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Abstract (DCERP2 Final Report)

Objectives

Critical military training and testing on lands along the nation’s coastal and estuarine shorelines
are increasingly placed at risk because of encroachment pressures in surrounding areas,
impairments due to other anthropogenic disturbances, and changes in climate and sea level. The
U.S. Department of Defense (DoD) intends to enhance and sustain its training and testing assets
and also optimize its stewardship of natural resources through the development and application
of an ecosystem-based management approach on DoD installations. To accomplish this goal,
particularly for installations in estuarine/coastal environments, the Strategic Environmental
Research and Development Program (SERDP) launched the Defense Coastal/Estuarine Research
Program (DCERP) as a 10-year effort at Marine Corps Base Camp Lejeune (MCBCL) in North
Carolina. The results of the second 5 years of the program (DCERP2) are presented in the
DCERP2 Final Report.

There were four overarching objectives of DCERP2. The first objective was to understand the
effects of climate change impacts, including warming temperatures, variability in the
hydrological cycle, storm events, and sea level rise on the coastal ecosystems at MCBCL from
observations and measurements made over the 10-year program. The second objective was to
understand the carbon cycle of the coastal and terrestrial ecosystems at MCBCL through a highly
integrated sampling program. The third objective was to develop models, tools, and indicators to
evaluate current and projected future ecosystem state changes and translate scientific findings
into actionable information for installation managers. The last objective was to recommend
adaptive management strategies to sustain ecosystem natural resources within the context of an
active military installation.

Technical Approach

DCERP2 was implemented in two phases. The first phase was a 3-month planning period for
identifying ecosystem processes and stressors, developing conceptual models to identify
knowledge gaps, and working iteratively with DoD end-users to refine approaches to support
MCBCL natural resource management. This effort resulted in the development of the DCERP2
Monitoring Plan and the DCERP2 Research Plan, which collectively served as the foundation
for all DCERP?2 activities. The DCERP Team approached and implemented the research and
monitoring work by dividing the landscape into four distinct ecosystem modules:
Aquatic/Estuarine, Coastal Wetlands, Coastal Barrier, and Terrestrial Modules. Because the
effects of climate change have an overarching influence on all four ecosystem modules, climate
change was treated as a fifth module (i.e., the Climate Change Module).

Implementation of the DCERP2 plans began in April 2013 and resulted in 13 research projects
and five monitoring activities, as well as the enhancement of the DCERP Data and Information
Management System (DIMS), which contains monitoring and research data from DCERP1 and
DCERP2. DIMS provides optimized data storage and retrieval for integrated analysis, fostering
information exchange among the various DCERP partners, other interested researchers, and
stakeholders.
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Results
Climate Change Impacts on Ecosystem Processes

MCBCL encompasses 153,000 acres and occupies 80% of the shoreline of the New River
Estuary (NRE), thus making the NRE a core consideration to the management of the installation.
The remainder of MCBCL consists of terrestrial habitat (i.e., 90,000 acres), which is managed
for training and is also a wildlife habitat. To understand the potential impacts of climate change,
the DCERP2 Team selected the climate drivers that would have the most influence on the
MCBCL ecosystems and the region of study. The climate drivers selected included temperature,
precipitation, storminess, and sea level rise. The DCERP2 Team used empirical data to
understand the present state of the ecosystems and their natural variability under current climate
conditions and developed ecological process models to understand the potential climate impacts
on the ecosystems in the future.

To study these future impacts, we developed an ensemble of 24 climate model projections that
represent the worst-case scenario of increasing concentrations of greenhouse gases in the future.
This ensemble showed agreement regarding the magnitude of future temperature changes (e.g.,
increases) as compared with the magnitude of changes in precipitation, which will increase,
decrease, or remain the same. Understanding the future temperatures is important because
temperatures affect the function of natural systems in fundamental ways, including determining
the rates of chemical reactions, an organism’s metabolism, and the timing of critical life cycle
events (phenology). In the terrestrial ecosystem, warming temperatures measured over the past
33 years were shown to have advanced egg-laying dates (5 days earlier) of red-cockaded
woodpeckers (RCWs; Picoides borealis) at MCBCL and nearby at Fort Bragg, NC, and
increased productivity at Fort Bragg. However, warmer temperatures are also associated with a
lower coincidental survival rate of juvenile RCWs. Other considerations related to higher future
temperatures may further complicate RCW management, such as the ability to maintain a regular
prescribed fire regime, without which the RCW’s longleaf pine (Pinus palustris) habitat cannot
be sustained.

These complicated temperature interactions can also be observed in estuarine water quality.
Under the Estuarine Simulation Model (ESM) scenarios that increased temperatures from +1°C
(+1.8°F) to +5°C (+9°F) above current temperatures, hypoxia (i.e., low dissolved oxygen
concentrations caused by decomposition of organic matter) in the NRE would increase,
subsequently stressing the fish and shellfish living in these waters. In contrast, the ESM
predicted water quality improvements such as decreases in chlorophyll a concentrations and days
with chlorophyll a concentrations exceeding the state standard of greater than 40 pg/L. These
temperature responses are also subject to modulation by changes in freshwater inflow and
loadings due to inter-annual precipitation variability. However, the future impacts of
precipitation at MCBCL are difficult to determine for all ecosystems because down-scaled
climate projections indicated either a slight decrease or increase in the amount and intensity of
rainfall.

Although there will be interactions with temperature and precipitation in the future, the effects of
sea level rise on MCBCL’s coastal marshes and the coastal barrier, Onslow Island, are more
significant. Marsh resilience will depend upon the rate of sea level rise in combination with
marsh plant productivity, suspended sediment inputs that regulate vertical accretion, and the
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slope of the adjacent uplands for marsh migration. The DCERP2 Team developed the Geospatial
Marsh Model, which predicted that marshes throughout the estuarine gradient gain area under the
lowest sea level rise scenario (0.3 m by 2100) through a combination of expansion via marsh
migration upslope and enhanced vertical accretion. Above the medium sea level rise scenario
(1.3 m by 2100), the model predicted that both middle and lower NRE marshes drown because of
limited sediment supply and reduced ability to continue to migrate landward. The marsh that
demonstrated the highest resilience is located along the Intracoastal Waterway. This marsh that
has the highest sediment supply and the lowest surrounding slope was only predicted to drown at
the highest sea level rise rate (greater than 1.8 m by 2100).

Over the past 70 years, measured changes to the coastal barrier indicated that storms (defined
here by decadal hurricane frequency) and sea level rise, not military training use, had the largest
influence on beach position and overwash. The DCERP2 Beach Morphology Model, which used
the lowest (0.3 m) and highest (2.5 m) sea level rise by 2100, projected a substantial loss of
infrastructure on the southern portion of the barrier island regardless of sea level rise rate by
2035 and a complete loss of usable beach by 2065. Conversely, the same model scenarios
indicated that the northern portion of Onslow Island will remain stable and likely grow seaward,
thereby allowing MCBCL managers to consider moving the amphibious assault training areas to
the more stable northern end of Onslow Beach.

Carbon Cycles in Coastal Ecosystems

Quantifying carbon cycling in the estuarine/coastal landscape within MCBCL’s boundaries
hinged upon measuring intra-ecosystem carbon inventories and inter-ecosystem fluxes at
appropriate spatial and temporal scales. Coastal carbon fluxes are highly variable in space and
time and are challenging to measure; thus, few coastal carbon budgets are currently available,
and most of these have relied on limited observational scales. The DCERP2 Team conducted
novel research that captured daily, seasonal, annual, and inter-annual variabilities in carbon
fluxes and exchanges across the shallow and pelagic areas of the estuary from the head of the
estuary to its discharge into the coastal ocean to determine the main drivers of the carbon cycle
for the NRE. The team also measured carbon fluxes before and after a major storm event and
determined that significant fluxes resulted from the storm’s passage that were not considered in
most other carbon studies.

The NRE carbon budget quantified flows and tracked the complex processes that control whether
carbon supplied from the watershed or formed in the estuary is stored internally, exported into
the ocean, or emitted into the atmosphere. The NRE was in near metabolic balance annually,
with only minor exchanges of carbon dioxide between the atmosphere and estuary. Depending
upon river discharge, the NRE was either slightly net heterotrophic (more respiration than
photosynthesis) or slightly autotrophic (more photosynthesis than respiration). This small
variation around net neutral metabolism was maintained by counter-balancing multiple reactions
and exchanges between the deeper estuarine channel and shallow shoals and between the upper
and lower portions of the estuary. Daily variations in carbon fluxes were as large as those on
seasonal time scales, which have been ignored in many other estuarine carbon studies, thus
demonstrating the need to perform high-resolution temporal and spatial measurements to
understand the mechanisms driving the observed carbon fluxes.
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The DCERP2 Team determined that the flux of carbon across the estuary to the coastal salt
marshes and the barrier island boundaries was relatively minor. Overall, the annual net carbon
balance in the marshes was driven by carbon exchanges with the atmosphere and short-term
sediment deposition. Lateral fluxes of carbon between the estuary and marsh, both through
drainage of the marsh platform during ebbing tides and via porewater advection, were small
when compared with the atmospheric exchanges. Most marshes at MCBCL fixed more carbon
than they respired; however, the small aerial extent of coastal wetlands relative to the total area
of MCBCL limits their contribution to the larger landscape carbon budget. The other ecosystem
services, such as fisheries habitat and attenuating wave energy, provided by these marshes at
MCBCL may be a more important role than carbon storage. The carbon flux measurement of the
coastal barrier showed that storms drove the transition of the island from being a carbon sink to a
carbon source. This transition occurs because storms increased carbon loss through shoreface
erosion of peat deposits buried beneath the island and reduced carbon storage through washover
sand deposition that buries backbarrier marshes. Future changes in the magnitude and frequency
of storms could accelerate carbon loss through increased erosion.

In contrast to the estuarine ecosystems, the terrestrial portion of the MCBCL landscape
represents the largest carbon management potential in both size and quantities of carbon that
could be stored. Results of forest carbon modeling showed that above-ground live carbon storage
for three prevalent pine species on MCBCL was highest in longleaf pine, moderate in loblolly
pine (Pinus taeda), and lowest in pond pine (Pinus serotina) forests. Longleaf pine is the forest
species of greatest focus and management aboard MCBCL and at several other DoD installations
in the Southeastern United States. Longleaf pine represents the greatest opportunity for carbon
storage into the future under management scenarios designed to maintain or restore longleaf
habitat, primarily through using prescribed fire.

Models, Tools, and Indicators to Assess Ecosystem State Change and Recommend Adaptive
Management Strategies

The DCERP2 Team developed ecosystem models, tools, and environmental indicators to assist
installation managers in making more informed management decisions. The DCERP2 Team
identified several indicators of changes in ecosystem state that can serve as useful targets for
managers and inform decisions about land-use changes, point source discharges, forest
management practices, and marsh mitigation activities. The communication of information to
DoD managers and other end-users was an ongoing process and involved maps, user guides,
easy-to-interpret model outputs, annual reports, workshops, and one-on-one meetings. These
outreach efforts and products were designed to share DoD-relevant information and provide
MCBCL with adaptive management strategies. All DCERP products were collected throughout
the program in DIMS, which is currently available to all registered users at https://dcerp.rti.org.
The DIMS data portal fulfills the SERDP’s data management goal for DCERP by providing an
accessible Web-based platform for distributing all DCERP data, tools, models, and other
products to all three target audiences: researchers, DoD installation managers, and local
stakeholders, including the public.
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Benefits

The research, monitoring, and modeling efforts conducted as part of DCERP2 resulted in a
greater understanding of MCBCL’s diverse ecosystems and their interactions with respect to the
carbon cycle, management of carbon, and plausible future climate conditions. In addition, the
research results provided an understanding of which on- and off-installation activities are
currently affecting these ecosystems and what management actions could be implemented to best
sustain the military’s training mission and natural resource assets of MCBCL. The DCERP2
Team recommended that MCBCL continue long-term monitoring in a scaled-back manner in
several of the ecosystems of study. Long-term monitoring data provide information about the
status of critical indicators such as chlorophyll a concentration, thus allowing shifts in baseline
conditions or increases in historic variation to be detected. These shifts in baseline conditions or
historic variability may suggest changes to the way in which an ecosystem functions. The
knowledge gained from DCERP2 will provide benefits to other DoD installations in similar
coastal settings and to the scientific community, other coastal managers, and the public at large.
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Introduction

The overall intent of the Defense Coastal/Estuarine Research Program (DCERP) was “to develop
the knowledge required to assess the interaction between military [training] activities and
ecological resources in a coastal/estuarine setting, monitor those interactions, and identify
adaptive, ecosystem management approaches for sustainment of military lands and adjacent
waters” (SERDP, 2005). DCERP1, conducted from 2007 to 2012, focused on the overall intent
of the Strategic Environmental Research and Development Program (SERDP) goals for DCERP.
During DCERP2, conducted from 2013 to 2017, SERDP expanded these goals to understanding
the potential impacts of future climate change on the sustainability of the U.S. Department of
Defense’s (DoD’s) military training mission, understanding the carbon cycle and the potential
for managing natural resources to maximize natural carbon storage, and developing easy-to-use
tools and models to help DoD installation managers make more informed management decisions.
The purpose of this DCERP2 Final Report is to summarize the research, monitoring, and
modeling activities and results from work conducted during DCERP2, which builds on work
accomplished previously during DCERP1.

This chapter of the DCERP2 Final Report provides a programmatic background to DCERP
activities conducted at Marine Corps Base Camp Lejeune (MCBCL) in North Carolina (the
primary study site) and secondary DoD installations. This chapter also highlights the overall
program organization and objectives and describes the activities conducted during DCERP2.
This chapter describes how the DCERP Team engaged with other team members and MCBCL
natural resources management staff during DCERP2’s initial planning and throughout the
conduct of the program. The planning period was used to prepare the DCERP2 Monitoring Plan
(RTI, 2013a) and DCERP2 Research Plan (RTI, 2013b), which both follow and complement the
overarching research strategy developed at the start of the 10-year program (RTI, 2007a). This
chapter discusses the development of the Data and Information Management System (DIMS) for
the program to facilitate translation of findings to scientists, managers, and stakeholders.

DCERP Goals and Objectives

Critical military training and testing on lands along our nation’s coastal and estuarine shorelines
are increasingly placed at risk because of civilian development pressures in surrounding areas
encroaching on installation boundaries, impairments due to other man-made disturbances,
climate change (e.g., extreme weather events, rising sea level), and increasing requirements for
compliance with federal and state environmental standards and regulations (RTI, 2013b). DoD
intends to enhance and sustain its military training and testing assets and to optimize its
stewardship of natural resources through the development and application of an ecosystem-based
management approach on DoD facilities (SERDP, 2005). DoD’s policy has established
ecosystem-based management as the preferred approach for military lands (Goodman, 1996).
This approach focuses on sustaining and enhancing military training and testing activities by
monitoring and managing the interdependent natural resource assets on which the future of these
activities depends (RTI, 2007a). To expand its commitment to improving military readiness
while demonstrating the science behind this approach, SERDP made a 10-year commitment to
implementing an integrated research and monitoring effort to support the sustainability of
military training and testing in ecologically and economically important coastal ecosystems.
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Background

The four objectives of DCERP2 are to

Build on previous DCERP1 findings to identify additional indicators that can serve to
assess the state of the ecosystem that could affect sustainability of the military
training mission

Determine how ecosystem processes (within active military training environments)
respond to climatically-driven change to understand the sensitivity and adaptive
capacity of these ecosystems

Assess opportunities for adaptive management of estuarine, coastal, and terrestrial
ecosystems to enhance carbon storage at MCBCL and other DoD installations in
similar coastal settings

Convey significant scientific findings to installation managers and decision makers by
developing easy-to-use decision-support tools and models hosted on a readily
accessible Web-based platform.

Site Selection

SERDP launched DCERP at MCBCL in 2006 (Figure 1-1). As a U.S. Marine Corps installation,
MCBCL has a primary mission: military training and preparedness. MCBCL provides an ideal
environmental setting for DCERP because it encompasses four distinct ecosystems
(aquatic/estuarine, coastal wetlands, coastal barrier, and terrestrial ecosystems), within the
installation boundaries.

MCBCL was selected as the primary DCERP study site for many reasons, including the
following:

The New River watershed, which is entirely contained within Onslow County and
encompasses the majority of MCBCL training and cantonment areas, is a relatively small
watershed; therefore, it is a manageable study site.

MCBCL occupies and controls management of a substantial portion (approximately 80%)
of the New River Estuary (NRE) shoreline.

The barrier island and coastal dune system of Onslow Beach provide the premier
amphibious assault training environment in the contiguous United States.

The wide spectrum of ongoing military training and testing operations at MCBCL
enables researchers to examine these training impacts on a broad range of ecosystems,
from upland pine forests to aquatic and estuarine waters to coastal marshes and barrier
islands.
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Figure 1-1. Site map of MCBCL.

As part of DCERP2, SERDP wanted to expand the program beyond MCBCL to other DoD
installations in similar environmental settings. To address this program goal, the DCERP2 Team
conducted a variety of research activities at three other coastal DoD installations in southeastern
United States. These installations are Marine Corps Air Station Cherry Point (50 miles northwest
of MCBCL on the Neuse River Estuary in North Carolina), Fort Bragg (120 miles west of
MCBCL in the Sandhills ecoregion of North Carolina), and at Eglin Air Force Base (on the
Panhandle of Florida on the Choctawhatchee Estuary along the Gulf of Mexico).

Integration of DCERP with MCBCL’s Natural Resources Management

MCBCL’s primary mission is to provide military training that promotes the combat readiness of
expeditionary forces, and all MCBCL natural resource management activities on the installation
support this mission (MCBCL, 2006). As an active DoD installation, MCBCL must ensure its
mission readiness can continue without significant disruption. As with all federal facilities,
MCBCL must comply with appropriate environmental laws and regulations, such as the federal
Endangered Species Act, Clean Air Act, and Clean Water Act. To ensure such compliance,
MCBCL uses a long-term planning document, the Integrated Natural Resources Management
Plan (INRMP; MCBCL, 2006 and 2015). The MCBCL INRMP guides implementation of the
natural resources program with the objective of ensuring consistency with MCBCL’s military
mission and to support the ability to train Marines, while providing for the conservation,
rehabilitation, and the sustainable multiple-faceted uses of natural resources on the installation.
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DCERP’s objectives were designed to assist MCBCL in achieving its mission goals (RTI,
2007a). To achieve this goal, MCBCL’s natural resource and environmental management staff
participated throughout the program in all planning workshops, annual review meetings, and
ecosystem-specific meetings. In addition, DCERP team researchers and installation staff met
one-on-one to exchange information about research and monitoring findings. These meetings
were important because they provided opportunities for the DCERP researchers to obtain
additional information about any changes to military training procedures and practices planned
for the installation. Throughout the 10-years of DCERP, the research team made every effort to
include the MCBCL natural resources management issues of concern in the DCERP research
activities, where appropriate, and to communicate DCERP activities, research findings, and
management recommendations to Base staff.

Program Organization

DCERP is a multi-disciplinary and multi-organizational collaborative research effort among
SERDP, the Naval Facilities Engineering and Expeditionary Warfare Center (NAVFAC
EXWC), MCBCL, and RTI International. RTI assembled a diverse team of experts from federal
agencies, academic institutions, and the private sector to design and implement the DCERP2
monitoring and research programs. The DCERP Management Team and the DCERP Research
Team are further discussed in the following subsections of this chapter.

DCERP2 Management Team

SERDRP is an environmental research and development program that is planned and implemented
by DoD in full partnership with the U.S. Department of Energy and the U.S. Environmental
Protection Agency (EPA; SERDP, 2017). The SERDP Resource Conservation and Climate
Change (RCCC) Program Office ensured that DCERP activities would enhance the knowledge
of ecosystem and military interactions within approved scopes of work and budgets. The
overarching federal management for DCERP and the On-Site Coordinator (OSC) was assigned
to the NAVFAC EXWC. SERDP ensured that the tasks identified in the Statement of Work were
properly performed by the DCERP2 Research Team. The DCERP2 Research Team was led by
Dr. Patricia Cunningham of RTI (the DCERP Principal Investigator [PI]). The DCERP PI was
responsible for the overall scientific quality, cohesiveness, and relevance of DCERP monitoring
and research activities. DCERP activities conducted at MCBCL were coordinated through the
OSC, with assistance from the MCBCL Director of the Environmental Management Division
(EMD; Mr. John Townson), and the Head of the Environmental Conservation Branch (Mr. Marty
Korenek).

Two external committees (i.e., Technical Advisory Committee [TAC] and the Regional
Coordinating Committee [RCC]) also provided guidance and input to DCERP during annual
meetings held throughout the 10-year program. The TAC was a group of discipline experts from
academia, industry, government, and the military that was assembled by the NAFVAC EXWC to
provide scientific and technical review and guidance to ensure the quality and relevance of
DCERP. Members of the DCERP2 TAC are listed in Appendix 1-A of this chapter. The RCC
was a group of local, regional, and state stakeholders that served as one of the recipients of
outreach from MCBCL, the DCERP PI, the DCERP OSC, and the SERDP RCCC Program
Manager, thereby fostering relationships among the representative organizations and the DCERP
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research team. Members of the DCERP2 RCC are listed in Appendix 1-B of this chapter. During
the annual meetings held at MCBCL, the DCERP Team provided a summary of research and
monitoring findings to MCBCL staff, the TAC, and the RCC. Figure 1-2 illustrates the DCERP
organization and lines of communication during DCERPZ2; the lines of communication were
similar to those used during DCERP1.

IELDH Regional Coordinating

RCCC Program Manager [ ;
Dr. John Hall )
NAVFAC EXWC ; ;
» "'JCﬁCLT e L1 DCERP On-site Coordinator Tgc"“"??t' A"ﬁg“‘
r. John Townson Dr. Susan Gohen ommittee ( (]

1
| |
RTI International
Principal Investigator
Dr. P. Cunningham

Executive Committee
Dr. N. Christensen

Dr. M. Piehler =
Dr. C. Tobias
Climate Change:
Dr. R. Boyles*
Aquatic/Estuarine Coastal Wetlands Coastal Barrier
Dr. I. Anderson* Dr. C. Currin* Dr. J. McMinch* Terrestrial
Dr. H. Paerl* Dr. C. Tobias Dr. A. Rodriguez* Dr. M. Christensen®
Dr. M. Piehler* Dr. I. Anderson® Dr. R. Luettich Dr. J. Walters®
Cr. 5. Ensign* Dr. M. Kirwan Dr. 5. Fegley Dr. 5. Mitchell
Dr. M. Brush Dr. B. McKee Dr. J. Fleming Mr. P. Harrell
Dr. R. Luettich Dr. 5. Ensign Dr. B. McKee

3 L 2 2 3

Translating Science into Practice:
Data and Information Tool Development
Management System (DIMS) Cr. P. Halpin*
Ms. D. Boezio® Dr. M. Brush*

Figure 1-2. The organization of DCERP2, with the DCERP2 Research Team shown within
the blue border.
Note: Asterisks denote Lead Researchers.

DCERP2 Research Team

RTI, the prime contractor for DCERP2, selected members of the DCERP Team because of their
expertise in relevant environmental and ecosystem research disciplines and substantial previous
experience in working collaboratively on interdisciplinary aquatic/estuarine, coastal, and
terrestrial ecosystem projects. The team included the DCERP PI, environmental and data
scientists from RTI, researchers from six academic institutions, two federal agencies, and three
small businesses.
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DCERP2 Executive Committee

The DCERP2 Executive Committee, DCERP2 Research Team

which consisted of three senior The researchers, collectively referred to as the DCERP2
researchers (i.e., Drs. Norman Team, are from the following organizations:
Christensen, Craig Tobias, and Michael

. . . AgquaCo, LLC
Plehlgr), provided gwdan_ce to 'gh_e DCERP Duke University
PI1 to inform programmatic decisions, Geodynamics, LLC
prioritize research proposals, and help National Oceanic and Atmospheric Administration
present significant DCERP findings to the (NOAA)

SERDP In-Progress Review (IPR) e North Caroli_na State University
Committee and Scientific Advisory Board |® RTI International
(SAB). These three researchers on the s
. . e  University of Connecticut
DCERP2 Exgcu_tlve Qommlttee e University of North Carolina at Chapel Hill’s Institute
represented distinct disciplines that cut of Marine Sciences
across several of the ecosystems of the e U.S. Army Corps of Engineers (USACE)
program and augmented the expertise of e Virginia Institute of Marine Science
the DCERP PI. e Virginia Tech.

DCERP2 Modules

As occurred during DCERP1, the DCERP2 Research Team was organized into four separate, but
integrated, ecosystem modules (i.e., Aquatic/Estuarine, Coastal Wetlands, Coastal Barrier, and
Terrestrial) based on the ecosystem-based management objectives for the program (RTI, 2007a).
Two major changes were made to the cross-cutting modules created during DCERP1 to address
the new DCERP2 thematic areas of climate change, and translating complex scientific data into
actionable information. The Atmospheric Module from DCERP1 was eliminated, and a Climate
Change Module was assembled for developing downscaled climate model data for eastern North
Carolina, including MCBCL lands. The Data Management Module from DCERP1 was expanded
to encompass the needs of translating science into practice.

The Data Management Module included the following two components: (1) a data archive and
(2) a model and tool development component (RTI, 2007a). These two components were
combined to create the Translating Science into Practice Module that directly addressed the
thematic area of translating relevant scientific findings into actionable information for MCBCL
managers and other users. The Translating Science into Practice Module implemented a one-stop
Web-based system for all DCERP data, findings, tools, models, and products.

Thematic Areas

Description of Themes

The specific thematic areas represented overarching themes that had broad application within
and among the ecosystem modules and provided additional pathways for integrating research and
monitoring activities (Table 1-1). During DCERP1, the team addressed the initial DCERP
objectives of developing monitoring approaches and identifying key ecological processes (i.e.,
hydrodynamics, nutrient cycling, and sediment transport), with the goal of supporting ecosystem-
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based management for coastal DoD installations in similar ecological settings (RTI, 2007a).
During DCERP2, the team addressed the expanded objectives that included the new thematic
areas. These areas are (1) determining the effects of climate change on estuarine/coastal systems,
(2) understanding the carbon cycle and management of carbon storage in estuarine/coastal
ecosystems, and (3) translating science into practice by providing findings in clear, easy-to-
understand language and by developing Web-accessible models and tools for DoD installation
managers and other users (RTI, 2013b).

Table 1-1. Programmatic Themes for DCERP

DCERP1 DCERP2
Hydrodynamics of the NRE and coastal ecosystems Climate change impacts on the coastal ecosystems of
MCBCL

Sediment transport in the estuary, marshes, and coastal | Understanding the estuarine/coastal carbon cycle and
barrier carbon management
Nutrient cycling and primary productivit . . . .

— y_ - g P yP y Translating science into practice
Military training and land management

Climate Change

The first DCERP theme included determining the effects of climate change on estuarine/coastal
ecosystems. DoD recognized that projected climate changes will impact installations, operations,
and missions in the United States and globally (DoD, 2010 and 2012; SERDP, 2013). To address
DoD’s concerns about the impacts of climate change, the DCERP2 Team identified four major
climate drivers to study at MCBCL. The four climate drivers that were assessed by the DCERP2
Team were temperature, precipitation, storminess, and sea level rise. Detailed summaries of the
potential ecosystem and military mission impacts were provided in the DCERP2 Research Plan
(RTI, 2013Db). It is important to note that the impacts may be more severe because of a
combination of two or more of these climatic drivers acting synergistically.

The DCERP2 Team developed uniform historical climate data and future downscaled climate
projections for consistent use in the ecosystem models at appropriate scales. Based on the needs
of the ecosystem modeling efforts, precipitation and temperature data were calculated at daily
timescales at a maximum spatial scale of 10 km. Wind data were provided at the appropriate
temporal and spatial scales for predicting the future wind conditions on Onslow Beach. Sea level
rise scenarios were based on five global sea level rise models with local adjustments for MCBCL
based on guidance developed by SERDP (Hall et al., 2016). Each of the DCERP ecosystem
modules have research projects that contain a climate change component that addressed one or
more of the four climate drivers. Most of the climate change research involved the development
of models by using historical data, and then forecasting ecosystem changes into future decades.
(Note: A list of these models is provided in Table 1-5.)

