
(continued)

National Capital Region

New Orleans Jazz National Historical Park

Salt River Bay National Historic Park and
Ecological Preserve

San Juan National Historic Site

Timucuan Ecological and Historic
Preserve

Virgin Islands Coral Reef National
Monument

Virgin Islands National Park
Wright Brothers National Memorial
Anacostia Park

Chesapeake & Ohio Canal National
Historical Park

Constitution Gardens

Fort Washington Park

George Washington Memorial Parkway
Harpers Ferry National Historical Park
Korean War Veterans Memorial

Lincoln Memorial

Lyndon Baines Johnson Memorial Grove
on the Potomac National Memorial

Martin Luther King Jr. Memorial
National Mall

National Mall & Memorial Parks
National World War Il Memorial
Piscataway Park

Potomac Heritage National Scenic Trail
President’s Park (White House)

Rock Creek Park

Theodore Roosevelt Island Park

Thomas Jefferson Memorial

Hurricane, Saffir-Simpson category 2

Hurricane, Saffir-Simpson category 4

Hurricane, Saffir-Simpson category 3

Hurricane, Saffir-Simpson category 2

Hurricane, Saffir-Simpson category 3

Hurricane, Saffir-Simpson category 3
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2

Hurricane, Saffir-Simpson category 2

Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2
Extratropical storm

Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2

Hurricane, Saffir-Simpson category 2

Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2

Hurricane, Saffir-Simpson category 2
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Table C3 (continued). IBTrACS data (Knapp et al. 2010) were used to identify the highest recorded
storm track to have passed within 10 miles of each of the park units.

Region

Park Unit

Highest Recorded Hurricane
Within 10 mi (16.1 km)

National Capital Region
(continued)

Intermountain Region

Pacific West Region

Vietnam Veterans Memorial
Washington Monument
Big Thicket National Preserve

Palo Alto Battlefield National Historical
Park

Padre Island National Seashore
American Memorial Park
Cabrillo National Monument
Channel Islands National Park

Ebey’s Landing National Historical
Reserve

Fort Point National Historic Site
Fort Vancouver National Historic Site

Golden Gate National Recreation Area
Haleakala National Park

Hawaii Volcanoes National Park
Kalaupapa National Historical Park

Kaloko-Honokohau National Historical
Park

Lewis and Clark National Historical Park
National Park of American Samoa
Olympic National Park

Point Reyes National Seashore

Port Chicago Naval Magazine National
Memorial

Pu’uhonua O Honaunau National
Historical Park

Puukohola Heiau National Historic Site

Redwood National and State Parks

Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 2
Hurricane, Saffir-Simpson category 3

No recorded historical storm

Hurricane, Saffir-Simpson category 4
Tropical storm

Tropical depression

No recorded historical storm

No recorded historical storm

No recorded historical storm
No recorded historical storm

No recorded historical storm
Tropical depression
Tropical depression
Tropical depression

Tropical depression

No recorded historical storm
No recorded historical storm
No recorded historical storm
No recorded historical storm

No recorded historical storm

No recorded historical storm

Tropical depression

No recorded historical storm
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Table C3 (continued). IBTrACS data (Knapp et al. 2010) were used to identify the highest recorded

storm track to have passed within 10 miles of each of the park units.

Region

Park Unit

Highest Recorded Hurricane
Within 10 mi (16.1 km)

Pacific West Region
(continued)

Alaska Region

Rosie the Riveter WWII Home Front
National Historical Park

San Francisco Maritime National
Historical Park

San Juan Island National Historical Park

Santa Monica Mountains National
Recreation Area

War in the Pacific National Historical Park

World War Il Valor in the Pacific National
Monument

Aniakchak Preserve

Bering Land Bridge National Preserve
Cape Krusenstern National Monument
Glacier Bay National Park

Glacier Bay Preserve

Katmai National Park

Katmai National Preserve

Kenai Fjords National Park

Klondike Gold Rush National Historical
Park

Lake Clark National Park
Sitka National Historical Park
Wrangell - St. Elias National Park

Wrangell — St. Elias National Preserve

No recorded historical storm

No recorded historical storm

No recorded historical storm

No recorded historical storm

No recorded historical storm

Tropical depression

No recorded historical storm
No recorded historical storm
No recorded historical storm
No recorded historical storm
No recorded historical storm
No recorded historical storm
No recorded historical storm
No recorded historical storm

No recorded historical storm

No recorded historical storm
No recorded historical storm
No recorded historical storm

No recorded historical storm

D-35
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From: Cat Hoffman

To: Caffrey. Maria

Cc: Rebecca Beavers; Patrick Gonzalez
Subject: Re: Sea level and storm surge report
Date: Wednesday, March 21, 2018 1:02:29 PM

THANK YOU Maria. I'minatraining session but will keep this moving.
Really appreciate the time that you and Patrick gaveto this.

Sent from my iPhone

> On Mar 21, 2018, at 12:55 PM, Caffrey, Maria<maria_caffrey@partner.nps.gov> wrote:
>

> Cat,

>

> Hereisalink to the sealevel and storm surge report:

> https.//drive.google.com/file/d/1_Vbnz2c3JZOK Ulyy582xoDsMfzAZaGSd/view2usp=sharing
>

> | am also attaching aversion of it to this email that does not include the

> pictures so we can keep track of the versions, but the full version

> (including pictures) is now up on the drive for you to download.

>

> Cheers,

>

> -

> Maria Caffrey, Ph.D.

> NPS Water Resources Division

> PO Box 25287

> Denver CO 80225

>

> Office: 303-969-2097

> Cell: 303-518-3419

>

> www nps.gov/subjects/wetlands

> <Caffrey et al Sealevel Change Report_Final version_without pics .docx>
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From: Hoffman. Cat

To: Maria Caffrey; Patrick Gonzalez; Rebecca Beavers; Caffrey. Maria
Subject: Priority - scheduling an author call on the report
Date: Thursday, March 22, 2018 5:09:42 PM

Hi all -- | apologize for this short notice -- I'm reaching out to ask if you could be available
sometime tomorrow/Friday for a call to discuss the last work that Maria and Patrick did on the
sea level report.

Please let me know of any times that you could be available, if not tomorrow, then Monday or
Tuesday next week. If there's no time that works for all of us, I'll speak with you individually
when you have time, or any combination according to schedules. Patrick and | will both bein
BethesdaMD at a National Climate A ssessment meeting next week, but thisisapriority and
I'll make time for it (after hours when I'm back east would be fine).

Thanks.

Cat

Cat Hawkins Hoffman
National Park Service

Chief, NPS Climate Change Response Program
1201 Oakridge Drive

Fort Collins, CO 80525

cat _hawkins hoffman@nps.gov

office: 970-225-3567

cell: 970-631-5634

Adaptation websites: public, NPS managers
Climate Change Response Resources
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From: Hoffman. Cat

To: Patrick Gonzalez

Subject: suggested revisions

Date: Tuesday, March 27, 2018 12:01:15 AM

Attachments: Caffrey et al Sea Level Change Report no pics.3.26.2018.docx

Hi Patrick -- related to our conversation earlier today (whoops; it's 2 am, so | guess that was
yesterday) -- here are the changes I'm recommending to the Caffrey et al report. (I deleted
photos and graphics so the document wouldn't be so large...thisisjust to show the suggested
text changes)

| haven't heard from Mariaregarding her availability for acall at our lunch hour today. | will
try to reach her by phone to explain my thoughts behind this and then send it to her. Will of
course allow everyone time to review.