Carbon Cycle and Carbon Management

The second DCERP theme was understanding the carbon cycle and managing carbon storage in
estuarine/coastal systems. DoD is one of the largest institutional consumers of fossil fuels in the
world, representing 93% of all federal fuel consumption annually (Lengyel, 2007). Fossil fuel
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consumption by DoD peaked in 2007 at 125 million barrels per year, and then declined by 30%
to 87.4 million barrels per year in 2014 (DoD, 2016). This rate of fossil fuel consumption results
in the release of large quantities of carbon dioxide (COz2) into the atmosphere. Increased
atmospheric CO2 has been the leading cause of global warming over the past century (IPCC,
2013). To mitigate these impacts, the U.S. Congress set targets for reducing energy use by all
federal agencies, including DoD, through the Energy Policy Act of 2005, the National Defense
Authorization Act of 2006, and the Energy Independence and Security Act of 2007 (Schwartz et
al., 2012). As a result, DoD is interested in the possibility of offsetting its carbon footprint
through natural resource management activities such as management of wetlands and forested
lands as carbon stores. DCERP’s study of the carbon cycle was undertaken to add to knowledge
of carbon cycling in estuarine/coastal systems and how best to manage these natural assets for
the future when the use of carbon credits and trading may become more widespread.

The DCERP2 Team developed an integrated approach to quantifying carbon cycling throughout
the coastal landscape bounded by MCBCL (Figure 1-3). The DCERP2 Team applied a common
methodology that quantified atmospheric carbon fluxes, burial, carbon exchanges, and attribution
of carbon sources across ecosystems. The symmetry of experimental approaches built into each
module (i.e., common spatial and temporal scales or measurements, as well as common units of
flux) led to a more seamless integration. This approach yielded contemporaneous mass balances
that served as snapshots of carbon inventory and transformation rates and contributed to the
mechanistic understanding of how probable changes in climatic and localized anthropogenic
drivers will impact carbon cycling.

. Main Channel
G Shallows

€=| water C transport Iatmospheric CO, exchange ‘-- sediment C transport @ C processing

Figure 1-3. The carbon budget for the New River and its surrounding coastal area.
Translating Science into Practice
The third DCERP2 theme, translating science into practice, required communicating often

complex scientific findings to three target audiences: the scientific community, DoD managers,
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and local stakeholders including the public. DCERP researchers excel at communicating their
findings through peer-reviewed journal articles and presentations to academic audiences at many
symposia and conferences. However, it is challenging to make findings both understandable and
actionable for DoD managers, and even more difficult—but of major importance—to explain the
science to the public. With input from MCBCL environmental staff, the researchers used a
variety of methods to showcase the scientific findings in ways that were useful in making
management decisions, while promoting an understanding of the science behind the tools and
models. A logic model (Appendix 1-C) was developed to determine which activities would
apply for each audience and the short-, medium-, and long-term desired outcomes for these
activities. The DCERP2 Translating Science into Practice Module directly addressed the
thematic area through the development of a one-stop, Web-based system for all three audiences
to access all DCERP data, findings, tools, models, and products.

DCERP Strategy—Planning Phase

During the planning periods for DCERP1 and DCERP2, the team followed guidance on
ecosystem-based management from the Ecological Society of America (Christensen et al., 1996)
and recommendations of the U.S. Commission on Ocean Policy (2004), including adaptive
management principles (Walters, 2001). Based on interconnectivity, this strategy helped separate
underlying natural (e.g., climatic) and man-made regional processes from locally driven
processes. This strategy also helped identify stressor-specific indicators of ecosystem state
change that provide managers with assessment points that identify shifts in conditions that could
threaten ecosystem sustainability (RTI, 2007a).

Integration of the research and monitoring effort across ecosystems is a hallmark of DCERP and
occurred at the thematic, module, and project levels. Integration started with identifying
ecosystem processes and stressors, incorporating these into an overarching conceptual model of
the ecosystems across MCBCL, and then creating individual conceptual models for each of the
four major ecosystem types with the same emphasis on processes and stressors (Figure 1-4).
(RTI, 2007a). The team then developed the integrated monitoring and research activities and
used the results from these activities to identify indicators, design models, and develop decision-
support tools. These significant findings were translated into actionable information for
installation managers. Throughout this process, feedback from MCBCL staff was used to provide
critical evaluation of the DCERP2 Team’s understanding of the ecosystems and address
MCBCL’s management needs.
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Figure 1-4. The overall process used for meeting DCERP’s objectives.

The DCERP Team defined “stressors” as activities or events that alter ecological processes.
Natural ecosystem stressors include natural forces (e.g., hurricanes, sea level rise) whose effects
are enhanced by anthropogenic activity (e.g., global warming). The increased intensity and
frequency of natural events, in combination with enhanced anthropogenic contributions, could
cause ecosystem perturbations outside the range of natural variation in the future (RTI, 2007a).
During DCERP1, the team grouped the stressors into four major categories: military, non-
military, legacy, and natural. Table 1-2 provides a definition for each category of stressor and
lists specific examples relevant to DCERP.

Table 1-2. Examples of Military, Non-Military, Legacy, and Natural Stressors
to an Ecosystem

Stressors Examples

Military Activities or events that are uniquely associated with military training and testing at MCBCL.
Some examples of military activities include the use of military tracked vehicles and
amphibious watercraft, troop movements on the Base, and the use of firing ranges, drop zones,
and impact areas for training.

Non-military Any anthropogenic (non-military) activities that can occur on or off Base. Some examples of
non-military activities include industrial and municipal discharges, local residential or
commercial development, and nutrient runoff from confined animal feeding operations.
agricultural practices, and forest or urban lands. Additional stressors in this category include
atmospheric deposition of nutrients and other contaminants, groundwater withdrawals, and
prescribed burning activities.

Legacy Anthropogenic activities that have occurred in the past, but whose effects are continuing today.
Some examples of legacy stressors that are relevant to MCBCL include the original
construction and continued maintenance of the Intracoastal Waterway (ICW), early ditching
activities to drain land, historic use of fire, and timber harvesting.

Natural Natural stressors can include sea level rise whose effects are enhanced by anthropogenic
activity (e.g., global warming), as well as changes in temperatures, precipitation, and storminess
(e.g., hurricanes).
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Once the DCERP Team defined and grouped the stressors into the four major categories, the
team developed the overarching conceptual model of DCERP for the MCBCL region (RTI,
2007a). The conceptual model for DCERP2 was built on the findings from DCERP1 and
included an expansion of the study areas to understand the carbon cycle and climate impacts to
the estuarine/coastal area of MCBCL both now and into the future (Figure 1-5; RTI, 2013Db).
The conceptual model also included four climate drivers: temperature, precipitation, storminess,
and rising sea level. All the modules developed module-level conceptual models for their
respective ecosystems that can be found in Chapter 2 of this DCERP2 Final Report.

Climatic Drivers

] e 1 © 6 @

Warming  WetDry  Episodic  Sea Level
Periods Events Rise

Figure 1-5. The overarching conceptual model for DCERP2 at MCBCL.
DCERP Strategy—Implementation Phase

Design and Implement DCERP2 Research Projects

To meet DCERPs overarching objectives, the DCERP Team conducted 13 research projects
during DCERP1 and another 13 research projects during DCERP2 (Table 1-3). Some DCERP2
projects continued to build on information obtained during DCERP1, but with the introduction of
the three new programmatic themes, most research projects had to develop new or expanded
areas of research. Additionally, DCERP1 research findings provided feedback regarding the
adaptive DCERP monitoring program so that changes in sampling frequency, spatial extent of
sampling locations, and/or parameters to be sampled during DCERP2 could be made as
necessary to fill remaining data gaps (RTI, 2007a).
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Table 1-3. Research Projects from DCERP1 and DCERP2
DCERP1 Research Project Title | DCERP2 Research Project Title Researcher
Agquatic/Estuarine Module
AE-1: Develop and Deploy Microalgal AE-4: Nutrient-Driven Eutrophication and Hans Paerl

Indicators as Measures of Water Quality,
Harmful Algal Bloom Dynamics, and
Ecosystem Condition

Carbon Flux Modulated by Climate Change in
the NRE

AE-2: Quantifying and Predicting
Watershed Inputs of Nutrients, Sediments,
and Pathogens to Tributary Creeks on
MCBCL

AE-5: Climate and Land-Use Impacts on
Exports of Carbon, Sediments, and Nutrients
from Coastal Subwatersheds

Michael Piehler

AE-3: Developing Indicators of Ecosystem
Function for Shallow Estuaries: Benthic
Functional Responses in the NRE

AE-6: Climatic Drivers Regulating Benthic-
Pelagic Carbon and Associated Nutrient
Exchanges in the NRE

Iris Anderson

Coastal Wetlands Module

CW-1: Drivers and Forecasts of the
Responses of Tidal Salt Marshes to Sea
Level Rise

CW-4: Improving Model Predictions for
Marsh Response to Sea Level Rise and
Implications for Natural Resource Management

Jim Morris,
CW-1;

Carolyn Currin,
Cw-4

CW-2: Forecasting Influence of Natural
and Anthropogenic Factors on Estuarine
Shoreline Erosion Rates

None

Mark Fonseca

CW-3: Hydraulic Exchange and Nutrient
Reactivity in the NRE Wetlands

CW:-5: Marsh—-Atmosphere and Marsh—Creek
Exchanges of Carbon

Craig Tobias,
CW-3;
Iris Anderson,
CW-5

Coastal Barrier Module

CB-1: Short-Term Barrier Evolution:
Overwash at Onslow Beach Through

Assessment of Training Activities and
Model Predictions

CB-4: Predicting Sustainability of Coastal
Military Training Environments: Developing
and Evaluating a Simplified, Numerical
Morphology Model

Jesse McNinch

CB-2: Long-Term Barrier Evolution
Related to Variations in Underlying
Geology and Land Use

CB-5: Linking Barrier Island Transgression
Induced by Storms and Sea Level Rise to the
Carbon Cycle

Tony Rodriguez

CB-3: Understanding the Top-Down and
Bottom-Up Drivers of Shorebird Nest
Success and Habitat Use in Relation to
Beach Management Practices on MCBCL

None

Sarah Karpanty
and Jim Fraser

Terrestrial Module

T-1: Effects of Different Understory
Restoration Management Options on
Terrestrial Ecosystem Structure and
Function

T-1: Effects of Different Understory/Midstory
Restoration Management Options on Terrestrial
Ecosystem Plant and Arthropod Communities
(This project continued from DCERP1)

Norman
Christensen

None

T-3: Forest Management, Species Habitat, and

Implications for Carbon Flux and Storage

Stephen
Mitchell
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Table 1-3. Research Projects from DCERP1 and DCERP2 (continued)

DCERP1 Research Project Title DCERP2 Research Project Title Researcher
T-2: Effects of Habitat Management for T-4: Impacts of Climate Change on Jeffrey Walters
Red-Cockaded Woodpeckers (RCWS5s) on Management of RCWs at MCBCL
Bird Communities
Climate Change Module
None CC-1: Development of Uniform Historical and | Aaron Sims

Projected Climate to Support Integrated
Coastal Ecosystem Research

Translating Science into Practice Module

(This project was part of Data Management
and Tool Development during DCERP1)

TSP-1: Development of a Common Spatial
Decision Support System (SDSS) Framework

Pat Halpin and
Danette Boezio

and Aquatic Ecosystems

(This project was part of Research Project TSP-2: Coupled Ecosystem Modeling of the Mark Brush
AE-3 during DCERP1) NRE for Research, Synthesis, and Management

Atmospheric Module

Air-1: Optimization of Prescribed Burning | None Karsten

by Considering Mechanical Thinning as a Baumann
Viable Land Management Option

Air-2: Nitrogen Deposition to Terrestrial None Wayne Robarge

Design and Implementation of Monitoring Activities

DCERP?2 baseline monitoring included sampling of basic parameters that supported the broader
research agenda, provided data that were useful to more than one ecosystem module, must be
monitored for 5-10 years, and would be transitioned in a scaled-down form to MCBCL to
monitor Base lands at the end of the DCERP efforts (RTI, 2013b). The DCERP1 baseline
monitoring program is summarized in the DCERP Baseline Monitoring Plan (RTI, 2007b).

The DCERP2 Monitoring Plan (RTI, 2013a) was narrowed from DCERP1 to focus on the New
River watershed and coastal marshes with an emphasis on the relationships between nutrients,
sediment, and carbon fluxes as mediated by natural (hydrologic and thermal) and anthropogenic
drivers. The DCERP2 Monitoring Plan was designed to gather systematic, time-series
observations regarding responses to ecosystem stressors and indicators over a sufficient period to
determine the existing status, trends, and natural variation of measured parameters. The plan was
also designed to record, assess, and archive extreme events and ecosystem trends and to be
responsive to changing research, modeling, adaptive management and decision-support tool
development to meet MCBCL management needs. The DCERP2 monitoring program included
the activities in Table 1-4. The ultimate goal of both the DCERP1 and DCERP2 monitoring
programs was to provide recommendations to MCBCL regarding a scaled-down monitoring
program that could provide data to assess long-term trends in key parameters of importance for

each of the MCBCL ecosystems.
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Table 1-4. Summary of DCERP2 Module-Specific Monitoring Activities
Module Activities

Agquatic/ | Hydrodynamics: Stream flow and discharge (New River, tributary creeks)

Estuarine | Chemistry: Chromophoric dissolved organic matter (CDOM), nutrients (nitrogen, phosphorus,
carbon), salinity, pH, oxygen concentration, and temperature

Sedimentology: Total suspended solids (NRE), turbidity (NRE), and suspended sediment
concentration (New River)

Biology: Primary productivity, phytoplankton biomass, and benthic microalgal biomass

Coastal Shoreline delineation: Surface elevation change, topography, morphology, and marsh edge erosion
Wetlands | Hydrodynamics: Tide gauges (hydroperiod, water level, temperature, and salinity)

Marsh vegetation: Distribution, composition, stem height, and grazer density (snails)
Sedimentology: Accretion rates.

Identify Indicators, Develop Tools, and Design Models

The DCERP2 Team used results from the integrated research and monitoring efforts to identify
indicators of ecosystem state change, develop decision-support tools, and design models that
addressed MCBCL’s management needs. The DCERP2 Team also designed and developed a
variety of models and tools to help Base managers understand the impacts of specific
management practices or climate change impacts on installation natural resources sustainability,
both now and into the future. A list of the models developed for MCBCL and other DoD
installations appears as Table 1-5.

Table 1-5. Models Developed and/or Applied During DCERP2

Model Name and Research

Project Purpose of the Model for Installation Managers
Estuarine Simulation Model Identify water quality impairment from nutrients and sediment, and
(Research Project TSP-2) carbon dynamics in the NRE under current and future land-use and

climate scenarios

Geospatial Marsh Model Estimate the sustainability of marshes under different sea level rise
(Research Project CW-4) scenarios specified by SERDP (Hall et al., 2016) through 2100
Beach Morphology Model Predict shoreline location and elevation of Onslow Beach under
(Research Project CB-4) different sea level rise scenarios specified by SERDP and storminess

scenarios (i.e., future wind speed) through 2100

Forest Carbon Management Tool | Estimate carbon storage capacity of forested areas based on different

(Research Project T-3) forestry management practices and climate scenarios through 2100 by
using the LANDIS-11 model

Red-Cockaded Woodpecker Predict the demographics of RCW populations in MCBCL based on

(RCW) Decision Support System | habitat changes from future climate and forest management practices

(Research Project T-4) derived from the Forest Carbon Management Tool

Translate Relevant Findings into Actionable Information for DoD Installation Managers

Based on research and monitoring results, the DCERP2 Team translated relevant findings into
actionable information and communicated these findings to MCBCL personnel to assist them in
making more informed management decisions. The findings were translated in peer-reviewed
publications, written reports, during formal and information presentations and training
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workshops, and through maps and other visualization online tools available through the DCERP
DIMS Web site. In addition, the DCERP Team has provided baseline monitoring
recommendations and produced factsheets and ecosystem guidebooks specifically for MCBCL to
help direct future monitoring and management needs for each of the four ecosystems.

Data Management

The voluminous amounts of research and monitoring data collected over the 10 years of DCERP
required the development of an efficient data management system early in the program. The
DCERP1 Data Management Module Team were responsible for designing and implementing the
DIMS. During DCERP2, the DIMS was expanded to focus on translating the results into
actionable information. The DCERP DIMS was designed to facilitate collection, integration, and
exchange of environmental data, tools, and models. The model and tool development component
provides the ultimate cross-cutting function of incorporating the simple models, which were
developed by the individual research projects, into integrated management tools and decision-
support models for MCBCL managers (RTI, 2013c).

The DCERP DIMS is composed of the following components:

e A Monitoring and Research Data and Information System (MARDIS), which is used to
access research and monitoring data

e A Document Database, which is used to access unstructured data such as reports, maps,
photographs, and graphics

e An interactive mapping application (iMAP)
e A public Web site.

All data, tool, models, and products produced during DCERP are archived in the DCERP DIMS
that is currently available at https://dcerp.rti.org. DIMS fulfills SERDP’s data management goal
for the program by providing an accessible Web-based platform for distributing all DCERP data,
tools, models, and other products to all three of the DCERP target audiences: researchers,
installation managers, and local stakeholders, including the public. Detailed summaries of this
system and its functionalities are provided in Chapter 21 of this report.

Report Organization

This DCERP2 Final Report summarizes the DCERP activities conducted from November 2012
through November 2017. Chapter 2 summarizes the major findings, results, and conclusions of
the 13 research projects and the major findings and trends in the Aquatic/Estuarine and Coastal
Wetlands monitoring data. Chapters 3 through 22 provide detailed research project reports for
each of the DCERP2 research activities listed in Table 1-3 and the monitoring activities listed in
Table 1-4.
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Logic Model: DCERP Strategic Vision for Translating Science into Practice

Inputs !

Qutputs
Activities

Target
Audience

Qutcomes

* MCBCL as primary study site;
Eglin Air Force Base,
Marine Corps Air Station
Cherry Point, and Fort Bragg
as secondarysites

* MCBCL management
questions

* SERDP funding

* DCERP Team (researchers,
graduate students,
post-doctoral students, and
research technicians)

* Monitoring and research
data

* Climate histories and climate
futures data

* Equipmentand materials

» Technology

Develop and maintain DIMS, including
the interactive mapping application
[iMAP] visualization and querytools,
MARDIS data archive, Document
Database, and other outreach products
for differenttarget audiences

Determine ecosystem responses to
future managementand climate
scenarios and provide
recommendationsto MCBCL

Organize workshops with DoD end
users to refine suitability
of products and establish relationships
between DCERP data and DoD

management goals.

Create reference guides
to communicate findings and
recommendations for MCBCL

managers

Short term

MCBCL and

Increased MCBCL understanding of ecosystem processes, stressors, and
potential changes in the ecosystems driven by management actions and
future cimate conditions

other DoD
installation

Mid term

Evaluation of DCERP management recommendations and implementation
of ecosystem-based management changes to MCBCL lands

staff
Long term

Stakeholders

Better understanding of estuarine/| | ystem pi
Short term

Enhanced sustainability of MCBCL (and other DoD) training lands, the
integration of research and monitoring as a part of adaptive management
decisions, and provision of a basis for setting carbon goals under future
management and climate conditions

es and
potential changes to these systems under future management and climate
conditions

(local, state, Mid term

and regional)

Application of this und
settings and transition |

tanding to the stakeholders’ estuarine fcoastal
learned regionally, where applicable

Long term

Improved management and condition of estuarine/coastal ecosystems in

the southeastern United States and Gulf Coast

Host annual briefings for Regional
Coordinating Committee, MCBCL,
and TAC to share information and gain
feedback about scientific methods

Publish manuscripts in peer-reviewed
Jjournals and make presentations at
relevant scientific conferences

Short term

Improved understanding of nutrient cycles (nitrogen and phosphorus),
carbon cycle, and processes in estuarine and coastal ecosystems now and
under future climate conditions

Scientific
community

Mid term

Contributions to basic science and advancements in our understanding of
coastal plain processes and function in a changing environment

Long term

Possible changes in natural resource management policies because of an
expanded body of literature on coastal ecosystem science

Assumptions
*  End users (i.e., DoD installations, scientific community, other managers, and stakeholders)
have questions and/or decisions that DCERP data can help answer
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Challenges

*  Time scale of models versus time scale of the planning process
*  Matching the appropriate DCERP products to specific, but ever-evolving short-,
medium-, and long-term regulatory and/or planning needs
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This report was prepared under contract to the U.S. Department of Defense (DoD) Strategic
Environmental Research and Development Program (SERDP). The publication of this report
does not indicate endorsement by DoD, nor should the contents be construed as reflecting the
official policy or position of DoD. References herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or otherwise, do not necessarily
constitute or imply its endorsement, recommendation, or favoring by DoD.
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Introduction

DCERP2 focused on understanding the factors that regulate carbon, nutrient, and sediment
processes and the responses of these processes in various coastal ecosystems to potential climate
conditions. This knowledge has important implications for operations, military training, and
ecosystem management at the U.S. Department of Defense’s (DoD’s) numerous installations
across the Southeastern United States. DCERP2 has also made major efforts to translate this
scientific knowledge into formats that are understandable not only to the DoD installation
managers, but also to the scientific community, other coastal managers, and the public.

This chapter of the DCERP2 Final Report highlights

the significant findings and management implications
of the Defense Coastal/Estuarine Research Program Climate ﬁ Carbon
(DCERP) conducted at Marine Corps Base Camp

Lejeune (MCBCL) from February 2013 through

November 2017. The findings are presented first at
the thematic level (i.e., climate change, carbon, and
translating science into practice [TSP]; Figure 2-1)

and then at the ecosystem module level (i.e.,
Aquatic/Estuarine, Coastal Wetlands, Coastal Barrier,
and Terrestrial Modules). The three themes served as
major cross-module integrating objectives, and the

modules were developed to organize the program

around common management units. Figure 2-1. DCERP2 themes.

A summary of the DCERP Data and Information Management System (DIMS) is also included
in this chapter. DIMS is the database-driven, Internet system that provides a means to access and
manage the DCERP data collections, and it provides a framework that supports DCERP’s
dynamic outreach products and ecosystem-based management tools. DCERP DIMS serves as the
permanent repository for DCERP data, information, and modeling results collected during
DCERP’s implementation. Detailed information and additional findings to those summarized in
this chapter are provided in the individual chapters for each monitoring activity and research
project in Chapters 3 through 22 of this DCERP2 Final Report.

This chapter also discusses the legacy of this 10-year research and monitoring program that
includes a summary of scientific publications, presentations, and outreach activities conducted
by the DCERP2 Team. DCERP should serve as a model for other long-term ecosystem
monitoring and research programs that can be conducted to address natural resources
management needs at other DoD installations and provide findings that are useful to the broader
community of scientists, natural resource managers, and other stakeholders, including the public.
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DCERP Themes
Theme 1: Climate Change

Nearly all DCERP2 research projects incorporated one or more components of climate change to
drive the ecological process models and to project plausible impacts on natural ecosystem
processes through the end of this century. The climate drivers that were considered included
temperature, precipitation, storminess (wind speed), and sea level rise. An ensemble of
downscaled climate projections, based on worst case scenario of increasing concentrations of
greenhouse gases, was developed to study future climate conditions in Eastern North Carolina.
This ensemble allowed the uncertainty associated with the climate projections to be represented
and translated into climate change impact assessments. The ensemble included both dynamic and
statistical downscaling techniques and contained climate variables of temperature, precipitation,
and wind at the daily time scale needed by the DCERP2 Team.

Ecosystem Reponses to Climate Change

Increasing Temperature

Temperature affects the function of natural ecosystems in fundamental ways such as impacting
the rates of chemical reactions, organisms’ metabolism, and the timing of critical life cycle
events (phenology). Based on the ensemble of climate projections, by 2100 the number of days
with maximum temperature greater than 90°F (32°C) was projected to increase at MCBCL. For
example, in July, the ensemble predicted an increase from 15 days with temperatures greater than
90°F (32°C) to between 23 and 32 days by 2100. Higher air temperatures influence water
temperatures, which can affect the solubility of gaseous constituents such as oxygen (O2) and
carbon dioxide (COz) and also the trophic status of estuaries. The Estuarine Simulation Model
(ESM) developed for the New River Estuary (NRE) predicted a long-term trend towards
increased heterotrophy (i.e., respiration exceeds photosynthesis) with the predicted increase in
temperature. Increased heterotrophy will be accompanied by water column and sediment hypoxia
(low dissolved oxygen concentration harmful to aquatic life) and increased fluxes of COz2 into the
atmosphere due both to the decreased solubility of Oz and COz in the warmer water and
increased uptake of Oz and release of CO2 by microbial respiration in the sediment. The ESM
developed for the Neuse River at Marine Corps Air Station Cherry Point (in North Carolina),
predicted that higher temperatures will cause earlier spring phytoplankton blooms and an
increase in phytoplankton net primary production compared with current conditions (Figure
2-2). These two examples show the challenges that DoD managers may experience in the future
regarding water quality management and the importance of maintaining a routine monitoring
program to detect critical estuarine responses.
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Figure 2-2. Neuse River Estuary temperature scenarios.

Neuse River ESM output under a series of temperature-warming scenarios relative to current conditions. (a) Timing
of the spring bloom as defined by various chlorophyll a (chl @) thresholds, with negative values indicating an earlier
bloom; (b) the percent change in seasonal phytoplankton net primary production (NPP).

In terrestrial landscapes, modeling results indicated that increasing temperatures will inhibit the
growth and regeneration of loblolly pine (Pinus taeda), a dominant tree in forest communities in
Eastern North Carolina. Thus, towards the end of the century, conditions may become less
suitable to loblolly pine and more suitable to slash pine (Pinus elliottii), a more southerly
occurring species. Landscape model results also suggest that longleaf pine (Pinus palustris)—a
key habitat for the federally endangered red-cockaded woodpecker (RCW:; Picoides borealis)—
may also be more resilient to warmer temperatures than loblolly pine, benefiting RCWs.

Variability in Precipitation

Precipitation drives the hydrologic cycle to both the aquatic and terrestrial ecosystems. The
current annual precipitation for MCBCL is 54 inches (137 cm), which some models indicate will
increase in the future while others indicate will decrease or remain the same in the future. When
examining the range of future projections (encompassing 95% of the distribution of the climate
ensemble data), a slight decrease or an increase in the number of days with heavy rain (greater
than 1 inch [2.54 cm]) is projected to occur for all months of the year. New River flow was
found to be the major source of nutrients, sediments, and carbon to the NRE. Thus, changes in
the magnitude or the distribution of precipitation events during a year will impact both the
amounts and timing of loading of these materials to the estuary. River flow was also a strong
predictor of algal bloom dynamics in the estuary, due not only to its role in delivering nutrients,
but also to its role in modulating estuarine residence time. In years with lower than average river
flows, algal blooms occurred in the upper reaches of the estuary near Jacksonville, NC. During
moderate flow periods, blooms occurred in the middle to lower estuary. At the highest flows,
blooms did not develop because the algae did not have enough time to assimilate nutrients that
had been transported into the estuary.

Changes in precipitation patterns also impact terrestrial systems. MCBCL forest managers rely
on prescribed burning to meet RCW habitat restoration goals; however, precipitation extremes
will cause significant complications in conducting prescribed burns. Foresters typically have a
window for conducting prescribed burning that lasts from November through April each year.

Conditions that are either too wet or too dry can limit the ability to conduct prescribed burns,
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thus increasing risks for wildfires, especially high-intensity crown fires that can kill mature pine
trees. Complicating management further, changes in precipitation delivery in concert with
temperature changes will also increase challenges to the prescribed fire regime. Both of these
climate conditions that prevent regular application of prescribed fire would not be beneficial to
attaining RCW recovery goals.

Changes in Storminess

Wind magnitude, used as a measure of
storminess, is an important driver of ecological
processes in coastal ecosystems, affecting
sediment transport and resuspension, shoreline
erosion, and mixing of estuarine waters. The
DCERP2 Team used 40 mph (tropical storm
winds) as a threshold for storminess. However,
the climate models consist of daily average wind
speed information, and thus, none of the climate
models simulated daily average wind speed that
met that threshold criterion.

Figure 2-4. The wave action from storms
will be enhanced by sea level rise and
cause changes in shoreline position and

However, storm events are currently the major dune structure.

cause of changes to the coastal barrier island (Figure 2-3), especially in the southwestern portion
of Onslow Beach where storms are the initial driver of overwash events. Washover fans that
develop during such storm-driven events can be further modified by frequent, overwash events
associated with spring tides, wave runup, and small storms, that continue to transport sand across
the barrier before the washover area finally stabilizes. Even without an increase in storminess
above current levels, accelerated rates of sea level rise will cause erosion of carbonaceous
sediment at the ocean shoreline which will shift Onslow Beach from a carbon reservoir towards a
net source of carbon to adjacent environments such as the coastal ocean and the atmosphere.

Rising Sea Level

1.0
Sea level changes are a central forcing feature in estuaries = bl
and coastal areas because they control the exchanges of ‘go R \a .
materials at the upstream and downstream endpoints of the g 08 | W WA
estuary. Sea level impacts the physiology of important S0 | NIy
organisms, such as marsh plants, and influences estuarine B &
and coastal barrier hydrodynamics and the processes of 06 1 —
accretion and erosion. An analysis of long-term data from the 2 8 9 10 11 12
upper New River revealed striking changes in the historic

water level (i.e., gage height) recorded at the long-term U.S.
Geological Survey (USGS) Gum Branch stream gaging
station (Figure 2-4). A trend of increasing daily minimum
and maximum water levels was observed during periods of
low discharge from 1987 through 2013, presumably due to
changes in both freshwater discharge and sea level. Similar to
the New River mainstem, tributary creeks are currently
conduits for loading of nutrients, sediment, and carbon into

Figure 2-3. A comparison of
water levels of the New River
at Gum Branch from May
7-12, 1972, when no tidal
signal was evident and for
the same period in 2013
when a tidal signal was
evident.
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the estuary. Although no significant changes in loading occurred at the tributary creek monitoring
sites, which are located above the area of tidal influence, future sea level rise will likely mean that
higher salinity waters will move farther upstream of their current point of influence in these
tributary creeks. This shift in salinity could have impacts on aquatic organisms in areas of the
NRE designated as primary and secondary nursery areas.

Coastal marshes are located at the land—water interface
and must increase their surface elevation by the
accumulation of sediment and biomass, or risk being
inundated by rising sea level. The Geospatial Marsh
Model was used to predict the fate of three different

Table 2-1. Sea Level Rise
Scenarios Used by DCERP
Based on SERDP Guidance

(Hall et al., 2016)

coastal marshes at MCBCL in response to five scenarios Increase in Sea Level
of sea level rise (Table 2-1). The response of MCBCL Scenario by 2100
marshes to sea level rise can be characterized by Lowest 1.0 ft (0.3 m)
differing combinations of four main responses. These Low 2.6t (0.8 m)
responses are as foIIowsE Q) .horlzontal expansion or Medium 43t (13 m)
movement via upland migration, (2) transition to flood -

High 5.9 ft (1.8 m)

tolerant vegetation (i.e., black needle rush [Juncus :
roemerianus] replaced by smooth cordgrass [Spartina Highest 8.2ft(25m)
alterniflora]), (3) enhanced vertical accretion of the marsh, and (4) drowning of the marsh
vegetation.

All three of the modeled MCBCL marshes gained area under the lowest sea level rise scenario
(1.0 ft [0.3 m] by 2100) through a combination of expansion via marsh migration toward the
uplands and marsh maintenance through enhanced vertical accretion (Figure 2-5). The response
of Freeman Creek, which is on the Intracoastal
Waterway (ICW), was dominated by marsh expansion
without any substantial change in the proportion of
Spartina alterniflora (flood tolerant) and Juncus
roemerianus (irregularly flooded) vegetation types. The
modeled response of Traps Bay, which is in the lower
estuary, showed a transition from Juncus roemerianus to
the more flood tolerant Spartina alterniflora, with
limited area for upland expansion. The response of the
French Creek marsh, which is in the middle estuary, was
dominated by drowning, with an extensive loss of marsh
and swamp coverage at all scenarios beyond the lowest
sea level rise scenario (1.0 ft [0.3 m] by 2100). Above
the medium sea level rise scenario (1.3 m by 2100),
marshes at French Creek and Traps Bay drown because
[ il of limited sediment supply and reduced ability to
ﬂg o _ : continue to migrate landward. The marsh that

E— e demonstrated the highest resilience was Freeman Creek.
This marsh had the highest sediment supply and the
Figure 2-5. The domain for marsh  lowest surrounding slope; therefore, it was only

modeling at Freeman Creek, predicted to drown at the highest sea level rise rate
Traps Bay, and French Creek. (greater than 1.8 m by 2100).

DCERP2 Final Report 2-5 November 2017



Defense Coastal/Estuarine Research Program (DCERP2) Chapter 2

As with the marshes, sea level rise is the predominant force that shapes the coastal barrier island
of Onslow Beach. Using the CSHORE-C15 Beach Morphology Model, projected sea level rise
was found to exert a greater influence on shoreline position than wind magnitude (storminess).
Using the lowest (0.3 m) and highest sea level rise (2.5 m) rates through 2100 as the range of
possible solutions, the CSHORE-C15 model forecasted shoreline position for all sea level rise
scenarios indicated a substantial loss of infrastructure south of the Onslow Beach Bridge by 2035
and a loss of usable beach by 2065. Conversely, the model indicated that the island north of the
bridge will remain stable and likely grow seaward. This information has implications for the
sustainability of the critical Marine Corps amphibious training area in its current location on
Onslow Beach.

Theme 2: Carbon Cycle and Carbon Management

The second theme of DCERP2 was to develop an understanding of carbon cycling and
exchanges between the estuary, marshes, coastal barrier, and the atmosphere and to explore
terrestrial carbon dynamics resulting from different forest management practices. Quantifying
carbon cycling in the estuarine/coastal landscape within MCBCL’s boundaries hinges upon
measuring intra-ecosystem carbon inventories and inter-ecosystem fluxes at the appropriate
spatial and temporal scales. Carbon budgets provide a tool to quantify carbon flows and track the
complex processes that control whether carbon is stored internally or exported into the ocean and
atmosphere (Crosswell et al., 2017).

New River Estuary Carbon Budget

The NRE is representative of lagoonal estuaries that are common along temperate coastlines of
the Southeast and Gulf Coasts of the United States. Carbon processing within, delivery to, and
export from the NRE was assessed at unprecedented spatial and temporal resolution by the
DCERP2 Team. On an annual basis and across the entire estuary, the NRE was in near metabolic
balance with gross primary production approximating community respiration. Depending on
river discharge, the NRE was either slightly net heterotrophic (more respiration than
photosynthesis) or slightly autotrophic (more photosynthesis than respiration). This small
variation around net neutral metabolism was maintained by counterbalancing metabolic rates and
exchanges spatially between the channel and the shoals, between the upper and lower estuary,
and temporally between seasons.

The NRE varied from a small sink for CO2 during a relatively dry year to a small source for
atmospheric CO2 during a year when river discharge was higher (Figure 2-6). Net CO2
exchanges between the atmosphere and the estuary were small components of the estuary-wide
carbon budget, and up to one order of magnitude less than exchanges reported from some
European (Frankignoulle et al., 1998) and Asian (Chen et al., 2013) estuaries, but similar to other
microtidal estuaries such as the Neuse River in North Carolina (Crosswell et al., 2012), York
River in Virginia (Anderson et al., 2014), and several tropical estuaries in Australia (Maher and
Eyre, 2012). At times, the flux of CO2 to and from the atmosphere was divergent in magnitude
and direction from net metabolism. This finding indicates that physical-chemical factors such as
water temperature, pulsed delivery of inorganic and organic carbon and nutrients from the
watershed, and temporal patterns in destratification were as or more important than gross
primary productivity and community respiration for setting the air—water CO2 exchange.
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Figure 2-6. Residual flow carbon budget showing annual carbon exchanges as dissolved
inorganic carbon (DIC) and total organic carbon (TOC) flows (in gigagrams of carbon

[Gg-C; 10° g-C)).

Flow width is proportional to magnitude, and the length of each region from left to right is proportional to the area
of that region in the NRE. Year 1 (YR1) was a dry year, and Year 2 (YR2) was a wet year with rainfall almost

double the dry year.

The NRE was a source of both inorganic and organic carbon into the coastal ocean, in part
reflecting inputs from the New River. Passage through the NRE changed the total carbon flux to
the coastal ocean minimally (approximately 10%), but was important for changing the allocation
between inorganic and organic carbon before export. Wet years delivered more organic carbon
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than inorganic carbon from the NRE watershed. Within the estuary, organic carbon was
attenuated by 20% to 30%, resulting in greater export of inorganic carbon than organic to the
coastal ocean. During dry years, inorganic and organic carbon loads from the watershed were
lower and approximately equivalent. The estuary tips towards metabolic balance or slight
autotrophy under these conditions, resulting in net production of organic carbon and uptake of
inorganic carbon, augmenting the estuarine organic carbon export to the coastal ocean by up to
40%. Lability experiments suggested that organic carbon produced by primary production in the
estuary is more labile than the humic-rich organic carbon delivered from the watershed.
Therefore, this estuarine-mediated alteration of organic carbon load and composition has
implications for carbon dynamics in the coastal ocean.

Small, tributary creeks from MCBCL deliver relatively consistent amounts of both organic and
inorganic carbon into the NRE regardless of wet or dry years. Inputs of dissolved inorganic
carbon (DIC) from adjacent marshes were not a factor in the estuarine carbon budget, in contrast
to some other estuarine systems (Cai, 2011). This lack of marsh influence is likely due to the low
tidal amplitude and limited extent of fringing marshes bordering the NRE. However, enhanced
mixing and delivery of organic and inorganic carbon caused by large storm events were
important to the estuarine carbon budget. Effluxes of CO2 during a 5-week period following
Hurricane Joaquin were 10 times higher than pre- and post-fluxes and approximately equivalent
to several months of net CO2 exchange during non-storm periods, illustrating the importance of
quantifying the contribution of storm events to annual budgets (Figure 2-7). We suggest that
river discharge, at least in a coarse sense, is a reasonable proxy for the NRE carbon impact on the
coastal ocean and atmosphere, given the incumbent uncertainty in estuarine carbon budgets.
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Figure 2-7. Transects of the difference of estuarine versus atmospheric pCOz (ApCO2)
before and after passage of Hurricane Joaquin in fall 2015.

Carbon accumulates in estuarine sediments on annual to decadal scales and is important for
assessing whether the NRE transports carbon offshore or traps carbon locally. Carbon
accumulation rates (CARs) in the upper portion of the NRE were correlated to sediment
accumulation rates and were among the highest rates reported in the literature from other
estuaries (Gordon and Gofii, 2004; Herrmann et al., 2015; Kemp et al., 1997; Maher and Eyre,
2012; Roden et al., 1995; Warnken et al., 2008). Based on age-dating of the sediments, carbon
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accumulation increased over the past century and exceeded the local rate of sea level rise by two-
to four-fold. The high deposition rates mirror the increased rates of sea level rise, watershed
development, and hydrologic forcings. Although storm-driven pulses of terrestrial-derived soils
coincide with peak CARs, these event-driven influxes are less carbon rich than sediments that
accumulate during storm-free periods.

Purely based on a mass balance, carbon accumulation in sediments of the NRE could not be
supported by watershed delivery of terrestrial soil carbon alone. Substantial amounts of
particulate organic carbon (POC) derived from estuarine productivity must accumulate in
sediments to help offset some of the respiration of carbon delivered from the watershed.
Although influxes of terrestrial soil are required to maintain the high rates of sediment accretion,
that soil carbon is modified or likely supplemented by non-terrestrial carbon to achieve the
current carbon composition in the NRE sediments.

The secondary effect of adding new carbon to the estuarine sediment is that the new carbon helps
fuel sediment respiration, which drives anoxia and optimizes carbon burial. Over the past few
decades, the magnitude and composition of the new carbon has changed in response to point
nutrient sources, reflecting changes in watershed delivery from changing land use upstream of
the NRE. Regardless of evolving sources of carbon, the current CAR is well above local sea
level rise and likely unsustainable. As accommodation space for more sediment in the upper
NRE decreases, a future redistribution of sediment carbon throughout the estuary would be
expected. The geomorphology of the NRE poses significant impediments to export of sediment
carbon to the coastal ocean. Further research is needed to determine whether this process of
carbon redistribution within the NRE affects the total mass of carbon stored in sediments or
facilitates the release of sediment carbon (either previously stored or recently delivered to the
NRE) from the watershed to the coastal ocean. However, the NRE appears to be a transient,
short-term sink for carbon that can easily divest itself of stored carbon via emissions of CO2 into
the atmosphere with the passage of severe storms as has occurred in other East Coast estuaries
(Crosswell et al., 2014).

Carbon Flux in Coastal Marshes

Salt marshes occupy more than 10 km? on MCBCL and range from large Spartina—dominated
marshes along the ICW to smaller areas of Juncus—dominated fringing marshes on embayments
and tributaries of the NRE. Although all MCBCL marshes are accumulating carbon as they
increase surface elevation, short-term flux measurements show that while some MCBCL
marshes take up more CO: from the atmosphere than is released (autrotrophic), others exhibit a
net release of CO2 (heterotrophic). The net carbon efflux in the heterotrophic marshes is likely
due to microbial respiration of imported external carbon or marsh carbon released via local
erosion. The supply of carbon from the watershed is trivial compared with carbon delivered in
tidal waters and produced by plant primary production. Overall, the annual net carbon balance in
the marshes is driven by CO2 exchanges with the atmosphere and sediment deposition. Lateral
fluxes of carbon, both through drainage of the marsh platform during ebbing tides, and via
porewater advection were small in comparison.

Sediment CARs are the sum of sediment accretion, biogenic growth, microbial decay, and
physical compaction. The mean sediment accumulation rates over the past 150 years in MCBCL
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marshes are similar to the local rate of sea level rise. All marshes showed increased CARs over
the past century compared with rates greater than 500 years ago, coincident with an acceleration
of sea level rise. However, if the rate of sea level rise exceeds net elevation change in the
future, then the marshes will cease to be sites for carbon accumulation and the carbon that
has accumulated and been buried over the past hundreds to thousands of years will be
subject to erosion and subsequent decomposition. These processes would release CO2 back
into the atmosphere and make the marshes an increasing source of COaz.

The fate of potentially drowned and eroded marsh carbon remains poorly constrained. Controlled
in vitro decomposition experiments of Spartina—derived material revealed that decomposition to
CO2 was influenced by age of the material and temperature. Methane production was negligible.
Annual carbon decomposition rates of 17% to 23% per year were obtained from marsh sediment
collected from depths of 10 cm to 35 cm and incubated under oxic conditions at constant
temperatures. At face value, these results suggest that the conversion to CO2 could occur on a
decadal timescale. However, this is highly dependent on erosion rate, the age distribution of the
carbon eroded, how quickly it is redeposited, and the environmental conditions of the
“redepositional” environment, which might greatly reduce the decomposition rate. Given the
high loads of sediment that are reworked and redistributed within the marsh, it is likely that
much of the eroded carbon is redeposited onto the marsh surface on timescales that are faster
than the decomposition rate. Once redeposited on the marsh away from erosional edges, carbon
can be preserved and stored on longer timescales. Some MCBCL marshes have served as a long-
term sink for carbon for more than 1,000 years and will continue to increase their carbon content
as sea level rises, unless they drown and carbon is no longer accumulated.

Carbon Dynamics of Onslow Beach

Backbarrier island salt marshes provide
important ecosystem functions, which include
the sequestration of atmospheric CO2 and
below-ground carbon storage in the form of
peat and organic-rich sediment. As the barrier
island moves landward and sand overwashes
the backbarrier marshes in the southwestern
portion of Onslow Beach, this carbon is buried
beneath the island for centuries (less than 500
years) before it becomes exposed by the
ocean’s hydrodynamic processes and is eroded
and released on the beach front (Figure 2-8).
Transgressive barrier islands with a wide ] - ]
backbarrier marsh primarily function as carbon Figure 2-8. Carbon from peat deposits

sinks, but will transition to sources temporarily eroding from the shoreface of Onslow
during storms when ocean shoreline erosion Beach.

rates increase and overwash deposition onto

backbarrier marshes occurs. As a barrier island continues to migrate landward, the backbarrier
marsh narrows beyond a critical width, where the island primarily functions as a carbon source,
and the carbon reservoir continually decreases. During this phase of barrier island transgression,
carbon export rates will likely continuously exceed storage rates across the narrow backbarrier

DCERP2 Final Report 2-10 November 2017



Defense Coastal/Estuarine Research Program (DCERP2) Chapter 2

marsh. This decreasing (negative) trajectory of the carbon reservoir endures until the reservoir is
depleted or when the coastal barrier merges with the mainland (the previous highstand
shoreline). Our modeling results and field observations on Onslow Beach advocate for the
consideration of barrier island transgressive processes in regional and global coastal carbon
budgets. Proper assessment of present and future transgressive barrier island carbon budgets
must consider erosion and overwash, as well as the island’s backbarrier setting.

Carbon Stores on Forested Lands

MCBCL terrestrial forests provide the greatest opportunity for carbon storage. The terrestrial
carbon research conducted during DCERP2 assessed the effects of different forest management
practices on long-term carbon stores across MCBCL’s landscape. Results of terrestrial carbon
modeling scenarios (using LANDIS-I11) suggested that above-ground live carbon storage is
highest in longleaf pine compared with loblolly pine and is lowest in pond pine (Pinus serotina)
forests. The amount of above-ground live carbon stores depends upon site conditions, stand
development age, and variations and frequency of management practices (e.g., cutting interval
and prescribed fire rotations). Model simulations of different forest management practices across
MCBCL’s landscape reinforced the findings that carbon storage was highest with management
strategies designed to promote the restoration and maintenance of longleaf pine ecosystems. This
finding was true for two prescribed fire regimes (3- and 6-year fire return intervals). Carbon
storage at MCBCL and through much of the Southeastern United States, therefore, can be
increased through active management strategies for restoring longleaf pine stands.

Theme 3: Translating Science into Practice

The third cross-cutting theme
involved translating the
scientific findings of DCERP’s
integrated monitoring,
research, modeling, and
adaptive management activities
into practice for several
different target audiences Figure 2-9. Translating Science into Practice.
(Figure 2-9). The audiences

that received information

included the scientific community, DoD installation and regional managers, and local
stakeholders. Practical application of DCERP information involves bridging the gap between
scientific findings, in which researchers have comprehensive knowledge of a domain and in
which installation managers and planners may interface with summary information or use the
data only infrequently.

The primary means used by the DCERP2 Team to translate results to the scientific community
were through publishing findings in peer-reviewed journal articles or books and presenting
research findings at international, national, or regional scientific meetings. For example, the
DCERP2 Team presented during special sessions of the 2014 Joint Aquatic Sciences Meeting
and the 2017 Coastal Estuarine Research Foundation Conference. Members of the DCERP2
Team collaborated on a paper about the estuarine carbon budget that was published in Limnology
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and Oceanography, and our findings about the importance of sea level rise anomalies on coast
barrier morphology were featured in Nature.

Although publishing results in scientific journals and presenting research at scientific
conferences are both vitally important outreach activities to the scientific community, these
activities often do not provide the scientific results in a format that is directly usable or
actionable by DoD installation managers. Specifically, DCERP2 researchers expanded the
functionality of DIMS to provide common mapping and data access functionality so that DIMS
and the comprehensive suite of tools could help turn the extensive amount of DCERP data into
accessible and usable information. The expanded DIMS provides a one-stop-shop data portal for
accessing the various DCERP data, tools, models, and other information and products so that
DoD managers can use them to make informed ecosystem-based management decisions. This
effort of DCERP2 provided scientific research results in easy-to-understand documents and via
models and decision-support tools developed to directly address installation management needs.
These models and tools include mechanistic models, geographic information systems (GIS) data
layers and associated analyses, and maps and reports that provide information needed by
installation managers to make ecosystem-based management decisions. The DCERP2 Team has
disseminated these products through various meetings, including annual Technical Advisory
Committee meetings with MCBCL’s Environmental Management Division staff, lunch and learn
presentations to various installation personnel, and topic-specific technical briefings and
Webinars with appropriate installation technical committees or staff from other DoD
installations. These types of formal and informal meetings continued throughout the 10-year
program.

The DCERP2 Team’s efforts to bring findings and information to the broadest audience were
reflected in the large number of engagements with stakeholders at the national, state, and local
levels. For example, in 2014, the estuarine/coastal carbon research was presented to
representatives of the U.S. Global Change Research Program, which provides a coordinated and
focused scientific strategy for conducting carbon cycle research at the national level. Throughout
DCERP, various researchers were interviewed by National Public Radio for The State of Things
and Science Friday programs and provided interviews to several coastal and regional
newspapers. Presentations of results were also given to local and regional stakeholder groups
such as the New River Roundtable and the Albemarle-Pamlico Sound National Estuary
Partnership. Additionally, the team developed other outreach products such as fact sheets about
specific topics and published a quarterly newsletter to clearly and concisely explain the results of
DCERP?2 research to outside audiences. These products were posted and easily accessed via the
DCERP public Web site (available at http://dcerp.rti.org).

During the final year of DCERP2, the team led a 1-day meeting for stakeholders in Jacksonville,
NC, to inform local Onslow County, the City of Jacksonville, and MCBCL staff about DCERP’s
findings that are relevant to water quality and natural resource management. The team also
conducted a 2-day scientific symposium in Raleigh, NC, for the scientific community, including
regulators from the State of North Carolina, environmental consultants, university faculty and
students, and non-governmental organization scientists.

Although all DCERP researchers were individually responsible for translating their significant
scientific findings into actionable information for MCBCL managers, other coastal managers,
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and the public, Research Project TSP-1 focused on helping DCERP researchers with bringing
data, information, tools, and model results into various visual formats that made the results clear
and easy to understand for various end users. Specifically, DIMS was developed to provide a
one-stop-shop data portal for accessing the various DCERP data, tools, models, and other
information and products developed by the DCERP Team so managers can use them to make
informed ecosystem-based management decisions.

More Information About Ecosystem Module Monitoring and Research

The next four sections of this chapter emphasize the key scientific accomplishments and
findings relevant to natural resource managers from the aquatic/estuarine, coastal wetlands,
coastal barrier, and terrestrial ecosystems. Detailed information that describes each
ecosystem, including their drivers, stressors, and knowledge gaps in the conceptual model, are
provided in the DCERP2 Research Plan (RTI International, 2013).

Aquatic/Estuarine Module
Aquatic/Estuarine Module Research and Monitoring

DCERP Aquatic/Estuarine Module researchers studied the tidal reach of the NRE from the head
of the estuary near Jacksonville, NC, to the tidal inlet at Onslow Bay, including inputs from the
New River and several tributary creeks within MCBCL lands that flow into the NRE. The NRE
is a relatively small (88 km? [34 mi?]), shallow, microtidal Coastal Plain estuary. More than 50%
of the NRE area is less than 2 m deep relative to mean sea level. Most of the estuary’s shoreline
(80%) is contained within the boundaries of MCBCL’s land. The NRE consists of a series of
lagoons and is confined by barrier islands that restrict water exchange with the Atlantic Ocean.

The Aquatic/Estuarine Module investigated how anthropogenic loadings (carbon, nutrient, and
sediment inputs) from the New River watershed and MCBCL tributaries affected benthic
microalgae and pelagic phytoplankton of the estuary. Furthermore, the effects of climatic
variability, including acute or episodic events (e.g., tropical systems, floods, droughts) and
longer term trends (e.g., warming, precipitation changes), on estuarine structure and function
were characterized and quantified to better understand the interactive and potentially
confounding impacts of climate (change) on water quality and habitat condition (Figure 2-10).
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Figure 2-10. Conceptual model for the Aquatic/Estuarine Module.
Scientific Findings of the Aquatic/Estuarine Module

The NRE is a dynamic ecosystem in which primary production and the cycling of carbon and
nutrients are strongly controlled by physical (i.e., hydrologic, tidal, wind, light) and chemical
(i.e., nutrients, organic matter) interactions operating over highly variable temporal and spatial
scales (Crosswell et al., 2017; Ensign et al., 2004; Hall et al., 2013; Mallin et al., 2005; Paerl et
al., 2014; Peierls et al., 2012). Phytoplankton production and community structure are controlled
by nutrient inputs, residence time, and the degree of stratification in the estuary. In contrast,
benthic microalgae production is controlled by water clarity. Water clarity is reduced by the
presence of suspended sediments, chromophoric dissolved organic matter, and pelagic
phytoplankton biomass—all parameters regulated by climate-driven hydrologic flows from the
New River and from sediment erosion from tidal activity and wave energy (Anderson et al.,
2014). During the 10-year DCERP study period, the New River discharge at the USGS Gum
Branch stream gaging station varied widely, spanning greater than three orders of magnitude.
This stream flow variability represents nearly the full range of flow conditions captured in the
historic discharge record for this station dating back to 1949.

Estuarine carbon fluxes varied up to four-fold between day and night.
Measurements of partial pressure of CO2 (pCOz) in the surface waters of the NRE showed up to
a four-fold difference over the diel or day—night cycle, indicating the importance of high

resolution spatial surveys to detect daily variations of CO2 flux when developing estimates of
system-wide fluxes (Figure 2-11).
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Figure 2-11. A comparison of diel (day versus night) variation of partial pressure of CO>
(pCO3) to average seasonal variation within each box.

The upper estuary is a sink for carbon when algal blooms are present.

The pattern of CO2 exchanges varied both spatially and temporally across the estuary. During a
wet year, the highest effluxes of CO2 were at the head of the estuary, due primarily to
decomposition of total organic carbon (TOC) transported from the New River into the estuary.
CO:2 exchanges were the highest during periods of high temperature and were the lowest when
algal blooms were occurring. However, overall CO2 exchanges were negligible compared with
fluxes of other forms of carbon, mainly DIC and TOC. TOC was the dominant form of carbon
exported from the estuary during a dry year, whereas DIC was the dominant carbon species
exported in a wet year. The TOC exported was mainly produced by photosynthesis within the
estuary and was likely quite labile and, therefore, more likely to impact carbon dynamics in the
coastal ocean.

The nutrient load from small coastal streams is lower than expected.

Overall, nutrient loading from tributary streams originating on MCBCL land was low compared
with other coastal plain streams, and their total nutrient load to the NRE was small relative to
other watershed sources, including the New River. However, increased watershed development
on the installation (measured by percent imperviousness) increased in-stream concentrations and
loading of most constituents (i.e., nutrients, sediment, and carbon). Dissolved organic carbon
(DOC) was an exception because its source is wetlands and flood plains that are lost during
development. This finding could alter future stormwater management requirements.
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Hypoxia is linked to increased temperature and stratification, not to algal blooms.

Bottom water hypoxia (low oxygen conditions) was closely linked to increasing water
temperature (because of oxygen solubility
characteristics) and stratification of the water R ———
column, but had no clear-cut relationship to
contemporaneous algal blooms in the estuary.
Spatially, hypoxia was most common in the
middle and upper estuary and was never
observed at the two lowest estuarine stations.
Most hypoxia events were detected when
bottom water temperatures ranged between
77°F and 90°F (25°C and 32°C). As future
temperatures increase toward the year 2100,
hypoxic events may become more frequent
and of longer duration, which could result in
an increasing number of fish kills and loss of - e

benthic shellfish populations in the estuary Figure 2-12. Hypoxia in bottom waters can

(Figure 2-12). cause fish Kills.

Findings with Implications for DoD and Other Coastal Managers

The findings from DCERP2 inform management needs in various ways. The remainder of this
section discusses some of the more significant findings that are meant to directly inform current
or future management actions at MCBCL.