Cat

Cat Hawkins Hoffman
National Park Service

Chief, NPS Climate Change Response Program
1201 Oakridge Drive

Fort Collins, CO 80525

cat _hawkins hoffman@nps.gov

office: 970-225-3567

cell: 970-631-5634

Adaptation websites: public, NPS managers
Climate Change Response Resources
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National Park Service
U.S. Department of the Interior

Natural Resource Stewardship and Science

Sea Level Rise and Storm Surge Projections for the
National Park Service

Natural Resource Report Series NPS/NRSS/NRR—2017/1425



ON THIS PAGE
Driftwood washed up on the shoreline of Redwood National Park, California
Photograph courtesy of Maria Caffrey, University of Colorado

ON THE COVER
Fort Point National Historic Site and the Golden Gate Bridge, California
Photograph courtesy of Maria Caffrey, University of Colorado



Sea Level Rise and Storm Surge Projections for the
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Natural Resource Report Series NPS/INRSS/NRR—2017/1425
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! University of Colorado
Geological Sciences Building
UCB 399

Boulder, CO 80309

National Park Service
Geologic Resources Division
7333 W. Jefferson Avenue
Lakewood, CO 80235

®National Park Service

Climate Change Response Program
131 Mulford Hall

University of California
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Climate Change Response Program
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U.S. Department of the Interior

National Park Service
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The National Park Service, Natural Resource Stewardship and Science office in Fort Collins,
Colorado, publishes a range of reports that address natural resource topics. These reports are of
interest and applicability to a broad audience in the National Park Service and others in natural
resource management, including scientists, conservation and environmental constituencies, and the
public.

The Natural Resource Report Series is used to disseminate comprehensive information and analysis
about natural resources and related topics concerning lands managed by the National Park Service.
The series supports the advancement of science, informed decision-making, and the achievement of
the National Park Service mission. The series also provides a forum for presenting more lengthy
results that may not be accepted by publications with page limitations.

All manuscripts in the series receive the appropriate level of peer review to ensure that the
information is scientifically credible, technically accurate, appropriately written for the intended
audience, and designed and published in a professional manner.

This report received formal peer review by subject-matter experts who were not directly involved in
the collection, analysis, or reporting of the data, and whose background and expertise put them on par
technically and scientifically with the authors of the information.

Views, statements, findings, conclusions, recommendations, and data in this report do not necessarily
reflect views and policies of the National Park Service, U.S. Department of the Interior. Mention of
trade names or commercial products does not constitute endorsement or recommendation for use by
the U.S. Government.

This report is available in digital format from the Climate Change Response Program website and
the Natural Resource Publications Management website. To receive this report in a format optimized
for screen readers, please email irma@nps.gov.

Please cite this publication as:

Caffrey, M. A, R. L. Beavers, P. Gonzalez, and C. Hawkins-Hoffman. 2017. Sea level rise and storm
surge projections for the National Park Service. Natural Resource Report NPS/INRSS/NRR—
2017/1425. National Park Service, Fort Collins, Colorado.

NPS 999/137852, May 2017
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Figures

Figure 1. Sea level trends for the United States based on Zervas (2009), for all available
data through 2015. Each dot represents the location of a long-term (>30 years) tide gauge
station. Green dots represent stations that are experiencing the average global rate of sea
level change. Stations depicted by yellow to red dots are experiencing greater than the
global average (primarily driven by regional subsidence) and blue to purple dots are
stations experiencing less than the global average (due to isostatic rebound or other
tectonically-driven factors). Source:

https://tidesandcurrents noaa.gov/sltrends/slrmap htm ..o

Figure 2. An example of how areas of inundation appear in ArcGIS. In this example for
the Toms Cove area of Assateague Island National Seashore, areas of inundation
(RCP4.5 2050) appear in blue. Green shading indicates other low lying areas that are
blocked from inundation by some impediment, but nonetheless could experience flooding

should the physical barrier be removed or breached............cccoovviiiiicinin e

Figure 3. An example of the extent of an operational basin shown in NOAA’s SLOSH
display program (http://www nhc noaa.gov/surge/slosh.php). The black area is the full

extent of the operational basin for Chesapeake Bay. .........c.ccovviiriiinieiineinsense e

Figure 4. Projected future sea level by NPS region for 2100 under RCP8.5 (the “business
as usual” climate change scenario). Black dots indicate the average sea level rise (m) for
all units within the respective regions. Black bars represent the standard deviation of each

mean. Blue bars mark the full range of sea level estimates for each region. ..........cc.ccocvveveneene.

Figure 5. Projected future sea level rise by NPS region for 2030 under RCP8.5 (the
“business as usual” climate change scenario). Black dots indicate the average sea level
rise (m) for all units within the respective regions. Black bars represent the standard
deviation of each mean. Blue bars mark the full range of sea level estimates for each

=T o] TR

Figure 6. Projected future sea level rise by NPS region for 2050 under RCP8.5 (the
“business as usual” climate change scenario). Black dots indicate the average sea level
rise (m) for all units within the respective regions. Black bars represent the standard
deviation of each mean. Blue bars mark the full range of sea level estimates for each
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Figure 7. Projected future sea level rise by 2100 for the NPS Northeast Region under all
of the representative concentration pathways. Black dots indicate the average sea level
rise (m) for all units within the respective regions. Black bars represent the standard
deviation of each mean. Blue bars mark the full range of sea level estimates for each

CAIBYONY. 1.vvevurverseessesets st eae s sttt bbb bbbttt s bbbttt bbb

Figure 8. Estimated storm surge created by Saffir-Simpson category 3 hurricane
occurring at high tide near Boston Harbor Islands National Recreation Area. Colored
areas represent areas of flooding. Colors from green to red show estimated height of a

storm surge (see inset legend for eStimated range). ......cooevveerieriienereese s
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Figure 9. SLOSH MOM storm surge maps for a Saffir-Simpson category 1 (left) versus
category 2 hurricane striking Everglades National Park at mean tide (right). Colored areas
represent areas of flooding. Colors from green to red show estimated height of a storm

surge (see inset legend for estimated range). ......cccoveveiiieiiereis e

Figure 10. A SLOSH MOM map showing storm surge height and extent created by a
Saffir-Simspon category 2 hurricane striking the Washington D.C. region at high tide.
Colored areas represent areas of flooding. Colors from green to red show estimated

height of a storm surge (see inset legend for estimated range). .........cccvveriierineiensiensereseeneas

Figure 11. Projected future sea level rise by 2100 for the NPS Intermountain Region
under all of the representative concentration pathways. Black dots indicate the average
sea level rise (m) for all units within the respective regions. Black bars represent the
standard deviation from each mean. Blue bars mark the full range of sea level estimates
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Figure 12. A SLOSH MOM map showing storm surge height and extent created by a
Saffir-Simspon category 4 hurricane striking the southwestern Texas region at mean tide.
The dark green line around the island represents the boundary of Padre Island National
Seashore. Colored areas represent areas of flooding. Colors from green to red show

estimated height of a storm surge (see inset legend for estimated range).........ccococevverireiernennns

Figure 13. Radiative forcing (see list of terms) for each of the Representative
Concentration Pathways (RCPs). An increase in radiative forcing (due to the loading of
anthropogenic gases into the atmosphere) will result in higher global average
temperatures. RCPs replace the IPCC SRES scenarios. Note how RCP4.5 (yellow line)
projections are slightly higher than RCP6.0 (gray line) in the early part of this century.
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Executive Summary

Over one quarter of the units of the National Park System occur along ocean coastlines. Ongoing

changes in relative sea levels and the potential for increasing storm surge:{bresent challenges to Comment [HCH1]: The importance of the
national park managers, and compel the NPS to help our managers and stakeholders understand these this nf b"f—’h; “d"’m' 'u““rmmm"’-‘ -

changes and I]lelr uupllcatwua so we may better s’rewa:rd the resources under our care. due-te ke
b e b e L b i pasagers— [his report summarizes

work deﬂe-byof -Ehe-UmveImty of Colorado scientists in partne:slup with the National Park Service

(NPS) to provide sea level rise and storm surge projections to coastal area national parks using

information from the United Nations Intergovernmental Panel on Climate Change (IPCC). and storm

surge scenarios from National Oceanic and Atmospheric Administration (NOAA) models. As a

reference for staff, the report also summarizes scientific understanding of the basis for these changes,

and sources from which scientists develop sea level rise projections. This work complements the

NPS Coastal Adaptation Strategies Handbook, and Coastal Adaptation Case Studies.

This research is the first to analyze IPCC and NOAA projections of sea level and storm surge under
climate change for U.S. national parks. Results illustrate potential future inundation and storm surge

l Wﬂmdﬁ four greenhouse gas emissions scenarios. In addition to including ___—{ comment [HCH2]: reduadant

multiple scenarios, the analysis considers multiple time horizons (2030, 2050 and 2100). This
analysis provides sea level rise projections for 118 park units and storm surge projections for 79 of
those parks.

Within the National Park Service, the National Capital Region is projected to experience the highest
average rate of sea level change by 2100. The coastline adjacent to Wright Brothers National
Memorial in the Southeast Region is projected to experience the highest sea level rise by 2100. The
Southeast Region is projected to experience the highest storm surges based on historical data and
NOAA storm surge models,

These results are intended to inform park planning and adaptation strategies for resources managed
by the National Park Service. Sea level change and storm surge pose considerable risks to
infrastructure, archeological sites, lighthouses, forts, and other historic structures in coastal units of
the national park system. Understanding projections for continued change can better guide protection
of such resources for the benefit of long-term visitor enjoyment and safety.

Photo 2. Basement flooding in the visitor center at Rosie the Riveter WWII Home Front National
Historical Park. This photograph was taken on December 5, 2012 —12 years after the establishment
of the park. Photo credit: Maria Caffrey.
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List of Terms
The following list of terms are defined here as they will be used in this report.

Bathtub model: A simplification of the sea as bathtub of water to simulate a change in water level
relative to the land. This model does not include other factors such changes in erosion or accretion
that change alter the geometry of the coastline.

Flooding: The temporary occurrence of water on the land.
Inundation: The permanent impoundment of water on what had previously been dry land.

Isostatic rebound: A change in land level caused by a change in loadings on the Earth’s crust. The
most common cause of isostatic rebound is the loading of continental ice during the Last Glacial
Maximum in North America. The North American land surface is still returning to equilibrium after
the melting of this continental ice in an effort to return to equilibrium with its original pre-loading
state.

National Park Service unit: Property owned or managed by the National Park Service.

Radiative Forcing: Is the change in the incoming solar radiation minus the outgoing infrared
radiation: the change in heat at the surface of the Earth. Positive radiative forcing means Earth
receives more incoming energy from sunlight than it radiates to space. This net gain of energy warms
the earth, resulting in higher global average temperatures.

Relative sea level: Where the water level can be found compared to some reference point on land.
This term is most frequently used in discussion of changes in relative sea level. A change in relative



sea level could be caused by a change in water volume or a change in land level (or some
combination of these two factors).

Sea level: The average level of the seawater surface.

Sea level change: This term is frequently used in reference to relative sea level change. This is the
product of two main factors, 1) an increase in the volume of ocean water, and 2) a change in land
level. These two factors can be broken down further into other drivers that will be discussed in
greater detail in other sections. This term is sometimes mistakenly confused with the term sea level
rise.

Sea level rise: An increase in sea level. This is the result of an increase in ocean water volume caused
principally by melting continental ice and thermal expansion. This term is not to be confused with
increasing relative sea level, which can also be caused by decreasing land levels.



Introduction

From rocky headlands to gentle beaches, some of the most splendid and beautiful places in the
United States are national parks on our ocean shorelines. Over one quarter of all national park units
are coastal parks, home to nesting shorebirds and sea fturtles, historical forts and lighthouses, and
opportunities for recreation and respite. Many are living witness to our national story — true icons of
our history. (reference a picture #x of Statue of Liberty) But despite their great diversity, importance,
and ability to provide windows to the past, changes in sea level affect them all.

Today’s managers of these parks face new challenges -- challenges unimagined by builders of the
forts and lighthouses within them, challenges unprecedented for the species that inhabit them, and
challenges unanticipated by those who secured these places as part of the national park system.
Knowledge of sea level projections must now augment managerial skills in park administration,
resource protection and conservation, interpretation, and community and civic engagement. To
support managers of coastal park units, this report provides projections for sea level change and
storm surge under several scenarios. As a reference for staff, it also summarizes scientific
understanding of the basis for these changes, and sources from which scientists develop sea level rise
projections.

This analysis applies a unified approach to identify how sea level change may affect coastal park
unifs of the National Park System. Results provide estimates of sea level change due fo climate
change for 118 National Park Service units and estimates of storm surge for 79 of those units.

The Importance of Understanding Contemporary Sea Level Change for Parks

Global sea level is rising. While sea levels have been gradually rising since the last glacial maximum
approximately 21,000 years ago (Clark et al. 2009, Lambeck et al. 2014), recent analyses reveal that
the rate of sea level rise in the post-industrial era was greater tha11 during any preceding cenfury in at

least 2.800 Wﬂﬁﬂ:ﬂ*ﬁﬁ&&e.uu ahifrealaseadt
sise {(cite Climate Science Special Report. 2017. [Grinsted et al. 2010, Church and White 2011,
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Used as the basis for this report, the RCPs are climate change scenarios based on potential
greenhouse gas concentration trajectories introduced in the fifth climate change assessment report of
the Intergovernmental Panel on Climate Change (TPCC 2013). The IPCC’s process-based approach
for estimating future sea levels contrasts with other estimates from semi-empirical techniques that
commonly generate higher numbers.
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levels incrementally rise, periods of flooding caused by storms and hurricanes exacerbate the
growing problem of coastal inundation (see list of terms). Peek et al. (2015) estimated that the value
of infrastructure at risk in 40 National Park Service units could cost billions of dollars if these units
were exposed to one-meter of sea level rise.

Consider paragraph “A* below as a substitute for this paragraph and the next one:
tFor example, when Hurricane Sandy struck New York City in 2012 it caused an estimated $19
billion in damage to public and private infrastructure |(T011efson 2013). This single storm cannot be
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attributed to anthropogenic climate change. but the storm surge occurred over a sea whose level had
risen due to climate change (Kemp and Horton 2013). Extreme storms such as Hurricane Sandy have
extreme costs. When Hurricane Sandy struck it was estimated to have a return period between a 398
year (Lin et al. 2016) and a 1570 year storm (Sweet et al. 2013). Currently, a 100 year storm surge in
New York City could cost $2—5 billion and a 500 year storm surge could cost $5-11 billion (Aerts et
al. 2013).

Under future scenarios of increasing anthropogenic greenhouse gas emissions, models project
increasing storm intensities (Mann and Emanuel 2006, [Kﬂutson etal. 2010, Lin et al. 2012, Ting et
al. 20]5b. ‘When this change in storm intensity (and therefore, storm surge) is combined with sea
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sized storm surge striking New York City. Factoring in future sea level rise to these estimates
reduces the potential return interval of a similar storm surge occurring by 2100 to between 50 years
(Sweet et al. 2013) and 90 years (Lin et al. 2016).

“AT fI’he passage of Hurricane Sandy in 2012—and more recently Hurricanes Harvey, Irma, and
Maria——caused extensive damage to infrastructure and resources in numerous coastal national park
units. The impacts of extreme storms can bring extreme costs, as tallied through loss of visitor
access, impacts to gateway communities and local economies, investments in recovery, and/or the
irrevocable loss of unique resources. For example, repair of damage caused in national parks affected
by Hurricane Sandy exceeded $XZXM (we can ask Rich Turk for this information). Under future
scenarios of increasing anthropogenic greenhouse gas emissions. models project increasing storm
intensities (Mann and Emanuel 2006, [Knutson et al. 2010, [Lin et al. 2012, [Ting et al. 2015). and
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rising sea levels increase the potential for damage from storm surge. Management decisions and
investments in coastal national park units can benefit from analyzing projections for the future in
conjunction with lessons learned from the pasﬂ
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The aim of this report is to: 1) quantify projections of sea level rise in coastal National Park Service
units over the next century based on the latest IPCC (2013) models, and 2) show how storm surge
generated by hurricanes and extratropical storms could also affect these parks.