Future management efforts need to control nitrogen inputs to the NRE.

The New River watershed is the major source of nitrogen to the NRE, with approximately 64%
of the external nitrogen originating in the watershed. Additional sources include Onslow Bay
(15%), MCBCL lands (8%), the MCBCL wastewater treatment facility (7%), and atmospheric
deposition (6%). Scenarios developed by using the ESM can be employed to set nutrient
reduction targets for the NRE both now and under future climate conditions and to compute
carbon storage in the estuary resulting from these scenarios. The ESM is a widely applicable tool
that provides help to installation managers with adjacent estuarine systems.

Long-term increasing trends in chlorophyll a, ammonium, and light attenuation and decreasing
dissolved oxygen concentrations in bottom water may be related to increasing anthropogenic
eutrophication of the NRE associated with changes in land use and increasing population growth
over the past two decades. Future water quality management efforts must minimize nitrogen
inputs to sustain water quality in the NRE. A comprehensive management effort among
MCBCL, Onslow County, and the City of Jacksonville will be required to reduce nitrogen
loadings into the estuary from all point and nonpoint sources in the watershed.

Stream temperature is elevated in more developed watersheds.

Summer mean stream temperatures were up to 9°F (5°C) higher in more developed than less
developed watersheds, and there was an apparent upward trend in stream temperature throughout
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the 8-year study period (2008 to 2015). Warmer temperatures are likely to result in increased
nutrient fluxes from the sediments and decaying organic matter, but they are also likely to cause
increased rates of denitrification.

Stormwater wet detention ponds may not be the most appropriate best management practices for
coastal plain conditions.

Aging stormwater wet pond sediments may
contribute nitrogen to receiving waters (Figure 2-
13). Net nitrogen fixation measured in stormwater
wet pond sediments showed that the typical design
of large, deep ponds may not be the most effective
solution for improving the quality of urban
stormwater in southeastern coastal areas, especially
during summer months. Because of the negative
effects on water quality from wet ponds in coastal
areas, use of an alternative stormwater control
measure (SCM) design may be more appropriate for
MCB_CL. Using SCMs with sha}lower water or no ponds are used to treat stormwater
stan_dl_ng water at a}ll could facilitate net _ runoff from developed areas of
denitrification during the summer by reducing MCBCL.

stratification and anoxic conditions in the sediments

and bottom water of SCMs. Alternative SCMs such

as stormwater wetlands and bioretention cells could control similar volumes of stormwater and
might produce higher quality water than existing wet ponds. In existing ponds, aeration to
improve the circulation of pond water to reduce stratification, as well as frequent excavation of
pond sediments could also reduce anoxic conditions, thereby reducing nitrogen fixation.

Figure 2-13. Stormwater detention

Coastal Wetlands Module
Coastal Wetlands Module Research and Monitoring

Coastal wetlands are a vital component of the coastal landscape that links terrestrial and
freshwater habitats with the sea or estuary. Marshes provide a variety of ecosystem services,
including improving water quality by transforming nutrients and trapping sediment, attenuating
wind wave and boat wake energy on shorelines, stabilizing the coastal barrier island, accreting
sediments and building land, and providing recreational opportunities for people (Figure 2-14).

Salt marshes within the MCBCL region occur in the lower and middle NRE and along both
shores (mainside and backbarrier) of the ICW and are typically dominated by Spartina
alterniflora and Juncus roemerianus, the dominant plant species in salt marshes of the Atlantic
Ocean and Gulf Coast; thus, DCERP research results are readily transferrable to other locations.
DCERP2 Coastal Wetlands Module research and monitoring activities investigated the sources
and fates of carbon to the marshes and the factors that affect the ability of marshes to keep pace
with current and projected rates of sea level rise, thus addressing issues of resilience and
vulnerability. The monitoring and research activities are summarized in Appendices A and B,
respectively.
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Figure 2-14. Conceptual model for the Coastal Wetlands Module.
Scientific Findings of the Coastal Wetlands Module

Carbon fluxes from salt marshes were determined over multiple spatial and temporal scales.
Significant variability between sites, and the fact that many MCBCL marsh systems are in
relative isolation from each other and the NRE, precluded the development of a single MCBCL
marsh carbon budget. Instead, the DCERP2 Team focused on understanding the drivers of net
carbon turnover and storage within the marshes and transport across the marsh boundaries to
help inform the estuarine carbon budget and predict carbon accumulation potential of marshes
along the ICW and NRE. Understanding the relationship between physical characteristics of the
marsh location, pore water chemistry, responses to fertilization, and the rates of carbon cycling
processes may improve carbon budget assessments within a marsh ecosystem and help identify
which marsh locations may be most sensitive to carbon loss because of human impacts. The
factors that affect marsh resilience to sea level rise include marsh elevation, sediment
availability, the rate of sea level rise, the density of marsh vegetation, and variables such as
nutrient enrichment and salinity that affect the density and species distribution of marsh
vegetation.

Sea level rise is an important variable in forecasting marsh CARs.

Past CARs were studied at the middle estuary (French Creek), lower estuary (Traps Bay), and
along the ICW (Freeman Creek; Figure 2-5). These rates varied from 19.7 to 147 g C m2 yr?
over marsh ages ranging from 200 to 3,200 years before the present. Some of the highest CARs
were associated with younger, more surficial marsh sections, which we attribute to a response to
recent accelerated sea level rise and incomplete decomposition of recently deposited material. In
contrast, some of the lowest CARs integrate carbon accumulated over the past 2,000 years,
during which North Carolina experienced little sea level rise. Therefore, sea level rise is an
important component in forecasting future CARs for marshes, and contemporary observations
are needed to accurately predict carbon dynamics.
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The surface microlayer is a novel mechanism for redistributing sediment in marshes.

Models of marsh response to sea level rise rely on the spatial patterns of sediment transport in
water moving from the tidal creek across the marsh where sediment deposition occurs on a daily
tidal cycle. The DCERP2 Team identified a novel mechanism by which suspended sediments
were redistributed across the marsh surface via the surface microlayer, which can float sand-
sized particles (Ensign and Currin, 2017). This microlayer of suspended material carried
approximately three times more sediment in the marsh over every tidal cycle than the amount
that entered the creek from the watershed during one of the largest flood events.

Tidal creek structure is a surrogate for suspended sediment concentrations needed for marshes
to keep pace with sea level rise.

Suspended sediment concentration (SSC), a critical variable for evaluating the sensitivity of salt
marshes to sea level rise, is used in parameterizing marsh models; therefore, considerable effort
was expended during DCERP to measure sediment dynamics in the MCBCL coastal wetland
sites. A correlation between SSC and tidal creek structure was discovered that provides a
practical alternative to conducting extremely labor-intensive field surveys of SSC (Ensign et al.,
2017). Tidal creeks with wide, bay-like mouths had only half the SSC of narrow, winding tidal
creeks. This correlation is useful because it allows researchers and managers to make general
predictions of SSC in tidal creeks from remote imagery instead of having to collect in situ water
samples, and will help increase the accuracy of broad-scale, high-resolution marsh modeling
efforts.

Changes in predominant marsh plant species may signal an early response to sea level rise.

Marshes in the lower estuary appear to be transitioning from Juncus—dominated to Spartina—
dominated. When Juncus roemerianus declined in 2012, Spartina alterniflora biomass began a
4-year increase. This trend is consistent with other monitoring parameters, including the
percentage of plots containing each species, species percent cover, and stem density. Increases in
salinity and/or more frequent inundation in response to sea level rise would be expected to favor
S. alterniflora over J. roemerianus, and the data suggest that changes in response to these
climate-related drivers may already be underway.

Findings with Implications for DoD and Other Coastal Managers

At MCBCL, salt marshes occupy approximately 1,100 ha (2,718 acres), ranging from Spartina—
dominated marshes along the ICW to Juncus—dominated fringing marshes on embayments and
tributaries of the middle and lower NRE. These marshes provide important ecosystem services,
including support for amphibious assault training, and protection of the shorelines and MCBCL
infrastructure from erosion and flooding. Projected rates of sea level rise along the North
Carolina coast in conjunction with storms and changing land use threaten sustainability of these
coastal wetlands. Our research findings on coastal wetlands can inform the ecosystem-based,
adaptive management on MCBCL and for other coastal communities.
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The most cost-effective adaptive management approach for maintaining MCBCL marshes is land

management.

New
The most proactive and cost-effective | €. | |\ Marsh Drowned
adaptive management approach for MRn . ! Marsh
sustaining MCBCL marshes into the e U0 g, ML [ : aR
future is to locate installation Transg o Wy
infrastructure away from the
estuarine shoreline to minimize the
need for shoreline hardening and
maximize the potential for marsh Figure 2-15. Landward migration of salt marsh is
migration into upland areas as sea determined by topography and the absence of
level rises (Figure 2-15). development.

Fertilization improves stem growth of Spartina alterniflora, but not Juncus roemerianus marshes.

Coastal salt marshes must increase in elevation at a rate equal to or greater than the rate of sea
level rise to maintain their intertidal position. Studies were conducted to determine whether
fertilization of marshes is a viable management strategy because surface elevation increase is
positively correlated with total standing biomass (above-ground stem growth plus below-ground
root growth). After 1 year of fertilization, stem growth in marshes dominated by Spartina
alterniflora increased by factors ranging from 2 to 4, but stem growth in marshes dominated by
Juncus roemerianus did not increase. This finding has important implications for the potential
use of fertilization as an adaptive management tool to enhance biomass and surface elevation
increase for transplanted or restored Spartina—dominated marshes. Initial fertilization of
transplanted or restored Spartina alterniflora plants will increase their success and enhance
recovery of their ecosystem function. However, fertilization also decreases the ratio of
aboveground to belowground biomass; thus, for established marshes, especially those close to
the creek bank, fertilization may increase the likelihood of marsh collapse and erosion. Large-
scale fertilization of marsh habitat does not appear to have a substantial impact on long-term
(century-time scale) marsh survival because model simulations suggest that positive impacts of
fertilization decrease with flooding duration and sea level rise.

Living Shoreline approaches to shoreline stabilization are suitable for the entire NRE area.

If shoreline stabilization is required, then the representative wave energy (RWE) conditions on
the NRE and ICW shorelines are low enough that Living Shoreline approaches to shoreline
stabilization are suitable for the entire area. At lower wave energy sites (RWE less than 300 J m
1), a Living Shoreline with marsh and/or oyster reefs is appropriate, but at higher energy sites
(RWE between 300 J m™ and 700 J m™?), a Living Shoreline protected with rock sills would be
more appropriate (Figure 2-16; Currin et al., 2017).
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Figure 2-16. Living Shoreline suitability index for MCBCL available at
http://maps.coastalresilience.org/northcarolina/.

Coastal Barrier Module
Coastal Barrier Module Research

Onslow Beach is a northeast—southwest trending, wave-dominated barrier island located 20 km
south of where the Outer Banks barrier-island chain ends. This 12-km (8 mi)-long barrier fronts
salt marsh and is bounded by the New River Inlet to the southwest and Browns Inlet to the
northeast. The Onslow Beach shoreline is sinusoidal with a central headland separating two
shallow, cuspate embayments. The northern embayment has an 80-m wide beach with multiple
well-developed dune ridges that are 7-m to 9-m high. The headland area has a narrow beach
(20-m wide) with a single discontinuous dune ridge less than 4-m high.

The Coastal Barrier Module examined the coastal barrier island ecosystem that lies at the
interface between the continental shelf and the protected NRE. This barrier island ecosystem
encompasses the shallow subtidal and intertidal shoreface, tidal inlet, backshore beach, aeolian
dune, shrub zone, maritime forest, and washover sand-flat habitats. These habitats are defined by
intrinsic ecological processes, but are linked by sediment transport, nutrient exchange, and
biological uses, each of which undergoes substantial changes over multiple time scales

(Figure 2-17).
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Figure 2-17. Conceptual model for the Coastal Barrier Module.
Scientific Findings for the Coastal Barrier Module

The conceptual framework for barrier island rollover and associated implications for the carbon
budget of a transgressive barrier island were examined by developing a numerical along-shore
averaged carbon-budget model and parameterizing that model with data collected at two sites
along survey transects on Onslow Beach. Our methods were chosen to elucidate those main
processes responsible for transitioning transgressive barrier islands from being carbon sinks to
sources and to evaluate the timescale over which that transition can occur. To estimate the net
carbon budget at both sites, carbon storage and export were both calculated.

Although storm events can result in major changes to shoreline position and erosion over decadal
time scales, sea level anomalies can cause as much or more beach erosion than a hurricane on an
annual time scale. Sea level anomalies are small vertical increases in water level that are
sustained for 2 weeks or longer. These small wave events on top of these prolonged increases in
water level need to be considered and included in predictive coastal barrier erosion models.
Onslow Beach will continue to be impacted by tropical and extra-tropical events and by high
erosion rates because of the island’s position, near-shore geomorphology and limited sand

supply.
Transgressive barrier carbon storage is related to the width of the backbarrier salt marsh.

Carbon storage in transgressive barrier islands such as Onslow Beach is directly related to the
width of the backbarrier salt marsh, whereas carbon export occurs in response to erosion
associated with the landward movement of the island. Sea level rise principally forces barrier
islands to migrate landward across continental shelves and during migration the width of
backbarrier marsh changes because of erosion and storm overwash. This width change can be
positive if overwash creates new marsh width through washover or flood-tidal delta deposition at
intertidal elevations, or it can be negative if erosion and overwash (burial of marsh) reduces
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marsh width. With the progressive narrowing of the backbarrier marsh, Onslow Beach will begin
to function more persistently as a carbon source until the stored carbon reservoir is depleted at
the point when the barrier island welds with the mainland. With accelerated sea level rise and the
potential for increased intensity of storms, erosion of carbonaceous sediment at the ocean
shoreline will more frequently shift the carbon budget of Onslow Beach towards being a net
source of carbon.

The carbon flux for the coastal barrier shows large fluctuations.

Carbon budgets were examined at two sites on Onslow Beach. Both sites showed large
fluctuations in net carbon storage associated with storm overwash, erosion, and subsequent
recovery. For example, before Hurricane Fran (1996), one site stored carbon at a rate of

2.5 Mglyr because of the expansive backbarrier salt marsh and moderate rates of beach erosion,
which released old, buried carbon (carbon stored as peat and eroded from the shoreface) into the
ocean. Immediately after Hurricane Fran, that portion of the island transitioned to being a source
of carbon (releasing carbon at a rate of 0.7 Mg/yr) because the area available for marsh carbon
sequestration was reduced because of marsh burial by deposition of a washover terrace. Over the
past 7 years, no beach erosion has occurred at this site. Currently, carbon is being sequestered in
the backbarrier marshes at a rate of 13.9 Mg/yr.

Onslow Beach is a very young barrier island, younger than 500 years old.

Radiocarbon dating of peat cores from below Onslow Beach suggests that the island is very
young, younger than 500 years old and approximately 2,000 years younger than the Outer Banks
barrier island chain to the north. Because of rapid rates of transgression of the southwestern
portion of Onslow Island toward the mainland, the duration of carbon storage as peat deposited
in this portion of the barrier island is no older than 500 years.

Washover fans are not necessarily created by one overwash event.

We discovered that the conceptual model for washover fan development is not applicable to
narrow portions of a barrier island where backbarrier elevation is low. Washover fans are not
necessarily created by one overwash event, but an integration of different processes occurring
during both fair and stormy weather over time. We measured the formation of a washover fan that
formed as the results of 81 overwash events over 3 years. After a washover deposit initially
formed in 2011 by Hurricane Irene, we measured the evolution of that washover fan as the result
of 81 overwash events over 3 years (Figure 2-18). Between November 2012 and May 2013, the
washover fan increased in areal extent from 3,300 m? to 29,000 m? and in volume from 2,200 m?
to 16,700 m3. After that 10-fold increase in washover fan size, the morphology of the area
eventually stabilized and vegetation began to recolonize. These data highlight that overwash
during fair-weather conditions is an important process in transporting sand across a barrier
island. In addition, researchers must be cautious when interpreting storm power from the
landward extent of ancient washover fans.
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Figure 2-18. Area of the washover at Onslow Beach through time.

Findings with Implications for DoD and Other Coastal Managers

Onslow Beach is a critical asset to MCBCL as the primary Atlantic Coast location where
amphibious military training maneuvers occur. Onslow Beach also serves as a habitat for several
species of concern, which MCBCL must also protect. Research efforts were designed to support
the long-term sustainability of Onslow Beach as an important coastal resource necessary for
amphibious military training and for maintaining important habitats for protected species of
shorebirds and sea turtles.

The model predicted substantial loss of training area on Onslow Beach within 20 years and
complete loss in 50 years.

The lowest (0.3 m) and highest (2.5 m by 2100) sea level rise rates were used in the CSHORE-
C15 Beach Morphology Model to forecast shoreline position under future sea level rise scenarios
(Table 2-1). According to the model, both scenarios indicated substantial loss of the use of
training areas south of the Onslow Beach Bridge within 20 years and a complete loss (defined by
the primary dune within 100 m of ICW) within 50 years (Figure 2-19). Island width will be less
than 100 m south of the bridge in the northern portion of the training area within 50 years.
Conversely, the model forecast, using the same range of sea level rise rates and climate forces,
indicated shoreline position, and its associated beach and dunes will remain stable and likely
grow seaward along the entire beach north of the Onslow Beach Bridge.

Sea turtles will false crawl more on flat beaches with scarped dunes.

Beach landscape data revealed that sea turtle false crawls (i.e., unsuccessful attempts in finding
beach nest sites) are more frequent on flat beaches with steeply eroded, scarped dunes. With
increased rates of sea level rise, scarped dunes and low-slope beaches will become more
extensive, which could result in a higher occurrence of false crawls that could have detrimental
effects on sea turtle reproduction. Increased numbers of false crawls could delay a sea turtle’s
search for a suitable nesting location and lead to eggs being laid later in the season, when they
may not have enough time to develop because of cooler temperatures.
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Figure 2-19. CSHORE-C15 predictions of shoreline and beach position in 2065 across the
Onslow Beach northern portion of the training area under highest and lowest sea level rise
scenarios.

Terrestrial Module

Terrestrial Module Research

The Terrestrial Module’s ecosystem-based research was conducted along the gradient of
vegetation from the salt marsh at the estuary margin, through brackish and freshwater marsh, to
the longleaf pine savannas and pocosins (i.e., shrub bogs) that dominate the upland terrestrial
environments on MCBCL. Variation in the biota and ecosystem processes along this gradient are
driven by variations in hydrology, soils, and fire behavior. Figure 2-20 presents the conceptual
model for the Terrestrial Module and illustrates the complementary nature of these critical
physical, chemical, and biotic processes; disturbances; and interactions.

The research projects of the Terrestrial Module constitute an integrated effort designed to
provide a greater understanding of how forest restoration treatments affect the interrelationships
among the vegetation and avifaunal communities across sites representing a wide range of soil
conditions and a wide spectrum of RCW foraging habitat quality. Research focused on the
critical knowledge gaps related to efforts to restore longleaf pine ecosystems and used models to
predict the impacts of future landscape condition and climate on terrestrial carbon stores and
RCW demographics.
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Figure 2-20. Conceptual model for the Terrestrial Module.
Scientific Findings of the Terrestrial Module

The terrestrial landscape across MCBCL represents the greatest potential for managing carbon to
off-set greenhouse gas emissions. As previously mentioned in this chapter, the type of forest that
represents the greatest carbon storage capacity is that of longleaf pine, which is also the species
of greatest focus and management aboard MCBCL. Although carbon storage is not currently a
forest management objective at MCBCL, the current management regimes and goals coincide
with the greatest potential for carbon storage and position the installation well for future carbon
management considerations.

Carbon storage was the highest with management efforts to promote longleaf pine restoration.

LANDIS-II model simulations of different forest management practices across the MCBCL
landscape reinforced the finding that carbon storage was highest with management efforts
designed to promote restoration of longleaf pine. This finding reinforces the longleaf pine
restoration efforts of forest managers at MCBCL as well as at other DoD installations across the
Southeastern United States. The no management scenario (i.e., stands without prescribed fires)
stored less carbon than actively managed stands (with prescribed fires). Thus, carbon storage at
MCBCL and throughout the Southeastern United States can be increased most effectively
through active management practices that also support longleaf pine restoration goals.
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RCW life history traits have changed in response to climate conditions.

An analysis of historic climate data (1980 through 2011) shows that several RCW life history
traits have changed during this 31-year period. Egg-laying dates are earlier and juvenile survival
rates are higher at both sites, and many other traits have changed at Fort Bragg (e.g., larger
clutches, more partial brood loss, higher fledgling production). Life history traits are linked to
climate, which has changed more over time at the inland Sandhills site than at coastal MCBCL.
Changes in traits in the Sandhills region are linked to a non-linear warming trend, characterized
by increasing temperatures through the 1980s and into the early 1990s, followed by a period of
stability, and then renewed warming beginning in the mid-2000s. Many of the changes in
demography in the Sandhills region follow this same, non-linear pattern. At MCBCL, traits were
linked to precipitation and to temperatures. We hypothesize that the effects of climate change on
RCWs in the Sandhills region of North Carolina (Fort Bragg) will be positive (with rising
temperatures), at least in the immediate future. This hypothesis is not surprising, given that North
Carolina represents the northern most range of this species. Rising temperatures may also have
positive effects on RCWs at MCBCL, but another possible scenario is that greater variability in
precipitation will have adverse effects on productivity in this coastal RCW population.

Findings with Implications for DoD and Other Coastal Managers

Across southeastern United States, vast areas that were once dominated by open longleaf pine
savanna now support closed canopy stands of loblolly pine with a dense understory and midstory
of broadleaved shrubs and trees. The absence of fire on these landscapes has exacerbated this
trend, and this situation still exists on a significant portion of forested land at MCBCL, although
much of the habitat has been restored to open savanna conditions. A primary motivator for
longleaf pine restoration is to meet Endangered Species Act goals in management for the RCW
(Figure 2-21). In addition to understanding the impacts of forestry management actions, we
evaluated the possible impacts of climate change on RCW demography and population dynamics
at MCBCL and Fort Bragg, NC.

RCWs in North Carolina are benefiting from higher temperatures, but Florida populations of
RCWs are not. ,

To date, the impacts of climate change (e.g., increasing temperature) on
RCWs on MCBCL and Fort Bragg at the northern end of the species’
range have been positive to neutral, resulting in increased productivity.
These effects, coupled with effective habitat restoration and aggressive
management, have resulted in population increases and larger group sizes,
and thus more viable populations. However, there is additional evidence
of negative effects of climate change on the productivity of RCWs at
Eglin Air Force Base in Florida at the southern end of the RCW’s range
(Walters, unpublished data).

If higher temperatures result in less productivity and/or survivorship of
RCWs at installations in the southern portion of its range, then MCBCL kv
and Fort Bragg may be under additional pressure to attain or surpass their Figure 2-21. Red-
RCW recovery goals. cockaded woodpecker.
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The benefits of midstory thinning restoration treatments in longleaf pine habitats are lost if they
are not followed by regular prescribed fire.

Short-term results indicated significant benefits from mechanical thinning in reducing density of
understory woody stems and restoring plant diversity and composition of 50- to 60-year old
loblolly dominated forests to conditions such as those of longleaf pine savannas. However, after
5 or 6 years without regular prescribed burning applications, no differences were observed
among controls and thinning treatments. These results indicate that if thinning treatments are not
followed by regular prescribed fire, then the benefits of thinning are quickly lost. Furthermore,
ingrowth of woody stems results in an increase in understory fuels and may cause more severe
wildfires at MCBCL in the future if prescribed burning is not conducted.

In the year after thinning treatment followed by prescribed fire, there was a detectable shift in
understory plant species composition toward the characteristic composition of longleaf pine
savannas (the MCBCL restoration goal). Understory plant species richness was significantly
higher in treatment plots compared with the control in 2010 and 2011; however, in the absence
of additional prescribed fire, species richness was lower in all plots by 2016, and the differences
among treatments disappeared. Bird species richness also was consistently lower in 2016 when
compared with 2010 and 2011, and no differences were observed among treatments at either
sample time. To achieve longleaf pine restoration goals, mechanical restoration treatments such
as understory thinning must be accompanied by a regular prescribed fire program. However, as
we approach the 21% century, the requirement for prescribed burning will become more
challenging with the potential for changing precipitation regimes and with increasing
temperatures.

Identification of Ecosystem Indicators

One of the four objectives of DCERP2 was to build on DCERP1 research and monitoring
findings to identify environmental conditions that could serve as indicators of ecosystem state
change that may affect the sustainability of MCBCL’s training mission or impact ecosystem
function. The overarching strategy developed during DCERP1 helped to separate underlying
natural (e.g., climatic, biogenic) and man-made regional processes from locally driven processes
and to identify stressor-specific indicators of ecosystem state change. These indicators provide
benchmark values for MCBCL managers to use as early signs of changing conditions that could
threaten ecosystem sustainability (Table 2-2). Some of these indicators are specific to MCBCL,;
however, other indicators may have broader applications at other DoD installations or coastal
areas in similar ecological settings.
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Table 2-2. Indicators and Associated Benchmark of Ecosystem State Change

Identified During DCERP

Indicator

Benchmark
Value

Ecological Consequence of This Change

Flow rate of the
NRE

27 mést

River flow of >27 m3 s shortens water residence time in the estuary,
and this is too short to allow for phytoplankton bloom development.
Above this flow rate, nutrients and phytoplankton blooms are
essentially flushed out of the estuary, removing concentrations of
nutrients from runoff events that could result in algal blooms or harmful
algal blooms under lower flow situations.

Benthic
chlorophyll a

77 mg m?

Benchmark predicts the sediment-water ammonium (NH4*) flux. For
values below this benchmark, the benthic microalgal filter released
NH4* into the water column (net respiration), which stimulates further
pelagic phytoplankton blooms. Above this threshold range, the benthos
absorbed NH,* from the water column (net photosynthesis), effectively
reducing further eutrophication by the phytoplankton.

Land
imperviousness

>20% impervious
surface

Runoff of sediment and nutrients into the tributary creeks and ultimately
into the estuary increase from land-use areas with >20%
imperviousness.

Prescribed fire
interval

Prescribed fire
every 3 years

Application of prescribed fire at >3-year fire intervals results in
increasing understory and midstory vegetation regrowth similar to no
burning at all; this impedes the recovery of longleaf pine restoration
efforts, reduces value of the habitat for RCW recovery, and impacts
utility of the land for military training uses.

Suspended >25 mg/L SSCs >25 mg/L are required to provide NRE marshes with adequate
Sediment sediment to keep pace with moderate to high sea level rise. SSCs <25
Concentration mg/L do not provide adequate sediment for marsh accretion and may
(SSC) result in the drowning of MCBCL marshes.
Representative RWE <300 J m* (Note: Nearly all MCBCL shoreline segments are candidates for one of
Wave Energy these Living Shoreline approaches, which are cost effective and
(RWE) preserve the fishery habitat, water quality, and other ecosystem
functions of salt marshes.)
Natural Living Shoreline designs are those that incorporate marsh
vegetation and/or oyster reefs and can persist on shorelines where RWE
values are <300 J m™,
RWE >300 to Hybrid Living Shoreline designs are those that incorporate marsh
<700 J m? vegetation with low rock sills and can provide effective erosion

protection at RWE values up to 700 J m™.
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Data and Information Management System

The management of DCERP data and information evolved during the 10 years of DCERP1 and
DCERP?2 to serve not only as a secure archive for the voluminous amounts of collected data, but
also as a dynamic data and information management system that allows interested users to
access, analyze, and visualize the DCERP data and other synthesis products. DIMS consists of
several distinct component systems as shown in Figure 2-22 and supports data archiving,
searching, and retrieval functionalities.

DCERP Data and Information Management System (DIMS)

DCERP Web Site

https://dcerp.rti.org

| l

Public Site Data Portal
+ Program information » Outputs and Visualizations (public access)
- Key findings « Upload, query, view, and
- Resources download data (password protected)
- News
MARDIS Document Ecosystem-based
Database Database Management Tools

- Monitoring and « Documents and - Interactive mapping
research data unformatted data applicaton (iMAP)

« SQL Server « GIS data « Models and tools
Relational Database « Forecasts and
Management System scenarios

password protected password protected password protected

Figure 2-22. Components of the DCERP Data and Information Management System
(DIMS).

DCERP Public Web Site

The DCERP public Web site (available at http://dcerp.rti.org) provides comprehensive
information about the entire program, including the background, objectives, and research
activities; the benefits to military installations; and descriptions of the research and monitoring
efforts. Technical reports, presentations, and other outreach materials are also posted to this site.

DCERP Data Portal
The DCERP data portal, which is part of the DCERP Web site, is the front-end interface to the

data and tool components of DIMS and includes the Monitoring and Research Data Information
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System (MARDIS) database, the Document Database, and ecosystem-based management tools,
including the interactive mapping application (iMAP). In addition, the DCERP data portal
provides access to various output products and tools such as story maps, model pages containing
information and outputs, the Water Quality Dashboard, and topic-driven queries.

DIMS was expanded under Research Project TSP-1 with various ecosystem-based management
tools that assist users in accessing, sharing, and viewing the data and enable users to view the
vast amounts of DCERP data in more meaningful and manageable ways. The three primary
components of the enhanced DIMS include the following:

e The iIMAP component is used to visualize DCERP geospatial data and provide spatial
and topic-driven search capabilities for data from MARDIS and other sources. The
primary objective of IMAP was to allow end users to assess relationships and discover
data to support natural resources management decisions.

e The models and tools component contains integrated decision-support models developed
by the DCERP?2 researchers including the ESM, Geospatial Marsh Model, and the
CSHORE-C15 Beach Morphology Model.

e A forecasts and scenarios component allows users to review previously generated
management and climate change scenario outputs prepared by the model and tool
developers. The outputs are maintained in a library for easy access by users who do not
need customized scenarios.

Full integration of these tools with MARDIS and within DIMS resulted in the implementation
of a common framework in DIMS. In addition, this framework provides a centralized location
for accessing DCERP data, models, and tools; a common Internet mapping framework; and
tools for viewing data synthesized over space and time. This framework also offers improved
access to DCERP and MCBCL data collections and improved usability and understanding of
the data. The framework allows the integration of specific models directly with DIMS and the
DCERP data and provides model outcomes in formats directly accessible by MCBCL and other
DoD installation staff. Having access to the DCERP data, tools, models, and other information
and products enables MCBCL managers to make informed decisions that support their long-
term mission for military training and preparedness and for the sustainability of MCBCL
ecosystems.

Legacy of DCERP

The legacy of DCERRP is the well designed and implemented methodology used to collect,
archive, synthesize, and produce significant scientific findings that have actionable applications
for multiple end-users, including DoD installations, the scientific community, and other
stakeholders. DCERP is an exemplar of a well-integrated research and monitoring program that
provided long-term data of four major component ecosystems across MCBCL—the
aquatic/estuarine, coastal wetlands, coastal barrier and terrestrial environments. DCERP also
provides insights about ecosystem processes and management solutions for enhancing the
sustainability of these systems.
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During the process of conducting research and monitoring efforts for over a decade, the team has
produced innovative monitoring devices and new methodologies for tracking and evaluating
various environmental processes. For example, the team applied an innovative Dataflow system
to monitor COz2 fluxes in the estuary over a diel cycle. Coastal wetland researchers developed a
new method for collecting sediment associated with the marsh surface microlayer that showed
that this mechanism transported more sediment over a tidal cycle than was introduced into the
marshes from the uplands during a storm event. In addition, the researchers discovered a
correlation between tidal creek morphology and the amount of SSC available to the marsh. This
relationship was tested and validated for seven different tidal creeks in various geographical
regions of the North Carolina coast. The Coastal Barrier Module researchers changed
conventional thinking that overwash was a one-time event. This change resulted after a discovery
was made in which one washover site was overwashed more than 80 different times in both fair
and stormy weather conditions over several years before the washover fan was stabilized.
Finally, Terrestrial Module researchers showed that prescribed burning at 3-year intervals
improves herbaceous understory vegetation and bird population diversity and is the best burning
interval for restoring RCW habitat. It is important to note that model results also showed that
using this burning interval improves potential carbon storage at MCBCL in the future.

These innovative methods and novel findings have been communicated throughout DCERP by
the team through a strong publication record. Collectively, the DCERP Team has published more
than 75 papers in peer-reviewed journals and book chapters. The team is preparing additional
papers for publication at the time of this final report. The DCERP Team members and their
students have given more than 125 presentations about DCERP findings at different scientific
conferences, symposia, and meetings. The program also provided training to undergraduate and
graduate students and to postdoctoral candidates at seven different academic institutions. This
scientific research opportunity resulted in master’s and doctoral degrees for 20 students and
research opportunities for 12 postdoctoral candidates.

Another legacy of DCERP, which will allow for the widest continuing distribution of data,
models, tools, and other products, is the continuance of the DCERP DIMS. Open access to all
registered users will make DCERP information available for comparison with other coastal
research and monitoring data, allow the use of tools and models to analyze data, and provide
examples of translating complex information into easy-to-understand and actionable information
for a wide variety of audiences.

The short-term goal is that DCERP findings have increased MCBCL staff’s understanding of
ecosystem processes, stressors, and potential changes in the ecosystems driven by management
actions and future climate conditions. The medium-term goal is that MCBCL should conduct an
evaluation of DCERP management recommendations and implementation strategies. The long-
term goal is that the recommendations made through DCERP will enhance the sustainability of
MCBCL and other installation training lands in similar ecological settings, integrate research and
monitoring as part of adaptive management decisions, and provide a basis for setting carbon
goals under future management and climate conditions.
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Abstract

The objective of Research Project CC-1 was to identify relevant historical weather observations
and future climate projections that influence installation operations and environmental research
at Marine Corps Base Camp Lejeune (MCBCL) in North Carolina. The project involved
validating historical gridded climate estimates, studying influences of climate data scale on
ecological processes, evaluating historical climate model projections, developing an ensemble of
future climate projections for use by the DCERP2 Team, and examining the contribution of
downscaling to the total uncertainty of climate projections. As part of this effort, these data were
evaluated for the following pre-defined critical thresholds of interest: the average number of days
with temperature >90°F, >100°F, <32°F, and <28°F; precipitation >0 inches and >1 inch; and
daily average wind speed <3 mph and >40 mph.

Because weather station observations were limited near MCBCL, the feasibility of using
historical gridded estimates as surrogate observations was evaluated. Three high-resolution
historical gridded estimates, Parameter-elevation Regressions on Independent Slopes Model
(PRISM; Daly et al., 2008), North American Land Data Assimilation System version 2
(NLDAS-2; Xia et al., 2012a and 2012b), and the University of Idaho’s Gridded Surface
Meteorological Data (METDATA,; Abatzoglou, 2011), were evaluated using observations from
the North Carolina Environment and Climate Observing Network (ECONet). Based on the
results from these analyses, the Research Project CC-1 Team recommended using the
METDATA gridded estimates as the historical data set for DCERP2.

The application of climate data scale on ecological processes was studied by varying the spatial
resolution of METDATA. These climate data were used as inputs to an environmental model
that simulates the life history traits of the red-cockaded woodpecker (RCW; Picoides borealis).
No single climate data scale was ideal for simulating all RCW traits. Some traits were better
represented with higher resolutions of climate data (e.g., <30 km for lay date and nest survival),
whereas other traits were better captured by coarser resolutions (e.g., >40 km for local
recruitment and number fledged).

METDATA was also used to evaluate the climate projection data sets for the historical climate
model baseline period. The evaluation was performed over the MCBCL area for the eight critical
thresholds of interest. Results indicated that the error in the average number of days per month
for any individual model was less than 5 days for most climate thresholds. However, it is
important to examine these errors in conjunction with the historical occurrences of these
variables. Based on this error analysis, no single downscaling method consistently performed
better than any other method. The accuracy of the equally weighted ensemble average of the
climate model baselines varied monthly. In addition, the ensemble average performed better than
at least 50% of the individual model members annually for any given threshold. No single model
consistently outperformed the ensemble average for all metrics.

Given the large volume of future climate data, efforts were made to reduce the number of data
sets used in the DCERP2 ecological process models, while preserving the expected spread and
uncertainty in the future projections. A hierarchal clustering technique was used to reduce the

ensemble from 76 to 24 future climate models and the number of downscaling techniques from
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seven to three. This reduced ensemble of climate models was provided to the other DCERP2
ecosystem modules.

Based on the results of the downscaling uncertainty analysis, there were two recommendations
for impact assessments to adequately represent all sources of uncertainty. These
recommendations were as follows: (1) studies should use multiple downscaled climate
projections, and (2) independent downscaled global climate models with common time periods
should be utilized.

Keywords: Climate, clustering, downscaling, ensemble, environment, extremes, observations,
precipitation, projection, temperature, uncertainty, weather
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Objectives of the Research Project

Climate change is a long-term challenge that could impact the U.S. Department of Defense’s
(DoD’s) management of terrestrial, coastal, and aquatic/estuarine resources. There are also
fundamental challenges in identifying the specific climate factors that drive ecosystem processes
and in projecting changes to these climate factors into the future at ecosystem process scales.
Research Project CC-1 attempted to address both challenges.

The main goal of Research Project CC-1 was to develop uniform and consistent historical and
projected climate inputs to support the DCERP2 Team’s research and ecosystem modeling
efforts. Specific objectives of this research project included the following:

1. Integration of climate change data and science into the DCERP2 Team’s research process
through extensive engagement with team researchers and installation managers.

2. ldentification and documentation of critical climate variables and levels at the appropriate
temporal and spatial scales for the ecosystems being studied and modeled.

3. Development of uniform historical climate data and future climate scenarios for
consistent use across the entire DCERP2 Team at scales sufficient to adequately test and
evaluate ecosystem process models. These climate data were based on input from
DCERP2 Team researchers and were derived from the results of ongoing research efforts
by other SERDP—funded climate change studies (i.e., Research Projects RC-1702 and
RC-2206). It is important to note that Research Project CC-1 did not provide input about
sea level rise because SERDP provided guidance (Hall et al., 2016) to the DCERP2 Team
about appropriate sea level rise scenarios.

Background
Introduction

Ecosystems can be susceptible to extreme weather and climate events. It was necessary to
identify critical levels at which ecological impacts in the New River Estuary and the associated
ecosystems of Marine Corps Base Camp Lejeune (MCBCL) become significant or irreversible,
especially because extreme weather and climate events across the Southeastern United States
have the potential to change over the next century. Recent research has indicated an increase in
the frequency of extreme heat events, with a decrease in the frequency and severity of extreme
cold events (Christensen et al., 2007; DeGaetano and Allen, 2002; Diffenbaugh et al., 2005). In
addition, extreme precipitation events are projected to decrease in frequency and increase in
magnitude (Diffenbaugh et al., 2005; Kunkel et al., 2003), which may lead to an increase in
drought frequency and possibly more flooding when rainfall events do occur. To better
understand the impacts of extreme events on localized ecosystem processes, climate data sets
(historical and future) with high spatial and temporal resolution were needed.

Historical climate observations and the future projections of climate were utilized in DCERP2 as
inputs to ecological process models. It was important to assess climate conditions in the recent
past before exploring how those conditions might change in the future by using downscaled
climate projections. Downscaling methods relate future changes in broader climate patterns
produced by global climate models (GCMs) to local or regional spatial scales. However, no
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standard method for downscaling currently exists, and to the best of our knowledge, no methods
have been evaluated for application to ecosystem process models and decisions.

Historical Observations

Gridded estimates of historical climate data were used for the evaluation of climate projections
and the calibration of ecosystem models. These gridded estimates covered a period in the past
and were based upon station observations, remotely sensed observations, and statistical
interpolation techniques. In addition, these estimates provided a complete record in time (e.g., no
missing data records) and an improvement in spatial coverage (e.g., no data gaps exist between
weather stations).

To meet the needs of the DCERP2 ecosystem modeling teams, we evaluated the
representativeness of multiple historical gridded data sets in eastern North Carolina. The most
accurate of these gridded estimates was then used to evaluate downscaled climate projections.

Downscaling

To assess how climate change could affect multiple sectors (e.g., ecosystems), climatologists
have created climate projections by using techniques that translate coarse GCM outputs to
regional or local scales. The process of creating these more localized projections is called
downscaling, which can be generated by using a broad range of statistical or numerical modeling
techniques. A common definition of downscaling is described by Benestad and Chen (2008) as
“the process of making the link between the state of some variable representing the large space
and the state of some variable representing a much smaller space.” Downscaling is crucial for
studies on regional or local scales (e.g., research on ecosystems) because GCMs are too coarse to
simulate local-scale climate processes that impact these systems. Although many techniques fall
under this definition, downscaling can generally be categorized into two groups: dynamic
downscaling and empirical statistical downscaling, which are further described as follows:

e Dynamic downscaling employs physical relationships like those of GCMs. This process
usually refers to the use of limited area models (LAMS) as in studies by Giorgi (1990),
Frogner et al. (2006), and Tudor and Termonia (2010). LAMs are high-resolution
numerical models deployed over a constrained domain and use the GCMs as an input
data set. LAMs used for climate-scale time periods (i.e., a season or longer) are
commonly called regional climate models (RCMs).

e Empirical statistical downscaling (also known as statistical downscaling) uses statistical
methods and observed climate data to determine a relationship between regional and
global scales.

Table 3-1 highlights the advantages and disadvantages associated with each type of downscaling
approach (Goodess et al., 2003; Varis et al., 2004; von Storch et al., 2000; Wootten et al., 2014).
Using numerical modeling to simulate environmental conditions, dynamic downscaling
techniques estimate projected future changes for more than 30 climate variables. However, the
number of GCMs that can be translated to regional and local scales by using dynamic
downscaling is limited by the computational expense of these techniques. Typically, input from
fewer GCMs (e.g., three to five) are used for this type of downscaling as compared to
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statistically downscaled data sets (e.g., 15 to 20) and thus, less uncertainty associated with the
GCMs can be characterized.

Table 3-1. Advantages and Disadvantages of Dynamic and Statistical
Downscaling Techniques

Technique Advantages Disadvantages
Dynamic * Remains physically consistent * Is computationally expensive
* Provides a full suite of physical variables * Inherits biases of the native GCM
* Contains no constraints by in situ * Contains multiple parameterization schemes
observations
Statistical * Is computationally inexpensive * Assumes statistical stationarity
* Can be easily tailored to specific * Requires long records of in situ observations
applications * Inherits biases of the native GCM

* Incorporates historical climate information

Statistical downscaling is more computationally efficient; thus, a higher number of GCMs can be
translated to local scales, which allows for a more thorough characterization of uncertainty of
future climates. However, the long observational record (greater than 20 years) required by
statistical downscaling techniques restricts the number of available variables. In most cases,
these variables are limited to temperature and precipitation.

Both downscaling techniques inherit the biases of the native GCMs. Statistical downscaling
tends to correct this bias, but dynamically downscaled projections are often not bias corrected.
Thus, bias correction should be considered prior to evaluating this type of downscaled data set.

Ensembles

Studies by Chaturvedi et al. (2012) and Wootten et al. (2014) suggested that a set of multiple
GCMs (referred to as an ensemble) provided higher accuracy during the historical period than
any single GCM. An ensemble allows for the uncertainty associated with climate projections to
be represented and translated into climate change impact assessments (Mote et al., 2011). Recent
literature suggested that building an ensemble of climate projections with only one downscaling
technique represented does not provide a robust assessment of future climate change (Chen et al.,
2011; Eum et al., 2014; Khan et al., 2006). Using an ensemble with multiple downscaling
techniques allows for the uncertainty of the projections to be more adequately captured. Thus, for
DCERP2, we created an ensemble of downscaled climate projections that incorporated the
uncertainty associated with multiple downscaling techniques as well as multiple GCMs.

Uncertainty

Uncertainty in the GCM projections comes from the following three main sources (Gettelman
and Rood, 2016; Hawkins and Sutton, 2009): natural variability, GCM uncertainty, and scenario
uncertainty.

Uncertainty associated with the climate system is called natural variability; it is the variation
associated with natural cycles, such as the EI Nifio Southern Oscillation or the North Atlantic
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Oscillation. GCM uncertainty arises from the differences in the solutions from each GCM.
Scenario uncertainty arises from all the different possibilities for human emission concentrations
and societal action in the future. The contribution of different sources of uncertainty in GCM
projections was thoroughly explored during previous research (e.g., Hawkins and Sutton, 2009
and 2011). However, downscaling uncertainty—associated with the differences between
downscaling techniques—is an active area of research. The contribution from the different
sources of uncertainty (i.e., natural variability, GCM, scenario, and downscaling) is important to
understanding and improving projections of climate change.

Dependence

Some evaluations of climate model ensembles assume that the structure is a random sample from
a distribution of plausible models centered on the true climate (Sanderson and Knutti, 2012).
Under this assumption, the mean of the ensemble is more accurate than any individual model. In
addition, this assumption implies that each member of an ensemble is independent of the other
members.

However, several studies have noted issues with independence in a multi-model ensemble of
GCMs (e.g., Sanderson and Knutti, 2012; Sanderson et al., 2015). Sanderson and Knutti (2012)
found that the assumption of independence is not usually met because many GCMs used the
same components or parameterizations. Given that GCMs are used to drive the creation of
downscaled projections, independence is also an issue in downscaled projections. To address this
dependence issue, a clustering methodology was used in the creation of an ensemble of
downscaled projections for DCERP2.

Climate Data Scale

Downscaled projections are produced at multiple spatial resolutions, with some projections as
fine as 800 meters. Previous literature has suggested that for a robust impact assessment, the
resolution of the climate data should be 4 km or less (Franklin et al., 2013; Trivedi et al., 2008).
However, it is important to note that such assessments have primarily focused on mountainous
regions. There is speculation that for coastal regions, climate data at a resolution of 10 km or less
are sufficient for robust climate change impact assessments (Tom Smith, Southeast Ecological
Science Center, personal communication).

Formal research regarding the influence of scale on impact assessment in eastern North Carolina
has not been previously performed. This analysis in eastern North Carolina allowed guidance to
be created that is applicable to future assessments for determining appropriate climate data
resolution. In addition, the results provide guidance for future decision making at the ecosystem
level.

Materials and Methods

For the first 2 years of DCERP2, Research Project CC-1 focused on identifying the known
climate sensitivities for the ecosystem models being used in other modules of DCERP2. This
process included identifying the relevant temporal scale (e.g., hourly, daily, monthly) and spatial
scale associated with those sensitivities needed for each DCERP2 ecosystem module (e.qg.,
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Aquatic/Estuarine, Coastal Wetlands, Coastal Barrier, and Terrestrial). The specific factors of
interest to each ecosystem module were obtained through discussions held during the 2014
Technical Advisory Committee Meeting and in the weeks following. Table 3-2 summarizes the
sensitivities of interest for each process model based on this interaction with the DCERP2 Team.

Table 3-2. Climate Sensitivities of Each DCERP2 Ecosystem Model

Process Model Temporal
(Module) Climate Sensitivities Resolution Spatial Resolution

Estuarine Simulation | Temperature, precipitation, sea-level rise,? Daily Approximately 40 km?
Model (ESM) winds, relative humidity,? total solar radiation,
(Aquatic/Estuarine) and photosynthetically active radiation
Marsh Model Sea level rise? Annual Approximately 10 km?
(Coastal Wetlands)
CSHORE-C15 Wave height, wave period, water level (surge, | Hourly 300 m
(Coastal Barrier) tides, sea level rise)?
LANDIS-II Temperature (average minimum, average, Monthly Approximately 10 km?
(Terrestrial) average maximum, standard deviation),

precipitation (average and standard deviation),
and average photosynthetically active

radiation
Red-Cockaded Precipitation (total and variance), and Monthly Base level
Woodpecker temperature (average maximum, average approximately 20 km?
Decision-Support minimum)

System (RCW DSS)
(Terrestrial)

2 Note: The focus of Research Project CC-1 was on winds, temperature, precipitation, and solar radiation
projections. This project did not provide historical observations or future projections of sea level rise, wave height,
wave period, water level, tides, or storm surge. Guidance for sea level rise came directly from SERDP (Hall et al.,
2016); however, data for these other variables (wave height, wave period, water level, tides, storm surge) came
from SERDP Research Project RC-1702 and data collected by Research Project CB-1 as part of DCERP1. In
addition, Research Project CC-1 did not provide relative humidity data.

Based upon the information provided by the ecosystem modules, several climate variables were
chosen to form the basis of evaluation and research for Research Project CC-1. Existing research
gaps influenced the breakdown of Research Project CC-1 module efforts into four tasks, which
are listed as follows and further described in the remainder of this section:

e Task 1—Compilation of Historical Climate Observations
e Task 2—Compilation of Future Climate Projections
e Task 3—Historical Evaluation of Downscaled Climate Projections

e Task 4—Influence of Climate Data Scale
Task 1—Compilation of Historical Climate Observations

To determine the gridded historical climate data set used in DCERP2, three known and widely
used data sets were evaluated. These data sets are as follows: (1) Parameter-elevation
Regressions on Independent Slopes Model (PRISM; Daly et al., 2008), (2) North American Land
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Data Assimilation System version 2 (NLDAS-2; Xia et al., 2012a and 2012b), and (3) the
University of Idaho’s Gridded Surface Meteorological Data (METDATA; Abatzoglou, 2011).
NLDAS-2 and METDATA contain information about temperature, precipitation, wind speed,
solar radiation, and specific humidity, whereas PRISM only provides information about
temperature and precipitation. Additional characteristics of these three sets of historical climate
data are provided in Table 3-3.

Table 3-3. Historical Climate Data Sets Evaluated in DCERP2

Name (Reference) Provider Spatial Resolution Variables Available

PRISM Oregon State University Approximately Daily high temperature, low

(Daly et al., 2008) 4 km temperature, and precipitation

NLDAS-2 National Aeronautics and Space Approximately Hourly temperature, solar

(Xiaetal., 2012a Administration (NASA) and 12 km radiation, precipitation,

and 2012b) National Oceanic and Atmospheric winds, and specific humidity

Administration (NOAA)

METDATA University of ldaho’s Northwest Approximately Daily low temperature, high

(Abatzoglou, 2011) | Knowledge Network 4 km temperature, solar radiation,
precipitation, winds, and
specific humidity

The three historical climate data sets had differing spatial resolutions (Table 3-3). Thus, before
performing the evaluation, historical observations were re-gridded to a consistent spatial
resolution (15-km grid lengths). For the evaluation, the three historical climate data sets were
compared with an independent weather station observational data set called the North Carolina
Environment and Climate Observing Network (ECONet), which consists of research-grade
quality measurements of common variables (e.g., temperature, precipitation, winds, relative
humidity). ECONet is comprised of about 40 stations across North Carolina — 25 of which were
located within the eastern North Carolina study region as shown in Figure 3-1 (blue dots). For
the three historical observed data sets, time series were extracted for the grid cell closest to the
latitude and longitude of each ECONet weather station.
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ECONet Stations within Evaluation Domain

36°30'N

36°N
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80°W 79°W 78°W 77°W 76°W

Longitude

Figure 3-1. Historical evaluation domain, with two military bases (Fort Bragg and
MCBCL) in red and 25 ECONet stations in blue.
The blue dot labeled KINS represents the location of the ECONet station in Kinston, NC.

The daily variables and monthly critical thresholds of interest (monthly totals per year) shown in
Table 3-4 were evaluated for the period 2003-2012. For each variable, several error metrics
(root mean square error [RMSE], correlation, and mean bias) were computed to examine the
accuracy of the three historical data sets as compared with the ECONet observations. In addition,
the probability distribution functions were analyzed to further explore the differences between
ECONet observations and each set of historical gridded observations.
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Table 3-4. Variables and Critical Levels Evaluated by Research Project CC-1

Variable (Daily) Critical Levels (Monthly)
Maximum temperature Average number of days >90°F (32.22°C)
Average number of days >100°F (37.78°C)
Minimum temperature Average number of days <32°F (0°C)
Average number of days <28°F (—2.22°C)
Total precipitation Average number of days >0 inches (0 mm)

Average number of days >1 inch (25.4 mm)

Average wind speed Average number of days <3 mph (1.34 m/s)
Average number of days >40 mph (17.88 m/s)

Average solar radiation Not applicable

Task 2—Compilation of Future Climate Projections
Development of the Reduced Ensemble

Previous guidance suggested using all available GCM data when building an ensemble of
climate projections that have not yet been downscaled. However, recent literature has found
limitations with that approach (Pennell and Reichler, 2011; Sanderson et al., 2015) and thus, a
reduced ensemble methodology is recommended. The approach of decreasing the number of
downscaled datasets, while also preserving the physical independence of each downscaled GCM,
was used in DCERP2. This type of study had not been previously performed on a regional level.

Task 2 aimed to develop a reduced ensemble using the downscaled climate projections shown in
Table 3-5. These downscaled climate projections cover the continental United States and
represent a wide range of downscaling techniques (types and approaches), time periods,
emissions scenarios, and GCMs. In addition, two generations of GCMs were used—CMIP3 and
CMIP5—from the Fourth and Fifth Assessment Reports, respectively, from the
Intergovernmental Panel on Climate Change.

The two dynamically downscaled data sets were bias corrected using the QQ-mapping technique
(Dobler et al., 2012). This technique was used because it effectively captures the extremes of
temperature, precipitation, and wind speed (e.qg., the critical thresholds of interest to the DCERP2
Team). In addition, each downscaled data set has different grid lengths ranging from 4 km to 15
km. For consistency among the data sets, all data were re-gridded to the same 15-km grid for this
analysis.
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Table 3-5. Downscaled Projections Used in the Development of the Reduced Ensemble

Number of
Time GCM Downscaling | Downscaling | Number | Emissions
Downscaling Data Set Periods Generation Type Approach | of GCMs | Scenarios
Hostetler 1968-1999; CMIP3 Dynamic RegCM3 3 1
(Hostetler et al., 2011) 2010-2099
MACA 1950-2005; CMIP5 Statistical Analog or 20 2
(Abatzoglou and Brown, 2006-2099 weather
2012) typing
BCCA CMIP3 1961-2000; CMIP3 Statistical Analog or 9 3
(Brekke et al., 2013) 2046-2065; weather
2081-2100 typing
BCCA CMIP5 1950-2099 CMIP5 Statistical Analog or 21 4
(Brekke et al., 2013) weather
typing
Southeast Regional 1960-2099 CMIP3 Statistical Transfer 16 4
Assessment Project functions
(SERAP; Hayhoe et al.,
2013)
Center for Climatic 1961-2000; CMIP3 Statistical Transfer 13 3
Research (CCR; Lorenz, 2046-2065; functions
n.d.) 2081-2100
CLARENCE10 1968-2000; CMIP3 Dynamic Regional 3 1
(Lydia Stefanova, 2038-2070 Spectral
Florida State University, Model
personal communication)

Clustering Technique

The clustering analysis was performed over eastern North Carolina. The methodology is similar
to Kaufman and Rousseeuw (2005) and Pennell and Reichler (2011). To find dependencies in
downscaled climate model data, Ward’s agglomerative hierarchical clustering (Ward, 1963) was
used in this analysis. This method uses relationships of similarity, dissimilarity, or distance to
sort the most similar data in a stepwise manner until all the data sets merge to a single,
agglomerative point.

To identify groups in these data, model similarity was calculated. To do so, bias from the
METDATA observations for each variable was computed for each of the climate model baseline
periods, as shown in Equation 1:

bias(i,j,t), = METDATA(,j,t) — model, (i,j,t) (Eq. 3-1)
where i,j is the spatial dimension, t is the number of days in the historical evaluation period, and
n is the number of models.

The bias for each model was then correlated with the bias of every other model at each grid point
and time step to find a measure of independence (e.g., higher correlations increase the likelihood
that the models are not fully independent), as shown in Equation 2a:

p(i,j)x, = corr(bias(i,j, )y, bias(i,j, t);) (Eq. 3-2a)
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where k*I is the number of model to model combinations.