Format of This Report

This report contains five sections (introduction, methods, results, discussion, and conclusion), and
presents results per park alphabetically by region. The 118 park units studied for this project cover
six administrative regions: the Northeast, Southeast, National Capital, Intermountain, Pacific West,
and LA_laska. }The scope of this project focuses on sea levels. The scope of this project did not include

projected changes in lake levels, although interior waterways and lakes, especially the Great Lakes,
are vulnerable to the effects of climate change. Further explanation on how to access the data from
this project is available in the methods sections and accompanying appendices.

Frequently Used Terms

Definitions of the most basic terms used in this report occur on page ix. However, some terms require
greater explanation for their use. For example, we follow the advice of Flick et al. (2012) in
differentiating between the terms flooding and inundatfion. While many choose to use these terms
interchangeably, we use the term “flooding” to describe the temporary impoundment of water on
land. This usually results from storm activity and other short-lived events, such as periodic tidal
action, and will therefore be used here in reference to the effects of a storm surge on land.
“Inundation” refers to the gradual permanent submergence of land that will occur due to sea level
rise.

The terms sea level rise and sea level change are also used differently. Sea level rise refers only to
rising water levels resulting from an increase in global ocean volumes. In most parts of the United
States this increase in water volume will lead to increasing relative sea levels. However, in some
parts of the country relative sea level is decreasing due to isostatic rebound. Figure 1 shows current
sea level frends based on tide gauge records for United States that span at least 30-years of data.

For example, the Southeast Region of Alaska is experiencing a decrease in relative sea level.
Alaska’s crust continues to rebound following the melting of large volumes of ice that occurred for
centuries to millennia on land in the form of glaciers and ice fields. Alaska is tectonically complex
with extensive faults that confribute to this crustal motion. Although the volume of ocean water in
this region is increasing, the rate of sea level rise is less than the rate of isostatic rebound, resulting in
a decrease in relative sea level. For this reason, we use the term “sea level change” as it includes
regions that will experience a decrease in relative sea level (at least in the early part of this century)
as well as those that will see increasing relative sea levels.
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Figure 1. Sea level trends for the United States based on Zervas (2009), for all available data through 2015. Each dot represents the location of a
long-term (>30 years) tide gauge station. Green dots represent stations that are experiencing the average global rate of sea level change. Stations
depicted by yellow to red dots are experiencing greater than the global average (primarily driven by regional subsidence) and blue to purple dots
are stations experiencing less than the global average (due to isostatic rebound or other tectonically-driven factors). Source:
https://tidesandcurrents.noaa.gov/sltrends/slrmap.htm



Methods

This report summarizes work of a three-year project initiated in 2013, analyzing sea level change in
118 National Park Service units. Consultation with regional managers regarding units they
considered to be potentially vulnerable to sea level change and/or storm surge resulted in selection of
these 118 coastal park units (Appendix B). Project activities included the following:

1) Prepare sea level projections over multiple time horizons for each park unit.

2) Estimate potential exposure to storm surge using the National Oceanographic and
Atmospheric Administration (NOAA) Sea, Lake, and Overland Surge from Hurricanes
(SLOSH) Model and Tebaldi et al. (2012).

3) Create wayside exhibits® with information about the impacts of climate change in the coastal
zone for three National Park Service units.

Based on site recommendations from regional personnel, three National Park Service units now have
completed wayside exhibits in place: Gulf Islands National Seashore, Jean Lafitte National Historical
Park and Preserve, and Fire Island National Seashore, each with customized designs that reflect the
messaging and/or themes of each unit. This report provides results from the first two project
activities: sea level rise projections, and potential exposure to storm surge.

SeatevelRise-Data_Understanding Sea Level Rise and Storm Surge

Numerous factors cause Ssea level rise.-is-caused-by-rumerous-factors: As human activities release
CO; and other greenhouse gases into the atmosphere, mean global temperatures increase (IPCC
2013). Rising global temperatures cause ice located on land and in the sea to melt. The melting of ice
found on land, such as Greenland and Antarctica, is a significant driver of sea level rise.

While the melting of sea ice is problematic from an oceanographic and heat budget perspective
(primarily because it alters water temperatures and salinity and also because it changes the
reflectance of solar energy from the surface), melting sea ice does not cause sea level rise. It is the
melting of ice that is currently stored on land that raises global sea levels. Water level does not
change when sea ice (ice wholly supported by water) melts. The volume of water in the sea remains
the same whether it is frozen or liquid. The phase shift of water from solid to liquid does not displace
an additional volume of water.

As ocean waters warm, the density of these waters also changes, causing thermal expansion. Thermal
expansion was responsible for two-fifths of sea level rise from 1993 to 2010, while melting ice
accounted for half (IPCC 2013). Table 1 lists the contribution to sea level rise from several key
sources.

! A wayside is an exhibit designed to be installed outside for visitors to learn about a particular subject
(https://www.nps.gov/hfc/products/waysides/).




Table 1. Observed global mean sea level budget (mm/y) for multiple time periods (IPCC 2013).

Source 1901-1930 1971-2010 1993-2010
Thermal expansion nfa 0.08 11
Glaciers except in Greenland and Antarctica® 054 062 0.76
Glaciers in Greenland 015 0.06 0.10°
Greenland ice sheet nfa n/a 0.33
Antarctic ice sheet nfa n/a 0.27
Land water storage -0.11 0.12 0.38
Total of contributions nla n/a 2.80
Observed 1.50 2.00 3.20
Residual® 0.50 0.20 0.40

“Data until 2009, not 2010.
®This is not included in the total because these numbers have already been included in the Greenland ice sheet.

“This is calculated as observed global mean sea level rise — modeled glaciers — observed land water storage.
See table 13.1 in IPCC (2013) for more details.

Need to add some explanation here about storm surge; we talk a lot about why sea level is
rising and what sea level change is, but don’t really define storm surge....what is storm surge
and why is it a problem for parks in addition to sea level rise
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which estimates sea level based on the underlying physical processes. This contrasts with semi-
empirical models that combine past sea level observations with other variables or theoretical
considerations, including, in some cases, expert opinion (surveys or interviews of professionals)
(Rahmstorf 2010, Orlic and Pasaric 2013). Often the semi-empirical approach yields higher sea level
estimates. IPCC (2013) uses coupled atmosphere-ocean general circulation models (AOGCMs) to
simulate the processes of change rather than the statistical inferences of the semi-empirical approach.
AOGCMs are considered a process-based technique, although some variables derive from semi-
empirical methods (IPCC 2013).

Sea level rise estimates for 2050 and 2100 were taken directly from the IPCC (2013) regional climate
models (RCMs) downscaled to a spatial grid resolution of 1° x 1° from AOGCMs. Because many
park units require estimates for shorter time horizons that fit more closely with the expected lifetime
of various projects, sea level rise projections for 2030 were calculated using IPCC RCM data for
each sea level rise driver shown in Table 2. interpolated to 2030 for each RCP. All projections are



reported relative to the period 1986—2005 (see Appendix B for further discussion). All geographic
information systems (GIS) maps display the projected sea level on top of mean higher-high water
(MHHW) using the most recent tidal datum epoch (1983-2001). MHHW is calculated by averaging
the highest daily water level over a 19-year tidal datum epoch.

Table 2. Median values for projections of global mean sea level rise and contr butions of individual
sources, for 2100, relative to 1986-2005, in meters (IPCC 2013).

Source RCP2.6 RCP4.5 RCP6.0 RCP8.5
Thermal expansion 0.15 0.20 0.22 0.32
Glaciers 0.11 0.13 0.14 0.18
Greenland ice sheet surface mass balance® 0.03 0.05 0.05 0.10
Antarctic ice sheet surface mass balance -0.02 -0.03 -0.03 -0.05
Greenland ice sheet rapid dynamics 0.04 0.04 0.04 0.05
Antarctic ice sheet rapid dynamics 0.08 0.08 0.08 0.08
Land water storage 0.05 0.05 0.05 0.05
Sea level rise 0.44 0.53 0.55 0.74

#Changes in ice mass derived through direct observation and satellite data.