A single correlation value for each variable was obtained by calculating a domain average using
Equation 2b:

ZG
p(v)y, =LK (Eq. 3-2b)

where g=(i,j), G is the number of grid cells, and v is the number of meteorological variables.
Correlations were also averaged over the meteorological variables, as shown Equation 3:

v

prey = ELEL (Eq. 3-3)
Ward’s agglomerative hierarchical method was then used to identify groups of the most similar
downscaled climate models by calculating distances between models and grouping the closest
values through an iterative process (Kaufman and Rousseeuw, 2005). The robustness of this
clustering analysis was quantified using the agglomerative coefficient (AC). According to
Kaufman and Rousseeuw (2005), the AC is a measure of how well the data structure is
represented. The AC can range from zero to one, with zero indicating the internal structure of the
data cannot be captured with this agglomerative method and one being a perfect model of the
internal structure of the data. This coefficient is defined as shown in Equation 4:

AC = =%, (i) (Eq. 3-4)
where n is the number of data points and I(i) is the normalized length of the modeled structure.

This dataset had an AC value of 0.76, which captured the internal structure of the data
represented by the clustering solution. Nodes that have AC values close to zero were more
similar, whereas nodes further from zero were less similar.

Choosing Ensemble Members

After the models were grouped, the number of models in the reduced ensemble was selected by
iteratively varying the number of clusters based on the level of similarity. Ultimately, 24
different clusters of models were chosen based on the size of the clusters, e.g., the number of
models per group. A skill score and RMSE were used to determine which model from each
cluster group was selected for the reduced ensemble. The skill score measures the distribution fit
between the modeled and observed values. Values of zero did not overlap at all, and values of
one overlapped perfectly. Selection of a member out of each branch was performed by using the
model that had either the lowest RMSE or the highest skill score. Each iteration and metric was
ranked based on how well the reduced ensemble captured the distribution of the full ensemble.
Once a branch pattern was selected, the full ensemble of yearly average maximum temperature,
yearly average minimum temperature, and yearly total precipitation was compared with the
reduced ensemble for that same parameter.
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Comparison of the Reduced Ensemble

Historical average (1979-1999) and a range of future projected averages (2026—-2045, 2045—
2065, 2081-2099) were calculated on a monthly time step for the eight DCERP?2 critical
thresholds of interest listed in Table 3-4. The three downscaling techniques in the reduced
ensemble covered different time periods; thus, the number of models included in each future
time period varied as follows:

o 2026-2045 (21 out of 24 ensemble members)
e 2046-2065 (24 out of 24 ensemble members)
e 2081-2099 (23 out of 24 ensemble members).

To compute the future values, projected changes of the critical thresholds were averaged across
all available models in the reduced ensemble. In addition, two standard deviations above and
below the average of these projected changes were calculated, which represents the range in
future climate and encompasses 95% of the distribution of the data among reduced ensemble
models. The projected future changes (average and two standard deviations above and below the
average) were also added back to the historical averages (1979-1999) to obtain a range of future
projected averages. Any negative values resulting from adding these two quantities (e.g., if a
large negative projected future change was added to a small historical average) were set to zero
since number of days cannot be less than zero. These negative values were most likely the result
of high model error. All values were averaged across a domain over MCBCL (Figure 3-2).

Uncertainty of the Reduced Ensemble

The reduced ensemble uncertainty was investigated for three variables of interest: annual average
minimum temperature, annual average maximum temperature, and annual total precipitation. For
each variable, the uncertainty and spread of the reduced ensemble of 24 downscaled models was

qualitatively compared with the full distribution of the 76 downscaled climate projections.

Task 3—Historical Evaluation of Downscaled Climate Projections
Evaluation of Downscaled Projections

The three downscaled data sets in the reduced ensemble (i.e., Southeast Regional Assessment
Project [SERAP], MACA, and CLARENCE10) were evaluated using the recommended gridded
historical data set, METDATA, from Task 1. The climate model baseline data and gridded
historical observations spanned across different time periods so a common 21-year period of
1979-1999 was used in this analysis. Each historical baseline period was evaluated on a monthly
time scale for the critical thresholds of interest listed in Table 3-4. MACA was the only
downscaled data set in the reduced ensemble that contained wind speed data and thus, only 13
out of the 24 members were analyzed for the wind speed critical thresholds. RMSE was used to
evaluate the historical projections as compared to the historical gridded data set, METDATA,
within a domain over MCBCL (Figure 3-2).
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Figure 3-2. Domain over MCBCL (black box).
Ensemble Accuracy versus Individual Accuracy

The historical accuracy of the reduced ensemble and each individual model member was
evaluated for the monthly critical levels of interest (average number of days with temperature
>90°F, >100°F, <28°F, and <32°F; precipitation >0 inches and >1 inch; and daily average wind
speed <3 mph and >40 mph) over the MCBCL domain (Figure 3-2). The equally weighted
ensemble average for the climate model baseline was calculated on a monthly time step. That
monthly ensemble average and each individual ensemble member were evaluated using RMSE.

Downscaling Uncertainty

Recent studies have explored the contribution of various sources of uncertainty with regards to
ensembles of global climate projections, most notably Hawkins and Sutton (2009) and (2011).
Based on those studies, the following three sources of uncertainty are defined for ensembles of
GCMs: natural variability, GCM uncertainty, and scenario uncertainty. Impact assessments that
guide management and decision making have recently started using downscaled climate
projections (e.g., Argueso et al., 2015; Basso et al., 2015; Koutroulis et al., 2015; Parmesan et
al., 2015; Werth and Chen, 2014) that contribute an additional source of uncertainty. This
uncertainty results from differences between downscaling techniques. This analysis assessed the
contribution from the three commonly used sources of uncertainty as well as the uncertainty due
to downscaling.

Previous literature that characterized the contribution from downscaling uncertainty have been
limited to a combination of small domains (areas less than 46,000 km?), mountainous regions,
and/or one type of downscaling technique (Chen et al., 2011; Dobler et al., 2012; Kay et al.,
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2012; Mandal et al., 2016; Minville et al., 2008; Pourmokhtarian et al., 2016). Results of these
studies are not necessarily applicable in the Piedmont (e.g., Fort Bragg) or Coastal Plain (e.g.,
MCBCL) regions of North Carolina. These regions contain less complex topographical features
and different land-surface processes, such as the sea breeze. For DCERPZ2, an uncertainty
analysis was performed using multiple downscaling techniques in these non-mountainous areas.

Five of the seven downscaled data sets used in the development of the reduced ensemble (Table
3-5) were also utilized for the uncertainty analyses in eastern North Carolina (i.e., Fort Bragg and
MCBCL): Hostetler, MACA, BCCA CMIP5, SERAP, and the Center for Climatic Research
[CCR]. Note: CLAReNCE10 was not included because the data set did not cover the entire
domain for Dr. Adrienne Wootten’s dissertation work. In addition, BCCA CMIP3 was not
included because that data set had not yet been downloaded when Dr. Wootten was working on
that portion of her analysis. To address how the contribution of each source of uncertainty was
represented by the different time periods used by different downscaled climate projections, the
following two evaluations were performed:

1. ALLDATA—This evaluation includes all five downscaled projection data sets, including
all emissions scenarios and GCMs in addition to time periods that are not continuous.

2. IDEAL—This subset has 16 GCMs and two emissions scenarios in common from
MACA and BCCA CMIP5. These two sets of downscaled projections are also continuous
in time.

For the ALLDATA and IDEAL evaluations, the original methodology for GCMs by Hawkins
and Sutton (2009) was extended to incorporate downscaling uncertainty (Wootten et al., 2017).
To incorporate the influence of downscaling uncertainty (Wootten, 2016), the differences
between downscaling techniques were directly incorporated into the fourth order polynomial
base equation, as shown in Equation 5:

Xm,d,s,t - im,d,s = Xmdst — €md,st (Eq 3'5)

where X, 4 ¢ IS the value of the variable in time (t) for each combination of GCM (m),
downscaling technique (d), and emissions scenario (s), and i,, 4 5 is the average of the variable
over the time period from 1981-2000. In addition, x,, 4 s+ and &, 4 s ¢ are the fitted values and
residuals, respectively, from a fourth order polynomial fit in time (t) for each combination of m,
d, and s. The fourth order polynomial fit represents the slowly varying signal of anthropogenic
climate change (Benestad, 2003), and the residuals of that fit represent the remaining
fluctuations. Thus, downscaling was incorporated at the outset, which enabled the variance
decomposition method to include this source of uncertainty. The entire time period available for
each data set was used for each fit. Variance decomposition was applied to the fitted values and
residuals.

We also included a weighting scheme to account for the accuracy of the GCMs and downscaling
techniques for the historical anomaly by using Equations 6 and 7, respectively:

1

1
Xobst N_d > Xm,d,1999 —Xobs
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1

Wq = (Eqg. 3-7)

1
Xobst |_N % Xm,d,1999_xobs|
m

where w,, is the weight for the GCM and wy; is the weight for the downscaling technique. In
these weighting schemes, x,,, 4 1999 I the anomaly from the fourth order polynomial fit of the
variable in 1999 from the PRISM data set, which is designated as x,, (Daly et al., 2008); and N
is the number of observations for each combination of downscaling technique (d) and GCM (m).
The year 1999 was used as the reference year because it is common among all the downscaled
projections. The anomaly from the fourth order polynomial in 1999 was used to assess the ability
of the models to simulate the recent change of a variable of interest, allowing the best performing
GCMs and downscaling techniques in recent history to retain the highest weights in the variance
decomposition equations. To assess the historical accuracy of each individual GCM or
downscaling technique, the mean weights across GCMs or downscaling techniques were used as
shown in Equations 8 and 9, respectively:

W, = S (Eq. 3-8)
i=1 Wm
_ _Wd
W, = Z?,:%Wd (Eq. 3-9)

where W, is the rescaled weights for the GCMs; W, is the rescaled weights for the downscaling
techniques; and Nm and Nd are the number of GCMs and downscaling techniques, respectively.
This weighting is similar to that of Hawkins and Sutton (2009), in which the weighting is used to
reduce the weights of GCMs and downscaling techniques for which the recent anomaly is too
large or too small. However, there are limitations associated with model weighting. The available
sample of models and downscaling techniques cannot be considered an unbiased sample
(Sanderson and Knutti, 2012). To account for situations in which the entire complement of GCM
and downscaling combinations is not available for variance decomposition, additional rescaling
was also applied using Equations 10 and 11, respectively:

w i
Wm(exists) = ﬁ (Eg. 3-10)

W (exists) = % (Eq. 3-11)
Values of Wi existsy AN W g (exists) depended on the availability of the GCMs or downscaling
techniques in the sample. Therefore, the values of Wy, exists) aNd W4 (exists) did not remain
constant, but the values of Wi, exists) and Wg exists) remained constant. More importantly, as
more combinations become available, the values of W, exists) AN W exists) apProach
Wn(exists) aNd W exists)- In addition, the calculation of wp, exists) aNd g (exists) forced the

weights used in future combinations to sum to one, thereby ensuring that the estimates of mean
and variance in Equations 12 through 15 were unbiased.

The calculation for each source of uncertainty used the fitted values, residuals, and weights as
described in the following four steps (Equations 12 through 15):
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1. Natural variability:
V =Y wmLqwsVar(e) (Eq. 3-12)

where V is the natural variability source of uncertainty. The values of w,, and w, are the
rescaled weights previously described. In addition, Var(¢) is the variance of the residuals
of the polynomial fit (¢). The value of V is assumed to be constant in time.

2. GCM uncertainty:

— S Y Var® (X, ) (Eq. 3-13)

1
M) = 3 5o s Za Vary (om,,,
where M (t) is the GCM uncertainty for each time t. Ns and Na represent the total number
of emissions scenarios and downscaling techniques, respectively. In addition,

;;;;;

values (x), with w,, as the weights.

3. Downscaling uncertainty:

1 1
D(t) = N—szs XmVarg (x,q,t) (Eq. 3-14)
where D(t) is the downscaling uncertainty for each time t. Similar to the calculation of

M (t) in Equation 13, the weighted variance is taken using w, as the weights. Nm

represents the total number of GCMs available.
4. Scenario uncertainty:

S(t) = Vars (Zm W Zd wdxm,d,.,t) (Eq 3'15)

where S(t) is the scenario uncertainty each time t. The values of w,,, and w, are the
rescaled weights previously described and the fitted polynomial values (x) are used in
this equation. The variance is taken across the emissions scenarios.

Assuming that each source of uncertainty is independent, the total variance from the climate
model projections was then defined as shown in Equation 16:

T(t)=V+M(t)+D(t)+S(t) (Eq. 3-16)

These four sources of uncertainty were analyzed for the decadal mean of the following variables:
(1) annual average daily high temperature, (2) annual number of days with high temperature
greater than 95°F, (3) annual number of days with low temperature below 32°F, (4) annual total
precipitation, and (5) annual number of days with precipitation greater than 1 inch. The 95°F
temperature threshold was selected for the uncertainty analysis (part of Dr. Adrienne Wootten’s
dissertation work) since this threshold was used in the Southeast Chapter of the National Climate
Assessment (Carter et al., 2014) and the North Carolina State Climate Summary (Frankson et al.,
2017). The uncertainty contribution analysis was performed at Fort Bragg and MCBCL although
additional analyses for a broader Southeastern United States domain were included in Wootten et
al. (2017) and the dissertation published by Wootten (2016).
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Task 4—Influence of Climate Data Scale

The Research Project CC-1 Team worked with Vicki Garcia (Terrestrial Module) on Task 4,
which included an assessment of the effect of the spatial resolution of climate data on the life
history traits of the red-cockaded woodpecker (RCW; Picoides borealis). Local spring weather
variables measured at 4 km were found to be associated with RCW life history trait annual
means at two study sites in North Carolina: MCBCL near Jacksonville, NC in the Coastal Plain
and Fort Bragg near Southern Pines, NC in the Sandhills (Garcia, 2014). To examine how the
spatial resolution of these weather variables affected our ability to predict RCW life history
traits, the highest ranked weather variable—which varied by trait (i.e., date the egg was laid, nest
survival, local recruitment, and number of fledglings) and by location (i.e., Fort Bragg or
MCBCL)—was used for the traits examined in Garcia (2014). That same weather variable was
calculated by using METDATA gridded estimates at different resolutions: its native resolution
(4 km) as well as 10, 15, 20, 30, 40, and 50 km. The spatial resolution of most publicly available
downscaled projections falls within this range. For each spatial resolution, METDATA values
for the grid cells closest to Fort Bragg and MCBCL were used.

The corrected Akaike Information Criterion (AlCc; Anderson, 2008; Burnham and Anderson,
2002) was used to compare models with weather variables measured at different spatial
resolutions, as well as a model with no weather variables (intercept only), and to determine
which spatial resolution best represented the selected RCW life history trait. Additionally, egg
lay dates and the other traits were examined by using generalized linear models with either
Poisson or binomial distributions, depending on the trait.

Results and Discussion
Task 1—Compilation of Historical Climate Observations

Evaluation of the historical climate observations were performed by comparing these data to the
ECONet stations for the period 2003-2012. A sample time series at Kinston, NC is shown in
Figure 3-3, with ECONet data compared to each historical data set for the annual number of
days with precipitation greater than 0 inches and the maximum temperature greater than 90°F.
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Figure 3-3. (Left panel) A time series of the annual number of days with precipitation
greater than 0 inches and (right panel) maximum temperature greater than 90°F at
Kinston, NC (KINS shown in Figure 3-1) for the ECONet data (black), PRISM (green),

METDATA (blue), and NLDAS-2 (red).

The average RMSE for all ECONet stations as compared with each historical climate data set is
provided in Table 3-6 for five daily variables of interest: maximum temperature, minimum
temperature, precipitation, average wind speed, and average solar radiation. PRISM had the
lowest error for minimum and maximum temperature and precipitation. METDATA and
NLDAS-2 had similar errors for these variables, but NLDAS-2 had overall slightly lower RMSE

for three out of the five variables.

Table 3-6. Average RMSE for Daily ECONet Compared with Historical Climate Data Sets

Variables PRISM METDATA NLDAS-2
Maximum temperature (°C) 1.06 2.32 2.02
Minimum temperature (°C) 1.28 2.13 2.29
Precipitation (inches) 0.18 0.26 0.22
Average wind speed (m/s) Not applicable 1.86 1.62
Average solar radiation (W/m?) Not applicable 48.13 48.14

A summary of the RMSE for critical levels for temperature, precipitation, and wind (previously
described in Table 3-4) is provided in Table 3-7. PRISM had the lowest errors for both
maximum temperature critical levels (>90°F and >100°F) and one of the precipitation critical
levels (>0 inches). However, NLDAS-2 had lower errors for the number of days with very cold
temperatures (<28°F and <32°F) and for days with heavy rainfall (>1 inch). Comparing only the
results for NLDAS-2 with METDATA, the latter performed better for one of the warm day
thresholds (>90°F) and for days with measurable rain (>0 inches).
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Table 3-7. Average RMSE (Days) for Each Critical Level

Variables PRISM METDATA NLDAS-2
Maximum temperature >90°F 191 2.61 2.85
Maximum temperature >100°F 0.23 0.86 0.77
Minimum temperature <32°F 1.74 1.91 1.59
Minimum temperature <28°F 1.54 1.55 1.35
Precipitation >0 inches 2.48 3.13 5.87
Precipitation >1 inch 0.76 0.75 0.73
Average wind speed <3 mph Not applicable 5.87 4.87

The average correlations between ECONet and each gridded climate product for the five daily
variables (maximum temperature, minimum temperature, precipitation, average wind speed, and
average solar radiation) are provided in Table 3-8. PRISM had the highest correlation with
ECONet observations for minimum and maximum temperature and precipitation. METDATA
and NLDAS-2 performed similarly in terms of correlation. For average wind speed and average
solar radiation, which were not available in the PRISM data set, METDATA had a higher
correlation for wind speed as compared to that of NLDAS-2 yet an identical correlation for solar
radiation. Comparing only the results for NLDAS-2 with METDATA for the other three
variables, the latter had slightly lower correlations compared with the former for maximum
temperature and precipitation yet an identical correlation for minimum temperature.

Table 3-8. Average Correlation for Daily ECONet Compared with Historical
Climate Data Sets

Variables PRISM METDATA NLDAS-2
Maximum temperature 0.996 0.971 0.976
Minimum temperature 0.992 0.975 0.975
Precipitation 0.870 0.725 0.790
Average wind speed Not applicable 0.841 0.765
Average solar radiation Not applicable 0.877 0.877

A summary of the average correlation between ECONet and each gridded climate product for
each critical level (previously described in Table 3-4) is provided in Table 3-9. All historical
data sets had similar correlations with ECONet observations. For the six variables in common,
PRISM had the highest correlation except for the heavy precipitation critical level (>1 inch).
However, for this critical level, correlations for the other two data sets were basically identical to
that of PRISM, with correlations only ~0.001 higher or lower. Comparing only the results for
NLDAS-2 with METDATA for all critical levels, the latter had slightly higher correlations than
the former for days with warm temperatures (>90°F), both minimum temperature levels, and
days with precipitation >0 inches.
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Table 3-9. Average Correlation for Days with Each Critical Level

Variables PRISM METDATA NLDAS-2
Maximum temperature >90°F 0.958 0.925 0.886
Maximum temperature >100°F 0.808 0.650 0.703
Minimum temperature <32°F 0.970 0.962 0.959
Minimum temperature <28°F 0.953 0.950 0.943
Precipitation >0 inches 0.807 0.788 0.770
Precipitation >1 inch 0.659 0.658 0.660
Average wind speed <3 mph Not applicable 0.303 0.481

RMSE, correlation, and mean bias were analyzed spatially to determine whether geographical
influences, such as elevation or proximity to the ocean, had any effect on the comparative
statistics. Examples for two error metrics, two variables, and one historical climate data set are
provided in Figure 3-4. However, no consistent spatial pattern was observed in any error
statistics (RMSE, correlation, and mean bias) for any variable or gridded climate data set.
Therefore, the performance of any of these three gridded climate products performed equally
well across the entire domain.

a) METDATA vs. ECONET Maximum Temperature RMSE
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Figure 3-4. RMSE and correlation for each location in the study domain for METDATA as
compared with ECONet observations for daily maximum temperature (a and b,
respectively) and daily precipitation (c and d, respectively) (continued below)
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Figure 3-4. RMSE and correlation for each location in the study domain for METDATA as
compared with ECONet observations for daily maximum temperature (a and b,
respectively) and daily precipitation (c and d, respectively) (continued below)
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d) METDATA vs. ECONET Precipitation Correlation
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Figure 3-4. RMSE and correlation for each location in the study domain for METDATA as
compared with ECONet observations for daily maximum temperature (a and b,
respectively) and daily precipitation (c and d, respectively).

Figure 3-5 shows the composite probability distribution function of error for five variables of
interest: maximum temperature, minimum temperature, non-zero precipitation, wind speed, and
solar radiation. The error for PRISM was concentrated close to zero for minimum and maximum
temperature, whereas the errors for METDATA and NLDAS-2 had higher spread. The non-zero
precipitation error distribution of NLDAS-2 was similar to that of PRISM. The error in
METDATA for wind speed was more narrowly concentrated, but was generally more positive
when compared to that of NLDAS-2. The error for METDATA and NLDAS-2 solar radiation

was effectively identical.
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Figure 3-5. Composite probability distribution functions of daily error for between gridded
climate products and all ECONet stations.

Three different historical climate data sets were compared with daily ECONet observations for
the period from 2003 to 2012. Overall, PRISM performed best for minimum and maximum
temperature and precipitation yet did not contain wind speed and solar radiation variables. Both
METDATA and NLDAS-2 provide estimates of wind and incoming solar radiation, but had
generally higher errors and lower correlations with ECONet as compared with PRISM.
METDATA and NLDAS-2 had similar errors overall. METDATA has a native spatial resolution
of 4 km, whereas NLDAS-2 has a native spatial resolution of 12 km. Given the need for wind
observations, the comparable performance against NLDAS-2, and the advantages of higher
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native spatial resolution, METDATA was recommended as the gridded historical climate
observations for DCERP2.

Task 2—Compilation of Future Climate Projections
Development of the Reduced Ensemble

Many of the full ensemble members were based on permutations of the same GCMs, and thus,
each ensemble member was not fully independent from the other members. Clustering reduced
the dependency between the final ensemble members, providing a more robust reduced ensemble
data set. Based on the agglomerative hierarchal clustering results, ensemble members were more
likely to be clustered together if they shared the same parent GCM or were downscaled using the
same methodology. GCM influences appeared to be stronger than influences from the
downscaling type.

For the reduced ensemble, the selection of a member out of each branch was performed by using
the model that had either the lowest RMSE or the highest skill score. The selection criteria that
maximized the full ensemble distribution (76 downscaled climate projections) were chosen as the
final reduced ensemble (24 downscaled climate projections) for DCERP2 (Table 3-10).

Table 3-10. Final Reduced Ensemble of Downscaled Climate Projections

MACA: bce-csml-1 MACA: MIROC5 SERAP: echam5
MACA: BNU-ESM MACA: MIROC-ESM-CHEM SERAP: echo
MACA: CanESM2 MACA: MIROC-ESM SERAP: gfdI-2-0
MACA: CNRM-CM5 MACA: MRI-CGCM3 SERAP: gfdl-2-1
MACA: CSIRO-Mk3-6-0 MACA: NorESM1-M SERAP: hadgem
MACA: GFDL-ESM2G SERAP: ccsm SERAP: miroc-med
MACA: GFDL-ESM2M SERAP: cgcm3-t47 SERAP: mri-cgcm?2
MACA: inmcm4 SERAP: cnrm CL10: HadCM3

Comparison of the Reduced Ensemble

This analysis focused on monthly time scales; however, projections of temperature and
precipitation on annual time scales were discussed in Frankson et al. (2017). According to that
study, average annual temperatures in North Carolina are projected to increase in the future.
However, the range of this increase varies widely by end-of-century for the lower and higher
future emissions pathways, with increases of ~2°F to ~8°F and ~7°F to ~13°F, respectively. In
addition, annual precipitation is projected to increase in North Carolina although not all portions
of the state lie within the area where the majority of global climate models indicate that this
change is statistically significant.

Table 3-11 contains historical average (1979-1999) and a range of future projected averages
(2026-2045, 2045-2065, and 2081-2099) for the DCERP2 critical thresholds of interest listed in
Table 3-4 on a monthly time scale. The average number of days with daily average wind speed
greater than 40 mph was not included in Table 3-11 since none of the days in the historical or
future periods of interest met that daily average wind speed threshold criteria. For the future time
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periods in Table 3-11, the range (minimum to maximum) in critical threshold values is shown
and encompasses 95% of the distribution of the data among reduced ensemble models.
Temperature and precipitation critical threshold data from Table 3-11 are also displayed
graphically in Figures 3-6 through 3-11. All values represent a domain average over MCBCL
(Figure 3-2).

Maximum Temperature Critical Thresholds

The average number of days with temperature greater than 90°F is historically approximately

10 days in the summer months (June, July, and August). This critical threshold is projected to
increase by 3 to 17 days per month in 2026—2045 as shown in Table 3-11 and Figure 3-6. For
the same period, the critical threshold of greater than 100°F, which is historically on average
close to 0 days per month, is expected to remain the same or increase by up to 2 days (Table
3-11 and Figure 3-7) during summer months. For 2046-2065, the critical maximum temperature
level of greater than 90°F is projected to increase by 6 to 19 days per month during the peak of
the warm season (June, July, and August). Up to 5 additional days per month above 100°F
during summer are expected for this mid-century time period. A similar trend is possible for the
average number of days with temperature greater than 90°F in 2081-2099, with up to almost 1
month of additional days per month (8 to 26 more days) above this threshold during summer and
early fall (i.e., June, July, August, and September). For the same time period, the critical level
greater than 100°F is projected to increase up to 19 days per month during the warm season
(June, July, and August).

40
<
S 30
Y
(@]
@
el
E 20
3
oy
(7}
g
5 10
=
) ‘ ‘
0 1 | | [ | 1
N
Qfaé\\ \:?;:\ ,esé\ ?55‘\ \&@\ \\)& \§\ 0’0"& & 50‘5 (50"5 (gaé
N o N > e & & e
hG & v & e) & &
% < )
@ 1979-1999 Historical 2026-2045 Lower Range @ 2026-2045 Upper Range
2046-2065 Lower Range 2046-2065 Upper Range
2081-2099 Lower Range @ 2081-2099 Upper Range

Figure 3-6. Monthly historical average and future projected ranges over MCBCL for the
critical threshold of average number of days with maximum temperatures >90°F.
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Note that the slight decrease that is sometimes seen in the projected number of days above 90°F
and 100°F is likely due to the high error of some of the downscaled climate models in the
reduced ensemble. The magnitude of this error can exceed the future projected change, resulting
in more uncertainty in those values.
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Figure 3-7. Monthly historical average and future projected ranges over MCBCL for the
critical threshold of average number of days with maximum temperatures >100°F.

Minimum Temperature Critical Thresholds

Historically, the average number of days with temperature less than 28°F ranges from a few days
to approximately 8 days per month during the cool season (e.g., November through March). This
variable is projected to remain about the same or decrease by 5 days or less during these months
in 2026—2045 as shown in Table 3-11 and Figure 3-8. Similar results are expected for the below
32°F threshold in 2026-2045, which historically averages about 5 to 13 days per month during
the cool season (Table 3-11 and Figure 3-9). For the 20462065 time period, approximately the
same number or a decrease of as many as 7 days per month could occur for the critical level of
less than 28°F during the cold season (i.e., November through March), but 1 to 9 fewer days
below freezing per month are projected. For days with temperature below 28°F, the projected
range in values on any given month during the coldest months (i.e., December through February)
in 2081-2099 is 0 to 5 days, which is up to 8 fewer days per month as compared with the
historical average. A similar decreasing trend is expected for the average number of freezing
days in 2081-2099, with up to 12 fewer days per month.