The standard error (o) for each site estimate was not calculated because it was beyond the scope of
this project. However, it can be calculated using the following equation and data available from the
IPCC (2013, supplementary material):

Eql. o= + + )’ + 0Ziac + s + 081 + O + OByn o + 04
ql Otot = O-steric/dyn Osmb_a 0—smb_g Gglac OiBE 0G1A OLw G-dyn,a deng

Where: steric/dyn = the global thermal expansion uncertainty plus dynamic sea surface height; smb_a
= the Antarctic ice sheet surface mass balance uncertainty; smb_g = the Greenland ice sheet surface
mass balance uncertainty; glac = glacier uncertainty; IBE = the inverse barometer effect uncertainty;
GIA = global isostatic adjustment; LW = the land water uncertainty; dyn_a = Antarctica ice sheet
rapid dynamics uncertainty; and, dyn_g = Greenland ice sheet rapid dynamics uncertainty.

Initial data were exported as GeoTIFF files for use in ArcGIS. For parks that crossed more than one
pixel, an average sea level rise was calculated by weighting pixel values by the length of park
shoreline in each pixel. A standard bathtub model approach was used to identify areas of projected
inundation and flooding. In this method, projected sea level under climate change was determined by
adding the IPCC RCM value to the current mean higher high water level. The land that would be at
or below a projected sea level was then determined by analyzing digital elevation models (DEMs) of
land elevation at spatial resolutions of 500 to 7000 m, depending on data availability for the areas of
each park. DEM data for most regions were gathered from the NOAA digital coast website
(https://coast.noaa.gov/digitalcoast). Areas of inundation and flooding are denoted in the maps
(Appendix A) in blue. Additional low-lying areas that could be potentially inundated or flooded are




shown in green (Figure 2). These low-lying areas do not appear to have any inlet or other pathway
for water (based on our elevation datasets), although they should still be considered vulnerable fo
exposure to either groundwater seepage or potential flooding via breaching. The lack of high-
resolution DEMs and time constraints prevented us from attempting a dynamic modeling approach
(see limitations below). Maps were created to illustrate inundation for all park units for 2050 and
2100 under RCP4.5 and RCP8.5. These two represent a plausible range of scenarios between
significant policy response (RCP4.5) and business as usual (RCP8.5).

Figure 2. An example of how areas of inundation appear in ArcGIS. In this example for the Toms Cove
area of Assateague Island National Seashore, areas of inundation (RCP4.5 2050) appear in blue. Green
shading indicates other low lying areas that are blocked from inundation by some impediment, but
nonetheless could experience flooding should the physical barrier be removed or breached.

| Storm Surge Data ___—{ Formatted: Font: Not Bold, Italic

NOAA SLOSH data estimate potential storm surge height at current (most recent tidal datum) sea
level (NOAA 2016). The NOAA SLOSH model comprises the following three products (P-Surge,
MEOW., and MOMs) that utilize three different modeling approaches (probabilistic, deterministic,
and composite) to estimate storm surge.

P-Surge (also known as the tropical cyclone storm surge probabilities product) uses a probabilistic
approach by examining past events to estimate the storm surge generated by a cyclone that is present
and within 72-hours of landfall. It statistically evaluates National Hurricane Center data (calculated
in part using a deterministic approach) including the official projected cyclone track and historical
forecasting errors. It also incorporates astronomical tide calculations and variations in the radius of
maximum wind into this estimate. These rates of motion variables are then fit to a Cartesian or polar
(depending on the location) grid (Jalesnianski et al. 1992).

The Maximum Envelope Of Water (MEOW) calculates flooding using past SLOSH output to create
a composite estimate of the potential storm surge generated by a hypothetical storm. This product
generates a worst-case scenario based on a hypothetical storm category that includes forward speed,
trajectory of the storm when it strikes the coastline, and initial (mean vs. high) tide level that will also
incorporate any historical uncertainty from previous landfall forecasts.

The final SLOSH product is the MOM (Maximum of MEQOWSs) model. MOM is a further composite
approach that uses the forward speed, trajectory, and initial tide level data that is also used by
MEOW to create a worst-of-the-worst scenario (or “perfect storm™). Storms are simulated for 32
regions (also known as operational basins, Figure 3) defined by NOAA. Data was imported info
ArcGIS using the SLOSH display program. Maps were generated showing storm surge for all
possible Saffir-Simpson hurricane categories for each site. While most sites had data for Saffir-
Simpson hurricane categories 1-5 (Table 3), a few sites, such as Acadia National Park, were missing
the highest category. NOAA did not model this scenario because it is considered extremely unlikely
at a location that far north in the Atlantic Ocean.



Figure 3. An example of the extent of an operational basin shown in NOAA’s SLOSH display program
(http://www.nhc.noaa.gov/surge/slosh.php). The black area is the full extent of the operational basin for
Chesapeake Bay.

Table 3. Saffir-Simpson hurricane categories.

Saffir-Simpson Sustained Wind Speed

Hurricane Category (miles per hour, mph; knots, kt; kilometers per hour, km/h)
1 74-95 mph; 64-82 kt; 118-153 km/h

2 96-110 mph; 83-95 kt; 154-177 km/h

3 111-129 mph; 96-112 kt; 178-208 km/h

4 130-165 mph; 113-136 kt; 209-251 km/h

5 More than 157 mph; 137 kt; 252 km/h

SLOSH MOM was used to estimate potential storm surge in 79 coastal park units. Unfortunately,
MOM data do not exist for the remaining 39 units, so we supplemented this with data from Tebaldi et
al. (2012) wherever possible. Tebaldi et al. (2012) used 55 long-term tide gauge records to calculate
potential sea level and storm surge estimates above mean high water levels. We used the current 50-
year and 100-yr return level data from their paper for any parks near a tide gauge. Unfortunately, due
to insufficient coverage by tide gauges in this area, we were unable to use either Tebaldi et al. (2012)
or SLOSH MOM data for the Alaska, Guam, and American Samoa park units. It is important to note
that the Tebaldi (2012) and SLOSH MOM data differ in their methods of calculation making it
inadvisable to compare storm surge values from the Pacific West Region to other regions. However,
this method had to be used due to the lack of SLOSH MOM data for the Pacific West Region.

We recommend that parks planning for future hurricanes use information from one hurricane
category higher than any previous storm experienced. Historical hurricane data from the International
Best Track Archive for Climate Stewardship (IBTrACS; Knapp et al. 2010) is listed in Appendix D
(Table D3) to allow staff to determine the highest Saffir-Simpson category hurricane to strike within
10 miles of each park unit. Applying information from one storm category higher than historical data
may more closely approximate what could happen in the future, as storms are projected to be more
intense under continued climate change (Emanuel 2005, Webster et al. 2005, Mendelsohn et al.
2012). However, we recommend caution in using this approach for any detailed (site-level) planning
due to limitations discussed in the following section of this report.

Limitations
All projects of this nature have limitations that should be clearly described to ensure appropriate use
and interpretation of these data.

Every effort has been made to incorporate any parks established after this project began (e.g. Harriet
Tubman Underground Railroad National Monument); however, some maps might be missing due to
lack of available boundary data in new units.



Sea level and storm surge estimates were derived using separate programs from the IPCC and
NOAA, respectively. These numbers were then imported into GIS maps using the program ArcGIS.
We used a bathtub modeling approach to map the extent of sea level rise and storm surge over every
unit. Bathtub modeling simply simulates how high or how far inland water will go under different
climate change scenarios. It does not recognize changes in topography or other environmental or
artificial systems that may exist or occur in response to encroaching water. Although the bathtub
model is the most widely used technique for modeling inundation, it is also a simplistic approach to
simulating how sea level rise will affect a landscape (Storlazzi et al. 2013). Dynamic models could
simulate changes in flow around buildings or estimate how topographic features such as dune
systems may migrate in response to inundation and flooding, but dynamic models also vary, which
can be a severe limitation in trying to standardize data for summary analysis and comparison.