Note that the slight increase that is sometimes seen in the projected number of days below 28°F
and 32°F is likely due to the high error of some of the downscaled climate models in the reduced
ensemble. Similar to the analysis for the number of days above 90°F and 100°F, the magnitude
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of this error can exceed the future projected changes, resulting in more uncertainty in those
values.
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Figure 3-8. Monthly historical average and future projected ranges over MCBCL for the
critical threshold of average number of days with minimum temperatures <28°F.
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Figure 3-9. Monthly historical average and future projected ranges over MCBCL for the
critical threshold of average number of days with minimum temperatures <32°F.
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Precipitation Critical Thresholds

The historical average number of days per month with precipitation greater than 0 inches and
greater than 1 inch ranges from approximately 10 to 20 days and approximately O to 2 days,
respectively. For the three future time periods (i.e., 2026-2045, 2046-2065, and 2081-2099), the
change in the monthly average number of days with precipitation greater than 0 inches ranges
from 3 fewer days to 5 more days, 4 fewer days to 5 more days, and 5 fewer days to 7 more days,
respectively (Table 3-11 and Figure 3-10). A similar trend (possible decrease or increase) is
observed for greater than 1 inch of precipitation during all future time periods (i.e., 2026-2045,
2046-2065, 2081-2099), with either 1 fewer day or up to 2 additional days per month (Table
3-11 and Figure 3-11). Overall, this trend indicated that the downscaled models in the reduced
ensemble did not agree about whether these precipitation critical thresholds will increase or
decrease in the future. Similarly, Kunkel et al. 2013 also found a large spread in future changes
of annual mean precipitation and seasonal mean precipitation for a domain in the Southeast US.
This large range of future changes is likely because climate models have limited skill in
simulating precipitation (Walsh et al., 2014) and thus, precipitation projections are generally
more uncertain than temperature projections (Carter et al., 2014).
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Figure 3-10. Monthly historical average and future projected ranges over MCBCL for the
critical threshold of average number of days with precipitation >0 inches.
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Figure 3-11. Monthly historical average and future projected ranges over MCBCL for the
critical threshold of average number of days with precipitation >1 inch.

Wind Speed Critical Threshold

Historically, the average number of days per month with daily average wind speed below 3 mph
is about 0 to 1 day. This critical threshold is projected to stay approximately the same or increase
by 1 or 2 days per month for the future time periods of 2026-2045 and 2046—-2065, as shown in
Table 3-11. A similar increasing trend is observed for the average number of days per month
below 3 mph in 2081-2099, with up to 3 additional days in October. Results for the critical
threshold of the average number of days with daily average wind speed greater than 40 mph were
not included because none of the days in the historical or future periods of interest met that daily
average wind speed threshold criteria.
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Table 3-11. Monthly Historical Average and Future Projected Ranges over MCBCL for Critical Thresholds of Interest

Average
Number of
Days >90°F Jan Feb Mar Apr May June Jul Aug Sept Oct Nov Dec
Historical 0.00 0.00 0.01 0.26 1.23 6.70 14.65 8.26 1.98 0.13 0.00 0.00
METDATA
(1979-1999)
Future 0.00- | 0.00-0.18 | 0.00-0.21 | 0.00- 1.54- 9.75- 17.92- 11.42- 2.23- 0.00- 0.00- 0.00-
projected range 0.01 2.16 7.20 18.81 29.80 24.58 13.16 1.69 0.02 0.01
(2026-2045)
Future 0.00- | 0.00-0.20 | 0.00-0.48 | 0.00- 2.64- 13.38- 23.23- 17.23- 4.65— 0.00- 0.00- 0.00-
projected range 0.00 3.21 10.62 23.51 31.90 27.00 17.90 3.16 0.09 0.02
(2046-2065)
Future 0.00- | 0.00-1.78 | 0.00-2.07 | 0.00- 5.94- 18.38- 27.94— 22.56— 10.21- 0.00- 0.00- 0.00-
projected range 0.01 9.24 22.71 31.52 33.98 30.40 28.48 10.24 0.50 0.13
(2081-2099)
Average
Number of
Days >100°F Jan Feb Mar Apr May June Jul Aug Sept Oct Nov Dec
Historical 0.00 0.00 0.00 0.00 0.00 0.02 0.08 0.05 0.00 0.00 0.00 0.00
METDATA
(1979-1999)
Future 0.00- | 0.00-0.00 | 0.00-0.00 | 0.00- 0.00- 0.00- 0.00- 0.00- | 0.00-0.50 | 0.00- 0.00- 0.00-
projected range 0.00 0.02 0.20 1.05 1.79 2.00 0.00 0.00 0.00
(2026-2045)
Future 0.00- | 0.00-0.00 | 0.00-0.00 | 0.00- 0.00- 0.00- 0.00- 0.00- | 0.00-0.78 | 0.00- 0.00- 0.00-
projected range 0.00 0.06 0.17 2.71 4.85 4.66 0.06 0.00 0.00
(2046-2065)
Future 0.00- | 0.00-0.17 | 0.00-0.16 | 0.00- 0.00- 0.00- 0.00- 0.00- | 0.00-7.32 | 0.00- 0.00- 0.00-
projected range 0.00 0.59 2.79 12.44 18.45 19.17 0.43 0.00 0.00
(2081-2099)

(continued)
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Table 3-11. Monthly Historical Average and Future Projected Ranges over MCBCL for Critical Thresholds of Interest
(continued)

Average
Number of
Days <28°F Jan Feb Mar Apr May June Jul Aug Sept Oct Nov Dec
Historical 7.95 5.68 1.75 0.08 0.00 0.00 0.00 0.00 0.00 0.01 1.56 6.45
METDATA
(1979-1999)
Future 3.39- | 1.96-6.56 | 0.00-2.04 | 0.00- 0.00- 0.00- 0.00- 0.00- | 0.00-0.00 | 0.00- 0.00- 1.66-
projected range 8.08 0.14 0.01 0.00 0.00 0.00 0.15 2.09 6.97
(2026-2045)
Future 1.04- | 0.00-5.93 | 0.00-1.56 | 0.00- 0.00- 0.00- 0.00- 0.00- | 0.00-0.00 | 0.00- 0.00- 0.00-
projected range 7.08 0.18 0.00 0.00 0.00 0.00 0.09 1.14 5.57
(2046-2065)
Future 0.00- | 0.00-3.52 | 0.00-0.76 | 0.00- 0.00- 0.00- 0.00- 0.00- | 0.00-0.00 | 0.00- 0.00- 0.00-
projected range 5.21 0.11 0.00 0.00 0.00 0.00 0.06 0.66 3.68
(2081-2099)
Average
Number of
Days <32°F Jan Feb Mar Apr May June Jul Aug Sept Oct Nov Dec
Historical 12.90 9.40 4.55 0.44 0.00 0.00 0.00 0.00 0.00 0.23 4.02 10.51
METDATA
(1979-1999)
Future 7.60- 5.11- 0.20-5.48 | 0.00- 0.00- 0.00- 0.00- 0.00- | 0.00-0.00 | 0.00- 0.35- 4.88-
projected range | 13.37 10.34 0.60 0.06 0.00 0.00 0.00 0.53 4.69 11.99
(2026-2045)
Future 4.89- 2.19- 0.00-4.38 | 0.00- 0.00- 0.00- 0.00- 0.00- | 0.00-0.00 | 0.00- 0.00- 2.12-
projected range | 12.46 10.14 0.45 0.04 0.00 0.00 0.00 0.36 3.21 9.95
(2046-2065)
Future 0.84- | 0.00-7.08 | 0.00-2.73 | 0.00- 0.00- 0.00- 0.00- 0.00- | 0.00-0.00 | 0.00- 0.00- 0.00-
projected range | 10.57 0.18 0.03 0.00 0.00 0.00 0.24 1.86 7.79
(2081-2099)

(continued)

DCERP2 Final Report 3-32 November 2017



Defense Coastal/Estuarine Research Program (DCERP2) Chapter 3

Table 3-11. Monthly Historical Average and Future Projected Ranges over MCBCL for Critical Thresholds of Interest
(continued)

Average
Number of Days

>0 Inches Jan Feb Mar Apr May June Jul Aug Sept Oct Nov Dec
Historical 13.98 12.64 13.00 11.46 15.04 16.10 20.14 18.88 14.16 10.38 11.29 12.01
METDATA
(1979-1999)
Future projected 11.77- 10.71- 9.72- 9.21- 13.30- 14.03- | 18.83- | 17.43- 12.14- 8.64— 9.22- 10.02-
range (2026- 16.99 15.33 16.55 15.04 19.15 19.67 23.54 23.15 18.71 14.36 15.31 14.31
2045)
Future projected 11.35- 9.42- 10.18- 9.09- 12.61- 12.92- 16.65- 16.04- 11.54- 7.71- 8.58- 9.28-
range (2046— 16.94 15.53 15.92 14.56 18.71 20.11 24.19 23.25 19.43 15.04 14.82 14.41
2065)
Future projected 10.62- 8.66— 9.06- 7.87- 10.31- 12.09- | 14.70- | 13.96- 10.80- 7.23- 7.25- 8.23-
range (2081- 16.41 15.47 15.93 14.12 19.72 20.51 25.63 25.29 21.12 16.00 17.12 14.72
2099)

Average
Number of Days

>1 Inch Jan Feb Mar Apr May June Jul Aug Sept Oct Nov Dec
Historical 0.99 0.80 1.16 0.44 0.72 0.77 111 1.40 1.91 0.80 0.94 0.76
METDATA
(1979-1999)
Future projected 0.58- 0.43- 0.74-1.81 | 0.07- 0.22- 0.15- 0.48- 0.32- | 1.19-268 | 0.32- 0.60- 0.41-
range (2026- 1.63 1.32 0.84 131 1.39 2.16 2.71 1.30 1.37 1.29
2045)
Future projected 0.64- 0.38- 0.68-1.87 | 0.03- 0.29- 0.22- 0.09- 0.29- | 1.23-295| 0.29- 0.55- 0.35-
range (2046- 1.73 1.34 0.93 1.27 1.59 2.38 2.80 1.29 1.61 1.56
2065)
Future projected 0.68- 0.48- 0.60-2.03 | 0.07- 0.15- 0.09- 0.09- 0.00- | 0.97-3.27 | 0.21- 0.62- 0.46-
range (2081- 2.01 1.50 0.89 1.41 1.74 2.67 3.02 1.48 1.70 1.65
2099)

(continued)
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Table 3-11. Monthly Historical Average and Future Projected Ranges over MCBCL for Critical Thresholds of Interest
(continued)

Average

Number of
Days <3 mph Jan Feb Mar Apr May June Jul Aug Sept Oct Nov Dec
Historical 0.05 0.04 0.00 0.08 0.11 0.08 0.35 0.43 0.46 0.34 0.12 0.13
METDATA
(1979-1999)
Future 0.00- | 0.00-0.88 | 0.00-0.77 | 0.00- 0.00- 0.00- 0.00- 0.00- | 0.00-1.36 | 0.00- 0.00- 0.00-
projected range 0.72 0.74 1.29 1.40 1.20 1.01 1.62 1.33 1.39
(2026-2045)
Future 0.00- | 0.00-0.84 | 0.00-1.12 | 0.00- 0.00- 0.00- 0.00- 0.00- | 0.00-1.89 | 0.00- 0.00- 0.00-
projected range 0.56 0.90 1.04 1.24 1.02 1.66 2.04 1.02 1.15
(2046-2065)
Future 0.00- | 0.00-0.91 | 0.00-0.95 | 0.00- 0.00- 0.00- 0.00- 0.00- | 0.00-2.12 | 0.00- 0.00- 0.00-
projected range 0.70 0.96 141 1.16 141 1.70 2.86 181 1.07
(2081-2099)
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Uncertainty of the Reduced Ensemble

A reduced ensemble of 24 downscaled models best represents the uncertainty and spread of the
full distribution of the 76 downscaled climate projections. Based on the iterative process of
selecting the reduced ensemble, the spread of the future uncertainty was best captured by using
these 24 selected models. The annual average maximum temperature for the full distribution and
the reduced ensemble are shown in Figure 3-12. The annual average minimum temperature for
the full distribution and the reduced ensemble are shown in Figure 3-13. The annual total
precipitation for the full distribution and the reduced ensemble is shown in Figure 3-14. It is
important to note that the process of reducing the ensemble included all three variables at the
same time to generate the ensemble. Thus, the spread of individual variables may not necessarily
be reflected in the reduced ensemble at all time steps.
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Figure 3-12. Spread of future uncertainty for annual average maximum temperature, with
the full ensemble (76 members) in gray and the reduced ensemble (24 members) in blue.
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Figure 3-13. Spread of future uncertainty for annual average minimum temperature, with
the full ensemble (76 members) in gray and the reduced ensemble (24 members) in blue.
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Figure 3-14. Spread of future uncertainty for annual total precipitation, with the full
ensemble (76 members) in gray and the reduced ensemble (24 members) in blue.

Task 3—Historical Evaluation of Downscaled Climate Projections
Evaluation of Downscaled Projections

The DCERP2 critical thresholds of interest listed in Table 3-4 were evaluated in this study.
However, the average number of days with daily average wind speed greater than 40 mph was
not included in this analysis because none of the days in the historical or future periods of
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interest met that daily average wind speed threshold criteria. In addition, MACA was the only
downscaled data set in the reduced ensemble that contains wind speed data and thus, only 13 out
of the 24 members were analyzed for the wind speed critical thresholds.

It is important to examine these errors in conjunction with the historical occurrences of the
number of days associated with each threshold as shown in Figures 3-6 through 3-11 and
Table 3-11. As an example, the average number of days with precipitation >1 inch occurred less
frequently (Figures 3-11) and had lower RMSE (Figure 3-20) than the average number of days
with precipitation >0 inches (Figures 3-10 and 3-19).

Maximum Temperature Critical Thresholds

Both maximum temperature critical thresholds exhibited similar trends over time, with higher
RMSE values and larger differences among the models during summer months (Figures 3-15
and 3-16) when the most occurrences have historically occurred (Figures 3-6 and 3-7). For the
average number of days with maximum temperature greater than 100°F, the ensemble average of
the climate model baselines had the lowest RMSE for all months except for July, which had one
model (inmcm4) with RMSE that was 0.01 days lower than the ensemble average of the
baselines. A similar temporal pattern was observed with the critical threshold of greater than
90°F, with higher values and larger differences among models during the warm season. For this
greater than 90°F threshold, the ensemble average of the climate model baselines had lower
RMSE than most models during all months except July, August, and September. This threshold
exhibited larger errors during summer as compared to the average number of days greater than
100°F, which is most likely due to the higher frequency of occurrence of days above 90°F, as
shown in Figures 3-6 and 3-7.

RMSE

Month

== paselne-avy == cgom3-t47 o= acho o= HadCM3 rriroc=rmed
—=— poo-csmi-1 enrm gfdi-2-0 —=— hadgem -+ MIROCS
Model = BMU-ESM  -== CHNRM-CMS gfdl-2-1 ~a— inmem4 = mri-cgem2
—e— CanESM2  -e— CSIRO-Mk3-6-0 —— GFDL-ESM2G —=— MIROC-ESM MRI-CGCM3
cosm - echams —+— GFDL-ESM2M —=— MIROC-ESM-CHEM —— NarESM1-M

Figure 3-15. RMSE for climate model baseline (1979-1999): Average number of days with
maximum temperature greater than 100°F.
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Figure 3-16. RMSE for climate model baseline (1979-1999): Average number of days with
maximum temperature greater than 90°F.

For both maximum temperature critical thresholds, the annual sums of monthly RMSE were
ranked from lowest (1) to highest (25) in Table 3-12. In the rank column of this table, green
colors represent models in the lower tercile (e.g., ranked in the top eight), yellow colors indicate
models in the middle tercile (e.g., ranks 9 through 16), and red colors represent models in the
upper tercile (e.g., ranked between 17 and 25). The 25 models include the 24 reduced ensemble
members plus one “model” that is the ensemble average of the baselines. For the two maximum
temperature thresholds, the ensemble average of the baselines ranked in the top three out of 25
total models. In addition, a higher number of MACA models were ranked in the top 10 as
compared with SERAP models.

Table 3-11. Annual Sum of Monthly RMSE for Maximum Temperature Critical Levels

Number Number
Downscaling | of Days Downscaling | of Days
Model Data Set >90°F | Rank Model Data Set >100°F | Rank

baseline-avg ALL 7.84 3 baseline-avg ALL 0.20 1
HadCM3 CLARENCE10 8.93 10 HadCM3 CLARENCE10 0.27 11
MRI-CGCM3 MACA 7.02 1 MIROC-ESM MACA 0.22 2
CanESM2 MACA 7.94 4 CSIRO-Mk3-6-0 | MACA 0.22 3
bce-csml-1 MACA 8.34 5 MRI-CGCM3 MACA 0.23 4
CSIRO-Mk3-6-0 | MACA 8.48 6 MIROCS5 MACA 0.26 7
GFDL-ESM2G MACA 8.55 7 CNRM-CM5 MACA 0.26 8
MIROC5 MACA 8.57 8 CanESM2 MACA 0.26 10
NorESM1-M MACA 8.91 9 GFDL-ESM2G |MACA 0.28 13
MIROC-ESM MACA 9.53 14 GFDL-ESM2M | MACA 0.29 17

(continued)
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Table 3-12. Annual Sum of Monthly RMSE for Maximum Temperature Critical Levels
(continued)

Number Number
Downscaling | of Days Downscaling | of Days
Model Data Set >90°F | Rank Model Data Set >100°F | Rank
inmcm4 MACA 9.66 16 MIROC-ESM- | MACA 0.32 20
CHEM

MIROC-ESM- MACA 9.72 17 inmcm4 MACA 0.34 21
CHEM

CNRM-CM5 MACA 10.11 20 NorESM1-M MACA 0.36 22
BNU-ESM MACA 10.17 22 BNU-ESM MACA 0.36 23
GFDL-ESM2M MACA 12.47 24 bcc-csml-1 MACA 0.37 24
gfdl-2-1 SERAP 7.79 2 cesm SERAP 0.25
miroc-med SERAP 9.30 11 miroc-med SERAP 0.25

echam5 SERAP 9.39 12 echam5 SERAP 0.26

gfdl-2-0 SERAP 9.41 13 gfdl-2-0 SERAP 0.27 12
cnrm SERAP 9.55 15 cgcm3-t47 SERAP 0.28 14
hadgem SERAP 9.76 18 gfdl-2-1 SERAP 0.28 15
cesm SERAP 9.93 19 echo SERAP 0.29 16
cgem3-t47 SERAP 10.16 21 hadgem SERAP 0.31 18
mri-cgcm?2 SERAP 10.36 23 mri-cgcm2 SERAP 0.31 19
echo SERAP 13.92 25 cnrm SERAP 0.38 25

Minimum Temperature Critical Thresholds

For both minimum temperature critical level variables, the ensemble average of the baselines
outperformed approximately 50% of the individual models in terms of RMSE during cool season
months as shown in Figures 3-17 and 3-18. Both minimum temperature critical thresholds also
exhibited similar trends over time, with the highest overall error during January and December,
which is when most occurrences are likely to occur. The spread of RMSE for average number of
days below 32°F was higher than that of the error for the number of days below 28°F.
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Figure 3-17. RMSE for climate model baseline (1979-1999): Average number of days with
minimum temperature less than 28°F.
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Figure 3-18. RMSE for climate model baseline (1979-1999): Average number of days with
minimum temperature less than 32°F.

For both minimum temperature critical thresholds, the annual sums of monthly RMSE were
ranked from lowest (1) to highest (25) in Table 3-13. In the rank column of this table, green
colors represent models in the lower tercile (e.g., ranked in the top eight), yellow colors indicate
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models in the middle tercile (e.g., ranks 9 through 16), and red colors represent models in the
upper tercile (e.g., ranked between 17 and 25). The 25 models include the 24 reduced ensemble
members plus one “model” that is the ensemble average of the baselines.

The only model in the reduced ensemble from the CLARENCE10 downscaled data set
(HadCM3) ranked in the top three out of 25 models for these two minimum temperature
thresholds. In addition, most of the SERAP models had lower error than the majority of the
MACA models. For both minimum temperature thresholds, the ensemble average of the
baselines ranked in the top 10 out of 25 models.

Table 3-12. Annual Sum of Monthly RMSE for Minimum Temperature Critical Levels

Number Number
Downscaling | of Days Downscaling | of Days
Model Data Set <32°F | Rank Model Data Set <28°F | Rank

baseline-avg ALL 9.57 10 baseline-avg ALL 7.52 7
HadCM3 CLARENCE10| 7.11 3 HadCM3 CLARENCE10 591 3
MIROC5 MACA 10.44 12 CanESM2 MACA 7.62 8
CanESM2 MACA 10.57 13 BNU-ESM MACA 8.55 13
MIROC-ESM- MACA 11.95 14 MIROC5 MACA 8.62 14
CHEM

MIROC-ESM MACA 11.99 15 MIROC-ESM MACA 8.72 15
BNU-ESM MACA 12.45 16 MIROC-ESM- |MACA 8.80 16

CHEM

GFDL-ESM2M MACA 12.45 17 GFDL-ESM2M |MACA 9.29 17
NorESM1-M MACA 12.50 18 CNRM-CM5 MACA 9.56 18
bce-csml-1 MACA 12.67 19 bcc-csml-1 MACA 9.72 19
CNRM-CM5 MACA 12.83 20 GFDL-ESM2G |MACA 9.92 21
GFDL-ESM2G MACA 13.02 21 CSIRO-Mk3-6-0 [MACA 10.34 22
CSIRO-Mk3-6-0 MACA 14.60 23 NorESM1-M MACA 10.44 23
inmcm4 MACA 14.77 24 MRI-CGCM3 MACA 11.31 24
MRI-CGCM3 MACA 15.54 25 inmcm4 MACA 11.65 25
echo SERAP 6.33 1 echo SERAP 4.87 1
cgcm3-t47 SERAP 6.57 2 cgcm3-t47 SERAP 5.18 2
hadgem SERAP 7.33 4 echam5 SERAP 5.98 4
echamb SERAP 7.55 5 hadgem SERAP 6.55 5
cnrm SERAP 7.93 6 cnrm SERAP 7.00 6
miroc-med SERAP 8.19 7 gfdl-2-0 SERAP 7.63 9
gfdl-2-0 SERAP 9.09 8 mri-cgcm2 SERAP 7.79 10
mri-cgcm2 SERAP 9.34 9 gfdl-2-1 SERAP 7.82 11
gfdl-2-1 SERAP 9.65 11 miroc-med SERAP 7.85 12
cesm SERAP 14.06 22 cesm SERAP 9.84 20
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Precipitation Critical Thresholds

The model spread and magnitude of the monthly RMSE values had no discernable trend over
time for each precipitation critical threshold (Figures 3-19 and 3-20). The ensemble average of
the baselines consistently had less error than approximately 50% of the individual models for the
critical threshold of precipitation greater than O inches. In addition, larger spread among the
models was observed for the average number of days greater than 0 inches of precipitation as
compared with the critical threshold of greater than 1 inch of precipitation, especially during
cooler months (October through March).

The only dynamically downscaled model in the reduced ensemble (HadCM3) had anomalously
high error for critical threshold greater than 1 inch during April, May, June, and July as
compared to most of the other models, with the RMSE during June and July being approximately
two times larger than most of the other models. For this greater than 1 inch threshold, the
ensemble average of the baselines had lower error than approximately 50% of the individual
models for each month except during the warm months, which was primarily because of the high
error values of the HadCM3 model during late spring into summer.

RMSE
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Figure 3-19. RMSE for climate model baseline (1979-1999): Average number of days with
precipitation greater than 0 inches.
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Figure 3-20. RMSE for climate model baseline (1979-1999): Average number of days with
precipitation greater than 1 inch.

For both precipitation critical thresholds, the annual sums of monthly RMSE were ranked from
lowest (1) to highest (25) in Table 3-14. In the rank column of this table, green colors represent
models in the lower tercile (e.g., ranked in the top eight), yellow colors indicate models in the
middle tercile (e.g., ranks 9 through 16), and red colors represent models in the upper tercile
(e.g., ranked between 17 and 25). The 25 models include the 24 reduced ensemble members plus
one “model” that is the ensemble average of the baselines.

In general, SERAP had less error for simulating non-zero precipitation, and MACA performed
better with higher amounts of precipitation (>1 inch). The dynamically downscaled model
(HadCMB3) did not perform well for either of the precipitation thresholds, especially precipitation
greater than one inch when it ranked 25th out of 25 models. In addition, the ensemble average of
the baselines ranked in the top 11 out of 25 models.

Table 3-13. Annual Sum of Monthly RMSE for Precipitation Critical Thresholds

Number Number
Downscaling | of Days Downscaling | of Days
Model Data Set >0 inches | Rank Model Data Set >1 inch | Rank
baseline-avg ALL 38.17 11 baseline-avg ALL 3.91 9
HadCM3 CLARENCE10 46.89 15 HadCM3 CLARENCE10 | 6.39 25
MIROC-ESM MACA 44.80 12 GFDL-ESM2M MACA 3.37 1
MIROC-ESM- MACA 44.83 13 CanESM2 MACA 3.39 2
CHEM
CSIRO-Mk3-6-0 |MACA 45.27 14 MIROC-ESM- MACA 3.46 3
CHEM
(continued)
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Table 3-14. Annual Sum of Monthly RMSE for Precipitation Critical Thresholds
(continued)

Number Number
Downscaling | of Days Downscaling | of Days
Model Data Set >0 inches | Rank Model Data Set >1 inch | Rank
GFDL-ESM2G MACA 47.14 16 bce-csml-1 MACA 3.56 4
inmcm4 MACA 47.77 17 CSIRO-Mk3-6-0 |MACA 3.59 5
MRI-CGCM3 MACA 48.23 18 inmcm4 MACA 3.66 6
NorESM1-M MACA 48.37 19 MIROC-ESM MACA 3.79 7
bce-csml-1 MACA 49.13 20 BNU-ESM MACA 3.91 8
MIROC5 MACA 50.07 21 NorESM1-M MACA 3.93 10
GFDL-ESM2M  |[MACA 50.20 22 MRI-CGCM3 MACA 4.00 11
BNU-ESM MACA 50.83 23 GFDL-ESM2G MACA 4.02 12
CanESM2 MACA 51.17 24 MIROCS5 MACA 4.06 13
CNRM-CM5 MACA 51.62 25 CNRM-CM5 MACA 4.67 21
hadgem SERAP 28.55 1 mri-cgcm?2 SERAP 4.06 14
echo SERAP 29.27 2 hadgem SERAP 4.10 15
cesm SERAP 29.43 3 echo SERAP 4.16 16
echam5 SERAP 29.50 4 gfdl-2-1 SERAP 4.32 17
miroc-med SERAP 30.95 5 cnrm SERAP 4.50 18
mri-cgcm2 SERAP 33.85 6 echam5 SERAP 4.56 19
gfdl-2-1 SERAP 34.76 7 ccsm SERAP 4.66 20
cgcm3-t47 SERAP 36.43 8 miroc-med SERAP 4.81 22
gfdl-2-0 SERAP 36.63 9 gfdl-2-0 SERAP 493 23
cnrm SERAP 37.01 10 cgcm3-t47 SERAP 5.14 24

Wind Speed Critical Thresholds

As shown in Figure 3-21, the highest monthly RMSE values occurred during August for the
critical threshold of daily average wind speed less than 3 mph. The ensemble average of the
baselines consistently outperformed approximately 50% of the individual models in terms of
RMSE. For most months, the variance among models for this wind speed threshold was
approximately the same (1 day). August and September were exceptions, the latter of which was
due to the RMSE of a MACA model (GFDL-ESM2M) being anomalously lower by almost 1 day
as compared with the remainder of the models. Results for the critical threshold of average
number of days with daily average wind speed greater than 40 mph were not included because
none of the days in the period of interest (1979-1999) met that daily average wind speed
threshold criterion.
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RMSE for Climate Model Baseline (19739-1999): Average Number of Days with Average Wind Speed < 3 mph
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Figure 3-21. RMSE for climate model baseline (1979-1999): Average number of days with
daily average wind speed less than 3 mph.