The maps provided through this analysis vary in horizontal and vertical accuracy depending on
which digital elevation model (DEM) data were available at the time of mapping. This is discussed in
more detail in the metadata that accompany each map. DEM data for most regions were gathered
from the NOAA digital coast website (https://coast noaa.gov/digitalcoast/) which uses source
elevation data that either meet or exceed current Federal Emergency Management mapping
specifications. These NOAA digital coast data were required to have a minimum root mean square
error of 18.5 cm for low lying areas that were then corrected for MHHW using the NOAA VDatum
model (Parker et al. 2003). USGS data were used for areas, such as Alaska, where digital coastal data
were not available. We recommend referring to Schmid et al. (2014) for further discussion on
potential uncertainty of this technique.

Although SLOSH MOM has the widest geographic storm surge coverage of any model in the US,
storm surge data were not available for every part of the coastline. Every effort has been made by this
project to bridge any gaps where SLOSH MOM does not exist. While the Tebaldi et al. (2012) data
cover the California, Oregon, Washington, and southern Alaskan coastlines, they do not cover
northern Alaskan, American Samoan, or Guam coastlines. These coastlines are vulnerable to storm
surge but we could not find data that satisfied our standards of accuracy sufficiently to be included in
our mapping efforts.

Furthermore, storm surge maps are only intended as a rough guide of how flooding caused by storm
surge will look today. As more of the coastline becomes inundated we can expect coastal flooding
patterns to also change accordingly. The SLOSH model is a multiple scenario approach that uses
previous storms to estimate future storm surge. It cannot take into account changes in future basin
morphology that could affect the fluid dynamics and propagation of coastal flooding.

SLOSH MOM is modeled using mean sea level (0 m NAVD88) and what NOAA terms “high tide”
(which is not tied to the local tidal datum, but is actually a round humber based on the modeled
average high tide for the region). Jalesnianski et al. (1992) estimate surge estimates to be accurate +/-
20%, although Glahn et al. (2009) discuss how others have found the P-Surge model to be more
accurate than originally estimated. Such factors must be kept in mind when using these numbers for

mapping.
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Land Level Change

It is important to include changes in land level while interpreting changes in sea level. The IPCC
(2013) includes a limited amount of data regarding changes in relative sea level in their calculations
of sea level change. Our sea level rise results include the IPCC estimates of how changes in land
level will change over time based on estimates of glacial isostatic adjustment. Land level change is
an important variable when calculating relative sea level. Land levels have changed over time in
response to numerous factors. Changes in various land-based loadings—such as ice sheets during the
last glacial maximum—has been a significant cause of land level change in the U.S. Post-glacial
isostatic rebound is the result of this pressure being released after the removal of ice sheets on the
Earth’s crust. Land level can also be altered by other factors such as tectonic shifts, particularly along
the Alaska and continental U.S. Pacific coastlines. These drivers can often prompt a relative increase
or decrease in land level depending on location. Other factors such as aquifer drawdown and the
draining of coastal swamps can create decreases in relative land level.

Quantifying how land levels are changing is difficult given the paucity of data available prior to
modern satellite data. An upcoming NASA publication on land-based movement (Nerem pers.
comm.) will help to address this data need, providing numbers for land-based movement across the
country. Data from the NASA report can then be incorporated with sea level rise numbers from this
analysis using the following equation (after Lentz et al. 2016):

Eq. 2 ae=Eo-¢+R

Where; ae is the adjusted elevation, E, is the initial land elevation, e; is the future sea level for either
2030, 2050, or 2100, and R is the current rate of land movement over time due to isostatic
adjustments.

In the interim, tide gauges can provide further data regarding changes in land level, but should be
used cautiously. We have listed tide gauge data for the rate of change in land level for tide gauges
nearest to all units for this study in Appendix D; however, only Fort Pulaski National Monument and
Golden Gate National Recreation Area have a long-term tide gauge on site. This lack of nearby long-
term data can limit the accuracy of these numbers if they are applied to sea level change projections
for almost all other parks units. We indicate in Table D1 which of the nearest tides gauges we do not
recommend using to estimate land movement. This is because in many case the boundary of the park
unit is located either too far away or on a different land mass to where the nearest tide gauge is,
which increases the inaccuracy of this data. Land level changes were only reported for long-term tide
gauges that had at least thirty years of data in order to ensure a statistically robust dataset. Based on
these limited records, we estimate that seven park units are currently experiencing decreasing relative
sea levels (Glacier Bay National Park, Glacier Bay Preserve, Katmai National Park, Kenai Fjords
National Park, Lake Clark National Park, Sitka National Historical Park), although we cannot be
certain of this number given that many of the park units are some distance from a tide gauge. We
expect the release of the NASA data (Nerem pers. comm.) to help refine these estimates.

A discussion of the applicability of these land level numbers (with a natural resources manager or
similar expert) should accompany use of individual park maps from this analysis to ensure that the
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nearest tide gauge to any particular project site is appropriate. Current rates of subsidence at these
tide gauges range between +7.6 mm/y (Grand Isle, Louisiana) and -19 mm/y (Skagway, Alaska;
Table D1). In selecting an appropriate tide gauge to use, variables including oceanographic setting,
length of the record, completeness of data, and geography of the coastline must be considered. The
science team for this project decided against setting a threshold for how close a park unit should be to
a long-term tide gauge based on considerations discussed above.

Where to Access the Data
All GIS data from this project are available at https://irma.nps.gov/Portal for archiving by park.

A website discussing this project is available at the following address:
https://www.nps.gov/subjects/climatechange/sealevelchange htm

The raw IPCC (2013) data can be downloaded using the following link:
http://www.ipcc.ch/report/ar5/wgl/docs/ar5 wgl ch13sm datafiles.zip
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Results

Sea level and storm surge maps are in Appendix A. A full list of the 118 park units and a table listing
sea level projections by park are available in Appendix BC. Following the methods outlined above,
we found that sea level rise projections across the 118 park units average between 0.45 m (RCP2.6)
and 0.67 m (RCP8.5) by 2100. However, this number masks how these projections will vary
geographically. Figure 4 shows these projections in more detail and provides sea level estimates by
region. Error bars in Figure 4 denote the standard deviation for each average per region, further
revealing how these numbers can vary. A high standard deviation and range signals that sea level
estimates vary between units within regions, whereas a low standard deviation and small range are to
be expected in smaller regions where sea level rise estimates do not cover such a large geographic
area.

Figure 4. Projected future sea level by NPS region for 2100 under RCP8.5 (the “business as usual”
climate change scenario). Black dots indicate the average sea level rise (m) for all units within the
respective regions. Black bars represent the standard deviation of each mean. Blue bars mark the full
range of sea level estimates for each region.

Based on the averages per region, we found that the shoreline within the National Capital Region is
projected to experience the highest sea level rise by 2100 (0.80 m RCP8.5), although this number
does not include the full extent of changes in land level over the same time interval. The shoreline
near Wright Brothers National Memorial in the Southeast Region has the highest overall projected
sea level rise (0.82 m, RCP8.5, 2100). Glacier Bay Preserve and Klondike Gold Rush National
Historical Park are tied for lowest projected sea level rise at 0.33 m using RCP8.5 for 2100. The
Alaska Region also has the highest standard deviation among park units. The National Capital
Region conversely has very little standard deviation due to the compact nature of the region
(meaning that all of the parks units fell within the same raster cell). This is not to say that all of the
parks will experience exactly the same rate of sea level rise, but that the IPCC model projected that
sea levels could rise up to an average 0.80 m (RCP8.5) for that region by 2100. The sea level rise
maps (discussed in the National Capital section below) illustrate differences among the National
Capital parks in more detail.

Comparing RCP8.5 data for 2030 and 2050 (Figures 5 and 6, respectively) shows the Northeast
Region almost tied with the National Capital Region in 2030 based on average projected sea level
rise, with the National Capital Region ranked highest. The Alaska Region ranks lowest for all three
time intervals followed by the Pacific Northwest region, Intermountain Region, and Southeast
Region. The Northeast Region ranks second highest for 2050 and 2100.

Figure 5. Projected future sea level rise by NPS region for 2030 under RCP8.5 (the “business as usual”
climate change scenario). Black dots indicate the average sea level rise (m) for all units within the
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respective regions. Black bars represent the standard deviation of each mean. Blue bars mark the full
range of sea level estimates for each region.

Figure 6. Projected future sea level rise by NPS region for 2050 under RCP8.5 (the “business as usual”
climate change scenario). Black dots indicate the average sea level rise (m) for all units within the
respective regions. Black bars represent the standard deviation of each mean. Blue bars mark the full
range of sea level estimates for each region.

Storm surge was mapped for 79 park units. We list data for one storm category higher than the
highest historical storm in Table D3 in Appendix D. Some (31) park units did not have a historical
storm path occurrence within 10 miles of their boundaries, so a Saffir-Simpson hurricane 1 was
simulated for these locations. The lack of a historical storm does not mean that these parks are not
subject to strong storms. It may merely be that these parks are in regions that either do not have
extensive historical records or they experience strong storms, such as nor’easters, that behave
differently and are not part of the NOAA database.

The Southeast Region has the strongest historical hurricanes (average of highest recorded storm
categories = 2.79), followed by the Intermountain Region (average = 2.33), National Capital Region
(average = 1.90), and the Northeast (average = 1.03). None of the historical data intersected with the
10-mile (16.1 km) buffers around the Alaska Region parks. The Pacific West Region has experienced
some tropical depressions, particularly in Hawaii, but most of their storm surges are driven by other
phenomena, such as mid-latitude cyclones or extreme tides (sometimes colloquially referred to as
king tides). The strongest (highest winds) and most intense (lowest pressure at landfall) recorded
historical storm to have impacted a park unit was the “Labor Day Hurricane” that passed within 10
miles of Everglades National Park in 1935. While this storm may have been the highest intensity
storm, it is certainly not the most damaging or costly storm in National Park Service history.

Northeast Region

Colonial National Historical Park, Fort Monroe National Monument, and Petersburg National
Battlefield have the highest projected sea level rise in 2050 and 2100, and, together with Edgar Allen
Poe National Historic Site, Fort McHenry National Monument and Historic Shrine, Independence
National Historical Park, and Thaddeus Kosciusko National Memorial (parks near coastlines) they
also have the highest projected sea level rise for 2030. However, while these parks may have ranked
highly, caution should be used in applying these results. Many of these parks do not have coastline
and so these projections are based on sea level rise for the coastline adjacent to these parks. The maps
in Appendix A show how the projected sea level rise may affect each of these parks. Colonial
National Historical Park, Fort McHenry, and Fort Monroe National Monument are the only park
units of this highest rise grouping that contain coastline with their boundaries.

Figure 7 shows the range of sea level projections for the Northeast Region for 2100, averaging
between 0.49 m (RCP2.6) and 0.74 m (RCP8.5) of sea level rise by the end of the century. Acadia
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National Park had the lowest projected rates of sea level rise for 2030 (0.08—0.10 m), 2050
(0.14-0.19 m), and 2100 (0.28-0.54 m).

Figure 7. Projected future sea level rise by 2100 for the NPS Northeast Region under all of the
representative concentration pathways. Black dots indicate the average sea level rise (m) for all units
within the respective regions. Black bars represent the standard deviation of each mean. Blue bars mark
the full range of sea level estimates for each category.

Regarding storm surge, the highest recorded storm to have travelled within 10 miles of any of the 29
parks units identified for study was an officially unnamed hurricane in 1869 known colloquially as
Saxby’s Gale, which was classified as a Saffir-Simpson 3 hurricane. The storm path passed present-
day Boston National Historical Park and Roger Williams National Memorial. Figure 8 shows the
estimated extent and height of a storm surge from category 3 hurricane striking Boston Harbor
Islands National Recreation Area at mean tide.

Figure 8. Estimated storm surge created by Saffir-Simpson category 3 hurricane occurring at high tide
near Boston Harbor Islands National Recreation Area. Colored areas represent areas of flooding. Colors
from green to red show estimated height of a storm surge (see inset legend for estimated range).

Southeast Region

Historically, the Southeast Region has the highest intensity storms (highest Saffir-Simpson storm
category); Everglades National Park has recorded a category 5 hurricane within 10 miles of its
boundary, the colored areas in Figure 9 indicate the potential height and extent of a storm generated
by two different categories of hurricane. A category 2 hurricane could completely flood the park.

Future storm surges will be exacerbated by future sea level rise nationwide; this could be especially
dangerous for the Southeast Region where they already experience hurricane-strength storms.
Moreover, sea level rise projections only include changes in land movement due to glacial isostatic
adjustment and do not include the full range of drivers of potential changes in land level. Using Table
D1 from Appendix D as a rough guide, changing land level for parks near tide gauges can be
evaluated. For example, the Eugene Island, Louisiana tide gauge’s current rate of sea level rise is the
highest in the country at 9.65 mm/y, owing in part to the large rate of subsidence in the region
(Figure 1). Using the nearest tide gauge to Jean Lafitte National Historical Park and Preserve (Grand
Isle, Louisiana, gauge 8761724) we can estimate that land will subside by 7.60 mm/y. Applying this
estimate of subsidence (using a baseline of 1992) to our RCP8.5 projections, the park could
experience approximately 0.41 m of relative sea level rise by 2030 followed by 0.69 m by 2050 and
1.50 m by 2100. This is an inexact estimate of the land movement for the park given that Jean Lafitte
National Historical Park and Preserve is approximately 60 miles (97 km) from the tide gauge; still,
factoring in changes in land level, we can see that relative change in sea level is more than double the
projected change in sea level using the IPCC estimates alone.
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This analysis projects that, by 2100, the shoreline adjacent to Wright Brothers National Memorial
may have the greatest sea level rise among the Southeast Region’s parks (0.82 m RCP8.5). Given
elevations within the park, this may not inundate a large area of the memorial, unless combined with
other factors such as a storm surge. For example, the park may be almost completely flooded if a
category 2 or higher hurricane strikes on top of inundation from sea level rise.

Nearby Cape Hatteras and Cape Lookout National Seashores are projected to experience sea level
rise of up to 0.79 m and 0.76 m, respectively (RCP8.5) by 2100, resulting in large areas of
inundation. While sea level rise around these national seashores may not be as high as what has been
projected for Wright Brothers National Memorial, they serve as examples of how caution must be
used when using these numbers to assess which park units are most vulnerable to sea level rise. Other
factors, such as percent of exposed land, changes in land movement, and adaptive capacity must also
be taken into account for vulnerability analyses (Peek et al. 2015).
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Figure 9. SLOSH MOM storm surge maps for a Saffir-Simpson category 1 (left) versus category 2 hurricane striking Everglades National Park at
mean tide (right). Colored areas represent areas of flooding. Colors from green to red show estimated height of a storm surge (see inset legend for
estimated range).



National Capital

National Capital Region has minimal variability in projected sea level rise because all park units selected for
study are adjacent to the same section of coastline that was modeled. Their proximity also explains why they
share the same storm history. Despite these similarities, projected sea level rise may affect each individual
park unit differently based on local topography. The strongest storm recorded within 10 miles (16.1 km) of
the National Capital Region parks was a Saffir-Simpson category 2 hurricane that struck the city in 1878.
While the 1878 storm caused relatively little damage, we can expect a significantly larger amount of damage
if a similar storm struck the city again given considerable development now existing in the area. Figure 10
shows the extent of flooding caused by a Saffir-Simpson category 2 hurricane. A storm surge measuring
more than 3 m could travel up the Potomac River causing large amounts of flooding. Such a storm surge
could be worse by the end of this century given projected sea level rise around the Capital Region of up to
0.8 m.

Figure 10. A SLOSH MOM map showing storm surge height and extent created by a Saffir-Simspon category 2
hurricane str king the Washington D.C. region at high tide. Colored areas represent areas of flooding. Colors from
green to red show estimated height of a storm surge (see inset legend for estimated range).

IPCC/SLOSH models showed either storm surge or sea level rise (or some combination of the two) affecting
every National Capital Region park included in this analysis, with the exception of Harpers Ferry National
Historical Park. Our mapping efforts revealed that Harpers Ferry National Historical Park (located
approximately 149 m above sea level) is unlikely to experience any impacts of sea level rise due to its
elevation and is unlikely to be damaged by storm surge from a hurricane, given its relatively protected
location behind several dams along the Potomac and Shenandoah Rivers.

Sea level rise alone is not expected to spread very far into Washington D.C., although a large section on the
east side of Theodore Roosevelt Island could be inundated. However, storm surge flooding on top of this sea
level rise would have widespread impacts.

Intermountain Region

The Intermountain Region covers mostly inland park units stretching from Texas to Montana. Within the
region, only three park units in Texas are subject to sea level change: Big Thicket National Preserve, Palo
Alto Battlefield National Historical Park, and Padre Island National Seashore. Of these, Padre Island
National Seashore may experience the greatest effects of sea level and storm surge; sea level is projected to
rise 0.46—0.69 m (RCP2.6-8.5, Figure 11) by 2100. The same amount of sea level rise is projected for the
shoreline near Palo Alto Battlefield National Historical Park, but inundation is not projected to extend far
enough to reach the park. Palo Alto Battlefield National Historical Park has no history of being within 10
miles of any hurricane, making the site unlikely to be flooded by storm surge. SLOSH MOM models for the
park unit show that that the region would have to have either a Saffir-Simpson category 4 hurricane striking
at high tide or a category 5 hurricane striking at any tide in order for the park to experience any storm surge.
On the other hand, Figure 12 shows that Padre Island National Seashore, located to the east of Palo Alto
Battlefield National Historical Park, historically was within 10 miles of a category 4 hurricane. SLOSH
MOM data show that should a category 4 hurricane occur here again, it would likely flood almost the entire
island.



Storm surge could potentially travel up the Neches River and flood the southernmost part of Big Thicket
National Preserve, although both artificial and natural storm surge defenses in Beaumont, Texas, to the south
of the preserve, may buffer it from any surge.

Figure 11. Projected future sea level rise by 2100 for the NPS Intermountain Region under all of the
representative concentration pathways. Black dots indicate the average sea level rise (m) for all units within the
respective regions. Black bars represent the standard deviation from each mean. Blue bars mark the full range of
sea level estimates for each category.

Figure 12. A SLOSH MOM map showing storm surge height and extent created by a Saffir-Simspon category 4
hurricane str king the southwestern Texas region at mean tide. The dark green line around the island represents
the boundary of Padre Island National Seashore. Colored areas represent areas of flooding. Colors from green to
red show estimated height of a storm surge (see inset legend for estimated range).

Pacific West Region

The Pacific West Region identified 24 park units for analysis in this study that could be vulnerable to sea
level rise and/or storm surge. These units occur over a large area that includes California, Oregon,
Washington, Hawaii, American Samoa, and Guam. War in the Pacific National Historical Park in Guam has
the highest projected sea level rise at 0.68 m (RCP8.5) by 2100, and shares the highest projected sea level
rise with almost all of the Hawaiian park units in 2030 and 2050. The average projected sea level rise range
is 0.40-0.58 m (RCP2.6-8.5) by 2100 for the whole region; high standard deviations (0.04 m and 0.08 m for
RCP2.6 and RCP8.5, respectively) indicate that park-specific projections vary widely across the region.

At the other end of the spectrum, projected sea level rise around Washington’s Olympic Peninsula and in the
San Juan Islands, affecting Ebey’s Landing National Historical Reserve, Olympic National Park, and San
Juan Island Historical Park, is expected to occur more slowly, reaching a maximum 0.46 m (RCP8.5) by
2100. This region is subject to tectonic shifts and continuing land movement due to isostatic rebound, further
complicating sea level projections. Long-term tide gauge records at Neah Bay, Washington (gauge 9443090),
and Tofino, British Columbia, Canada (gauge 822-116), show relative sea levels currently decreasing while
tide gauges in Port Angeles, Washington (gauge 9444090), Victoria, Canada (gauge 822-101), and Seattle,
Washington (gauge 9447130), show it to be increasing (Zervas 2009). Our projections indicate rising sea



level in this region throughout this century, although further investigation of localized changes in land
movement could shed more light on this matter.

Park units in the Pacific West Region need to be concerned about potential future storms that could travel
along the eastern Pacific Ocean’s increasingly warmer waters. Because of the relative lack of hurricanes in
this region historically, we used data from Tebaldi et al. (2012), which includes anomalous surges that could
be created by storms, and other factors (very high tides sometimes referred to as king tides). Based on the
Tebaldi et al. (2012) data, La Jolla, California (gauge 9410230), has the lowest 100-year storm surge (0.95
m) and Toke Point, Washington (gauge 9440910), has the highest 100-year storm surge (1.96 m) in the
Pacific West Region. Tebaldi et al. (2012) did not analyze storm data for Hawaii, Guam, or American
Samoa, although IBTrACS (Knapp et al. 2010) does have hurricane records for these areas. Only tropical
depressions have been recorded within 10 miles of almost all of the Hawaiian park units we analyzed
(Haleakala National Park, Hawaii VVolcanoes National Park, Kalaupapa National Historical Park, Kaloko-
Honokohau National Historical Park, Puukohola Heiau National Historic Site, and World War Il Valor in the
Pacific National Monument).

Alaska Region

The Alaska Region has the lowest average projected sea level rise (0.28-0.43 m by 2100) compared to the
five regions described above. Glacier Bay National Park and Preserve and Klondike Gold Rush National
Historical Park in southeastern Alaska share the lowest projected sea level rise (0.33 m, RCP8.5, 2100) while
Bering Land Bridge National Preserve on the west coast of the state has the highest projected sea level rise
(0.60 m, RCP8.5, 2100).

Figure 1 shows how current relative sea levels vary across the state. Land levels are rapidly rising in the
southeast of the region due to isostatic rebound and other tectonic shifts. The net result of these increasing
land levels is decreasing relative sea levels for at least the early part of this century. Relative sea level in
Skagway, Alaska is decreasing at an average rate of 17.6 mm/y (Zervas 2009). Despite melting ice and other
factors outlined in Table 1 that increase ocean water volume, the amount of rising water is insufficient to
keep up with land level changes. Seven park units (Glacier Bay National Park, Glacier Bay National
Preserve, Katmai National Park, Kenai Fjords National Park, Lake Clark National Park, Sitka National
Historical Park) are identified as potentially having decreasing relative sea levels based on the nearest tide
gauge data to each of these parks. None of these parks have long-term tide gauges with data spanning at least
thirty years. A great strength of using the IPCC (2013) process-based model approach is that, unlike many
other semi-empirical models, it does not rely on long-term tide gauge records to statistically project future
sea levels. However, sea level projections in this analysis do not include changes in land level. The estimates
that we report here represent the expected rise due to water volume expansion alone near to each of these
park units. Table D1 shows how land levels are changing at long-term tide gauges across the country.
However, given that all of these park units are located far from a tide gauge and that the region is relatively
geologically complex, we do not recommend using the land movement numbers from the nearest tide gauge
for any of the Alaskan parks.

Storm surge is also very difficult to model for this region. Historically, many of the parks had sea ice along
the coastline that helped protect these parks from storm surge. Consequently, NOAA does not have SLOSH
MOM models for this region. IBTrACS data (Knapp et al. 2010) show a few storm paths that have moved



towards the region, but thes