Ensemble Accuracy versus Individual Accuracy

The historical accuracy of the reduced ensemble and each individual model member was
evaluated for the critical levels of interest (average number of days with temperature >90°F,
>100°F, <28°F, and <32°F; precipitation >0 inches and >1 inch; and daily average wind speed
<3 mph and >40 mph) over the MCBCL domain (Figure 3-2). For the climate model baseline
equally weighted ensemble average, accuracy varied monthly and had lower RMSE than at least
50% of the individual model members annually for any given threshold (Figures 3-15 through
3-21). No single model consistently outperformed the ensemble average for all metrics, which is
consistent with previous work by Chaturvedi et al. (2012) and Wootten et al. (2014). However, it
is important to note that non-linear interactions in climate models and downstream process-based
ecological models cannot be properly represented by an ensemble average. Therefore, when
running this type of process-based ecological model, it is recommended to use all individual
downscaled GCM members of the entire reduced ensemble to fully capture the range of
possibilities of a future climate (e.g., Table 3-11). After the simulation of this ecological model
is performed, similar metrics (e.g., average, standard deviations) can be applied to that model’s
output to capture the range of future outcomes.

Downscaling Uncertainty

The downscaling uncertainty results were based on two experiments: (1) a continuous time series
with common GCMs and emissions scenarios (IDEAL), and (2) a discrete time series with
GCMs and emissions scenarios that are not necessarily shared in common among all of the
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downscaled data sets (ALLDATA)—the latter of which investigated the influence of different
time periods on the representation of uncertainty in the downscaled climate projection data sets.

Downscaling uncertainty was not the dominant source (defined as greater than 50% of the total
contribution) in the IDEAL experiment at Fort Bragg or MCBCL for projections of the decadal
mean of the annual average daily high temperature (Figure 3-22). For this variable, the dominant
sources of uncertainty changed throughout the century in the IDEAL experiment. Natural
variability was the dominant source of uncertainty in earlier years; GCM uncertainty became
dominant around 2020-2040, followed by scenario uncertainty toward the end of the century.
These results agree with the findings from Hawkins and Sutton (2009).

Fort Bragg MCBCL
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Figure 3-22. Percent contribution to the total uncertainty from each source of uncertainty
across time for Fort Bragg (left) and MCBCL (right) for projections of the decadal mean of
the annual average daily high temperature.

For the decadal mean of the annual number of days with high temperature greater than 95°F in
the IDEAL experiment, downscaling was a dominant source of uncertainty at MCBCL from
2020 to 2030 and was at least 10% of the contribution at Fort Bragg for most time periods
(Figure 3-23). In addition, for this variable and experiment, scenario uncertainty was the
dominant source at both locations by the end of the century.
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Fort Bragg MCBCL

Fraction of Total Uncertainty (%)
Fraction of Total Uncertainty (%)

0 20 40 60 80 100 0 20 a0 60 80 100
Leadtime in years frg)m 2000 Leadtime in years fw?m 2000
Annual Natural Variability - Downscaling Uncertainty
number of
days >95°F . . .
y - Scenario Uncertainty - GCM Model Uncertainty

Figure 3-23. Percent contribution to the total uncertainty from each source of uncertainty
across time for Fort Bragg (left) and MCBCL (right) for projections of the decadal mean of
the annual number of days with high temperature greater than 95°F.

The IDEAL experiment results for projections of the decadal mean of the annual number of days
with low temperature below 32°F are shown in Figure 3-24. For this variable and experiment,
the pattern of dominant sources throughout time was similar to that of annual average daily high
temperature (Figure 3-22) except the downscaling uncertainty for number of days below
freezing reached approximately 10% of the total uncertainty at MCBCL around 2030.
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Figure 3-24. Percent contribution to the total uncertainty from each source of uncertainty
across time for Fort Bragg (left) and MCBCL (right) for projections of the decadal mean of
the annual number of days with low temperature less than 32°F.
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Although scenario uncertainty was the dominant source of uncertainty by the end of the century
for all three temperature variables (Figures 3-22 through 3-24), it was not the dominant source
of uncertainty for either of the precipitation variables during any time period (Figures 3-25 and
3-26). By the end of the century, GCM uncertainty was the dominant source for projections of
the decadal mean of the annual total precipitation at Fort Bragg and MCBCL during the IDEAL
experiment (Figure 3-25). For this same experiment, similar results occurred for projections of
the decadal mean of the annual number of days with precipitation greater than 1 inch, with GCM
uncertainty as the dominant (largest) source at MCBCL (Fort Bragg) by end of century (Figure
3-26).

Fort Bragg MCBCL

50 a0 100
80
1 1

40
actian of Total Uncertainty (%)

Fraction of Total Uncartainty (%]

E
]
1

T T T T T T T T T T T T
il 20 40 60 80 o0 o 20 40 &0 a0 100

Leadtime inyears fram 2000 Leadtime in years from 2000

Natural Variability - Downscaling Uncertainty

Annual total
precipitation

- Scenario Uncertainty -GCM Model Uncertainty

Figure 3-25. Percent contribution to the total uncertainty from each source of uncertainty
across time for Fort Bragg (left) and MCBCL (right) for projections of the decadal mean of
the annual total precipitation.

For both precipitation variables, downscaling uncertainty was not the dominant source of
uncertainty during any of the time periods in the IDEAL experiment at Fort Bragg or MCBCL.
However, for both of these variables, uncertainty due to downscaling contributed to about 10%
to 20% of the total uncertainty at both locations throughout the entire time period (Figures 3-25
and 3-26).
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Figure 3-26. Percent contribution to the total uncertainty from each source of uncertainty
across time for Fort Bragg (left) and MCBCL (right) for projections of the decadal mean of
the annual number of days with precipitation greater than 1 inch.

Overall, the IDEAL experiment findings suggest that, although downscaling was not the
dominant source of uncertainty for most of the temperature and precipitation variables, it was
often a significant source (approximately between 10% and 20% of the total uncertainty) in the
study region of DCERP2 Research Project CC-1. Therefore, particularly for projections of
extreme temperature and precipitation, multiple downscaling techniques should be considered.

The results of the ALLDATA experiment (not shown) indicated that the contribution of different
sources of uncertainty changed during time periods that were not common between the different
downscaled climate projection data sets. The resulting impact assessments that use these
downscaled projections with uncommon time periods may have higher uncertainty due to the
lack of downscaling techniques represented. Therefore, there were two recommendations for
impact assessments to adequately represent all sources of uncertainty: (1) studies should utilize
multiple downscaled climate projections, and (2) independent downscaled GCMs with common
time periods should be used.

Task 4—Influence of Climate Data Scale

The four traits considered critical for RCWs were evaluated at MCBCL and Fort Bragg. The trait
that had the strongest relationship with a climate variable at each location is shown in Table
3-15. In addition, the highest ranked spatial resolution for each trait and location is shown in this
table. The native 4-km resolution of the climate data did not provide the strongest relationship to
any of the traits at either location.
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Table 3-14. Related Climate Variables and Highest Ranked Spatial Resolution for Each
Location and Trait

MCBCL

Fort Bragg

Highest Ranked

Highest Ranked

Highest Ranked

Highest Ranked

temperature <5°C in
April

Trait Climate Variable Resolution (km) Climate Variable Resolution (km)
Lay date Number of days with 10 Mean maximum 15
minimum temperature in April
temperature <5°C in
March
Nest survival Variance in 10 Number of days with 30
precipitation in maximum
January temperature >35°C
in June
Local Mean temperature 50 Mean maximum 40
recruitment during the previous temperature during
May the previous April
Number fledged | Sum of the total 50 Number of days with 50
precipitation in May minimum

Climate data at 10-km resolution had the strongest relationship with RCW lay date and nest
survival at MCBCL. In contrast, the 15- and 30-km resolution had the strongest relationship with
lay date and nest survival, respectively, at Fort Bragg. At MCBCL, the highest ranked climate
variables for lay date and nest survival may be influenced by the proximity to the Atlantic Ocean
(e.g., sea breeze effect). Thus, finer resolution climate data at 10 km were required at MCBCL
since these local climate influences can be better represented at this resolution as compared to
coarser resolutions (e.g., 30 or 50 km). Fort Bragg is further inland with fewer coastal influences
and thus, the climate variable with the strongest relationships to RCW nest survival did not
change as quickly over short distances. This could explain why the coarser climate data
resolution (30 km) had a stronger relationship with nest survival at Fort Bragg as compared with
the 10-km resolution at MCBCL.

Overall, for lay date, the strength of the relationship with the climate variables increased with
decreasing resolution (<20 km) at both locations (Figure 3-27). The two locations did not share
the same pattern for nest survival (Figure 3-28), with the strongest relationship at higher
resolutions at MCBCL (<40km), decreasing rapidly from 50 km to 30 km. Conversely, at Fort
Bragg, the relationship was the strongest at coarser resolutions between 30 km and 50 km.
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Delta AICc for Lay Date by Resolution
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Figure 3-27. Delta AlICc by spatial resolution for each location.
Values at zero have the strongest relationship with the climate variables for lay date.
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Figure 3-28. Delta AlICc by spatial resolution for each location. Values at zero have the
strongest relationship with the climate variables for RCW nest survival.
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As shown in Table 3-15, climate data at coarser spatial resolutions (e.g., 40 and 50 km) had the
strongest relationship with local recruitment and number fledged at MCBCL and Fort Bragg. In
general, the relationship between climate data and recruitment strengthened with decreasing
spatial resolution (>15 km) at Fort Bragg (Figure 3-29). In contrast, there was little change in the
strength of this relationship at MCBCL for resolutions between 4 km and 40 km. However, the
strongest relationship between climate data and recruitment at this location existed at a spatial
resolution of 50 km. For number fledged, there was a stronger overall relationship at MCBCL
than at Fort Bragg when considering the delta AICc pattern across all spatial resolutions (Figure
3-30). However, both locations showed the strongest relationships between climate data and
number of fledglings at the 50-km resolution.
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Figure 3-29. Delta AlCc by spatial resolution for each location. Values at zero have the
strongest relationship with the climate variables for local RCW recruitment.
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Delta AlICc for Number Fledged by Resolution
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Figure 3-30. Delta AICc by spatial resolution for each location. Values at zero have the
strongest relationship with the climate variables for the number of RCWs fledged.

Overall, the finest resolution (4 km) climate data did not have the strongest relationship with any
of the RCW demographic variables. These results disagreed with previous studies, such as
Franklin et al. (2013) and Trivedi et al. (2008), that suggest a spatial resolution of 4 km or finer
is required for climate impact assessments of certain species. However, those previous studies
focused on mountainous regions where climate variables can change rapidly over short distances.
In Eastern North Carolina, the topography changes less rapidly than mountainous regions. In
addition, the climate variables that influence RCWSs do not typically change rapidly over short
distances. However, there is more variation closer to the coast, and the land—sea boundary can
cause changes in temperature and precipitation.

It is important to note the differences in spatial resolution of the strongest climate data
relationships with the RCW demographics. The lay date and nest survival had the strongest
relationship with finer resolutions (10 km, 15 km, and 30 km) while local recruitment and the
number RCWs fledged had the strongest relationship with coarser resolutions (40 km and 50
km). One possible explanation is that RCW lay date and nest survival are more strongly affected
by climate conditions in the tree cavity, such as temperature and the resulting incubation duration
required to keep the birds’ eggs viable. In comparison, the number fledged and recruitment are
more likely to be influenced by conditions in the wider landscape (e.g., available food supply or
predator activity) than within the local area.

Conclusions and Implications for Future Research and Implementation
Research Project CC-1 provided a historical gridded data set and an ensemble of downscaled

future climate projections to guide the assessment of climate impacts and development of
visualizations by the other DCERP2 modules. Those assessments will inform installation
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managers who are interested in how ecosystems are impacted by climate (e.g., changes in flow
regime or forested area). In addition, the Research Project CC-1 Team developed new
methodologies to answer research questions posed for DCERP2, addressed additional research
questions in climate science, and fulfilled the needs of stakeholder groups seeking to use future
climate projections.

The critical threshold analysis revealed that the average number of days with temperature greater
than 90°F and 100°F are both projected to increase by end of the century. In contrast, the average
number of days with temperature below 28°F and 32°F are projected to decrease by 2100. The
future values for both precipitation critical thresholds (>0 inches and >1 inch) ranged from fewer
days to more days per month as compared to the historical average. Thus, the downscaled
climate models in the reduced ensemble did not agree about whether the number of days for
these precipitation thresholds will increase or decrease in the future. The average number of days
per month with daily average wind speed below 3 mph is projected to stay approximately the
same or slightly increase by the end of the century.

A historical evaluation of the climate model baselines was performed over MCBCL for the
critical levels of interest (e.g., average number of days with temperature >90°F, >100°F, <28°F,
and <32°F; precipitation >0 inches and >1 inch; and daily average wind speed <3 mph and >40
mph). None of the days in the historical (or future periods) of interest met the daily average wind
speed threshold criteria of greater than 40 mph and thus, that wind speed threshold was not
included in this analysis. For most of these thresholds, the error in the average number of days
per month for any individual model was less than 5 days. However, it is important to examine
these errors in conjunction with the historical occurrences of the number of days associated with
each threshold. As an example, the average number of days with precipitation >1 inch occurred
less frequently and had lower RMSE than the average number of days with precipitation >0
inches. In addition, using multiple downscaling methods is recommended since no single
downscaling method consistently performed better than any other method. Also, no single model
consistently outperformed the ensemble average of the climate model baselines for these critical
levels of interest. This finding is consistent with studies by Chaturvedi et al. (2012) and Wootten
et al. (2014). It is important to note that non-linear interactions in climate models and
downstream process-based ecological models cannot be properly represented by an ensemble
average. Therefore, when running this type of process-based ecological model, it is
recommended to use all individual downscaled GCM members of the entire reduced ensemble to
fully capture the range of possibilities of a future climate. After the simulation of this ecological
model is performed, similar metrics (e.g., average, standard deviations) can be applied to that
model’s output to capture the range of future outcomes.

The practice of downscaling GCMs is important for studying local or regional changes in
climate. The contribution of downscaling to the total uncertainty in climate projections had not
been previously evaluated in the Southeastern United States. Therefore, the Research Project
CC-1 Team created a methodology to examine the contribution from downscaling uncertainty.
The contribution of different sources of uncertainty changed through time when using multiple
downscaled climate projection data sets that did not contain common time periods. Downscaling
techniques can be a significant source of uncertainty (approximately 10% to 20% of the total
uncertainty) for future projections of precipitation at MCBCL and Fort Bragg throughout time
and the dominant source of uncertainty (greater than 50% of the total uncertainty) for projections
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of maximum temperature greater than 95°F at MCBCL around 2020-2030. Therefore, impact
assessments and planning efforts that require information from climate projections should
include more than one downscaling technique and have independent downscaled GCMs with
common time periods to adequately represent all sources of uncertainty. It is important to note
that impact variables, such as streamflow or species distribution, tend to have a non-linear
relationship with climate variables (e.g., Jin et al., 2005). Thus, the 10% to 20% contribution of
downscaling to the total uncertainty of the climate projections might translate to a higher or
lower percentage of contribution for future projections of impact variables.

Since downscaled climate projection data sets often use the same GCMs and downscaling can be
a significant source of uncertainty, it was necessary to consider GCM independence when
developing the DCERP2 ensemble of future climate projections. It is important to note that
similar analyses should be performed in other regions of the United States because the
dependence relationships in other regions of the country could be different. In addition, DCERP2
ecosystem modules identified that using all available downscaled climate projections (76
members) was not feasible because of the large size of the ensemble. Thus, a methodology was
developed to create an ensemble of projections with fewer members. This reduced ensemble (24
members) reflected the range of uncertainty in the future projections.

The Research Project CC-1 Team partnered with the Terrestrial Module researchers to study the
effects of climate data scale on life traits of RCWs at MCBCL and Fort Bragg. No single climate
data scale was ideal for all RCW traits (e.g., egg lay date, recruitment) at both locations. The
modeling of some traits was improved with higher resolutions of climate data (e.g., <30 km for
lay date and nest survival) while other traits were better represented by coarser resolutions (e.g.,
>40 km for local recruitment and number fledged). These results were contrary to previous
studies in mountainous regions (e.g., Franklin et al. [2013]; Trivedi et al. [2008]), which
recommended the use of finer spatial resolutions (<4 km) for climate impact assessments.
Therefore, further research is warranted to assess the ideal spatial resolution for other ecological
impact assessments in coastal regions.

Response to Research Questions

1. Which downscaling techniques are appropriate to address changes in variables and
critical levels of interest to the DCERP research modules?

According to the clustering results in Task 2, the downscaling techniques used to create the
MACA, SERAP, and CLARENCE10 data sets were appropriate to address changes in variables
of interest to DCERP2 research modules: annual average minimum temperature, annual average
maximum temperature, and annual total precipitation. The reduced ensemble—containing three
downscaling techniques—was selected to maximize independence of the downscaled GCMs in
the ensemble and capture the uncertainty in future projections.

A historical evaluation of the climate model baselines of MACA, SERAP, and CLARENCE10
models over MCBCL was performed for the critical levels of interest (average number of days
with temperature >90°F, >100°F, <28°F, and <32°F; precipitation >0 inches and >1 inch; and
daily average wind speed <3 mph and >40 mph). Based on this error analysis, no single
downscaling method consistently performed better than other methods. For most thresholds, the
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error in the average number of days per month for any individual model was less than 5 days.
However, it is important to examine these errors in conjunction with the historical occurrences of
the number of days associated with each threshold. As an example, the average number of days
with precipitation >1 inch occurred less frequently and had lower RMSE than the average
number of days with precipitation >0 inches.

2. How does the historical accuracy of an ensemble of downscaled climate projections
compare to the accuracy of the individual downscaled projections in eastern North
Carolina?

The historical accuracy of the reduced ensemble and each individual model member was
evaluated for the critical levels of interest (average number of days with temperature >90°F,
>100°F, <28°F, and <32°F; precipitation >0 inches and >1 inch; and daily average wind speed
<3 mph and >40 mph) over the MCBCL domain. For the climate model baseline equally
weighted ensemble average, accuracy varied monthly, and it performed better than at least 50%
of the individual model members annually for any given threshold. In addition, no single model
consistently outperformed the ensemble average of the climate model baselines for all the critical
thresholds identified by DCERP2. However, non-linear interactions in climate models and
downstream process-based ecological models cannot be properly represented by an ensemble
average. Therefore, when running this type of process-based ecological model, it is
recommended to use all individual downscaled GCM members of the entire reduced ensemble to
fully capture the range of possibilities of a future climate. After the simulation of this ecological
model is performed, similar metrics (e.g., average, standard deviations) can be applied to that
model’s output to capture the range of future outcomes.

3. At what point does adding more downscaled projections to an ensemble no longer
influence the uncertainty of the projections?

Using the clustering method developed in Task 2, the climate projections for 76 models were
analyzed for variables of interest (annual average minimum temperature, annual average
maximum temperature, and annual total precipitation) and grouped by similarity. Spread and
uncertainty were captured by the 24 individual models shown in the analysis. Including more
model members in the ensemble (beyond those 24) did not appear to substantially change the
ensemble spread and uncertainty.

Findings with Implications for Future Base Management

Due to the large volume of data, using all available downscaled climate projections is
challenging for users, such as those within DoD installations. The ensemble in this study
contained 24 model members (reduced from 76 members), which is a set of projections that
captured the range of future uncertainty for MCBCL. This reduction in the amount of data is
more feasible for DoD to use for adaptation planning, impact assessments, and decision making.
The methodology for reducing an ensemble of climate projections can be implemented at other
installations and in similar contexts for other species, local hydrology, and habitat evolution.

The influence of climate data on ecological processes was evaluated, including simulation of the
life history traits of the RCW. Although future climate projections seemed to affect RCW
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demographic variables, installation managers should also consider other influential factors (e.g.,
food supply, landscape change, predators) that may have stronger impacts on RCW management.

It is important for long-term installation management to consider future climate projections
based upon multiple downscaling techniques and downscaled GCMs that are independent.
Overall, installation managers should consider a range of future climate scenarios in their
decision-making processes. In addition, applications of the research conducted during Research
Project CC-1 should be reassessed periodically (e.g., 5 to 10 years) to incorporate new
downscaled climate projection data sets.
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Appendix 3-A
Supporting Data

Climate data were provided to the following DCERP2 ecosystem modules:

Aquatic/Estuarine

Estuarine Simulation Model (ESM; provided to Dr. Mark Brush)—The final 24 reduced
ensemble members were provided.

Coastal Barrier

CSHORE-C15 beach morphology model (provided to Dr. Jesse McNinch)—Of the 24
downscaled climate models that were chosen as the reduced ensemble members, only 13
of the models in the DCERP2 ensemble contained wind speed so those 13 were included
in the beach morphology model. The 13 downscaled climate models were as follows:
inmcm4, bee-csml-1, NorESM1-M, MRI-CGCM3, MIROC5, MIROC-ESM, MIROC-
ESM-CHEM, GFDL-ESM2M, GFDL-ESM2G, CanESM2, CSIRO-Mk3-6-0, CNRM-
CMD5, and BNU-ESM. These models contained daily data for the entire climate model
baseline period (1950-2005) and for the entire future Representative Concentration
Pathway 8.5 scenario/pathway (2006-2099).

Terrestrial

LANDIS-II (provided to Dr. Steve Mitchell) —An average of the final 24 reduced
ensemble members was provided as the climate projection dataset for LANDIS-II. The
reduced ensemble included models from three downscaled data sets: (1) MACA (bcc-
csml-1, BNU _ESM, CanESM2, CNRM-CM5, CSIRO-Mk3-6-0, GFDL-ESM2G,
GFDL-ESM2M, inmcm4, MIROC5, MIROC-ESM, MIROC-ESM-CHEM, MRI-
CGCM3, and NorESM1-M), (2) SERAP (ccsm, cgcm3-t47, cnrm, echamb, echo, gfdl-2-
0, gfdl-2-1, hadgem, miroc-med, and mri-cgcm2), and (3) CL10 (HadCM3). However,
these three downscaled data sets were run for different historical and future time periods
and thus, not all 24 members were always included in the average. The final 24 reduced
ensemble members were also provided and Dr. Mitchell was encouraged to input as many
models as possible into LANDIS-II.

Recommended Best Practices for Use with Climate Projections

The following best practices were recommended for use with climate projections:

An ensemble of climate model projections can provide insight regarding the future
climate. A member of an ensemble—an individual model simulation—represents one
possible future scenario. Non-linear interactions in climate models and downstream
process-based ecological models cannot be properly represented by an ensemble average.
Therefore, when running this type of process-based ecological model, it is recommended
to use all individual downscaled GCM members of the entire reduced ensemble to fully
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capture the range of possibilities of a future climate. After the simulation of this
ecological model is performed, similar metrics (e.g., average, standard deviations) can be
applied to that model’s output to capture the range of future outcomes.

e Calculating the future climate change over time from any model consists of several
important steps. Since all models have inherent biases, it is important to calculate the
future climate change by comparing the climate model projection to the respective
climate model baseline period. The climate model baseline period is the results from a
climate model that has been simulated over a historical period. To calculate the future
change over time (e.g., deltas), the climate model baseline must be subtracted from the
future climate projection. These deltas can then be added back to the historical
observations, not to the climate model baseline, to obtain values for a future climate. This
process helps to eliminate any inherent model biases by using the rate of change as
compared to the climate model baseline simulation.

e When evaluating future climate data, it is important to use the appropriate time scale.
Although climate model data are output on daily or monthly time steps, using these data
at this temporal resolution is not recommended. Longer temporal time periods of future
climate projections (approximately 20-year averages in DCERP2) are needed to provide
meaningful guidance on climate time scales.

e When using climate projections as inputs into ecological models, such as estuarine or
land system models, it is important to use the climate variables (e.g., temperature,
precipitation) from the same climate model projection data set.
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Abstract

Objectives and Technical Approach: The objectives of Aquatic/Estuarine Monitoring Activity
AEM-4 were to: (1) analyze trends in river hydrology from 1988 to 2016, (2) analyze trends in
water chemistry constituents and flux to the New River Estuary (NRE) over the DCERP1 and
DCERP?2 periods (i.e., 2008 through 2016), and (3) estimate the loss of nitrate (NOs), dissolved
inorganic carbon (DIC), and dissolved organic carbon (DOC) between Gum Branch and
Jacksonville. During DCERP2, sampling was conducted 12 times throughout the year at the U.S.
Geological Survey’s (USGS’s) New River gaging station near Gum Branch (USGS Stream
Gaging Station 02093000). Constituent concentrations, fluxes, and river discharge were analyzed
for long-term trends by using various statistical models relating constituent concentrations with
discharge. Lagrangian and synoptic measurements were made along the tidal freshwater portion
of the New River to calculate reductions in NOs, DIC, and DOC flux.

Results: There are four results. First, between 1988 and 2016, the 7-day and 30-day minimum
flows at Gum Branch increased by 0.22 m® s (100% increase) and 0.33 m® s (116% increase),
respectively. The daily range in water level showed an increase in the median daily water level
range from 0.02 m in 1969 and 1988 to 0.06 m 2015. These data indicate that tidal extension has
occurred and that this site is now experiencing sea level rise.

Second, for flow-normalized concentrations and fluxes at Gum Branch between 2009 and 2016,
ammonium (NHa) concentrations likely decreased, but NH4 flux did not change. In addition, NO3
concentration did not change, but it was highly likely that NOs flux decreased; total dissolved
nitrogen (TDN) concentration and flux likely decreased; and particulate nitrogen (PN)
concentration likely decreased, but PN flux did not change. Also, orthophosphate (POa)
concentration decreased significantly, but PO4 flux did not change; particulate organic carbon
(POC) concentration did not change, but POC flux likely increased; and chlorophyll a (chl a)
concentration likely decreased, but chl a flux did not change.

Third, carbon flux at Gum Branch was dominated by DIC (46%), followed by DOC (44%) and
POC (10%). Estuarine shoreline erosion was predicted to account for 63% of sediment and 25%
of the POC inputs into the NRE because watershed sediment fluxes are low in the New River
watershed.

Lastly, during the summer when discharge at Gum Branch is low, 11% of the NOs flux at Gum
Branch may be denitrified before reaching Jacksonville, NC. DIC flux at Jacksonville is 1.4—fold
greater than at Gum Branch, and DOC flux at Jacksonville is 31% lower than at Gum Branch.

Benefits: The tidal freshwater portion of the NRE is extending farther inland as sea level rises.
This tidal extension is also likely happening throughout Marine Corps Base Camp Lejeune
(MCBCL) in low elevation stream channels. If these riparian areas are not disturbed by
development or engineering practices (e.g., culverts, weirs), then MCBCL will receive additional
ecosystem service (e.g., enhanced denitrification flux) from these low elevation, tidal streams.
TDN flux into the tidal freshwater NRE decreased over the DCERP monitoring period, and PO4
concentration declined. If these trends continue, they may decrease the propensity for intensive
algal growth to occur in the NRE in the future. The extent to which algal growth may be reduced
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will require continued monitoring at both Gum Branch and the NRE. The accuracy of the
DCERP?2 estuarine carbon budget and Estuarine Simulation Model will be improved by adjusting
the watershed flux assumptions used for scaling-up watershed yields at Gum Branch to fluxes at
Jacksonville.

Keywords: Sea level rise, river flux, river fluxes, river discharge, trend analysis, hurricane,
carbon, nitrogen, phosphorus, suspended sediment
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Objectives of the Monitoring Activity

The objective of Aquatic/Estuarine Monitoring Activity AEM-4 was to characterize the
watershed inputs of carbon, nitrogen, and phosphorus into the New River Estuary (NRE) from
the New River watershed upstream of Jacksonville, NC. The concentrations of these constituents
were combined with river discharge reported by the U.S. Geological Survey (USGS) to calculate
constitute fluxes to the NRE. These data inform Research Projects AE-4, AE-5, AE-6, CB-5, and
TSP-2 and Monitoring Activities AEM-1, AEM-2, and AEM-3 to develop the DCERP2
estuarine carbon budget. Additional objectives of Monitoring Activity AEM-4 were to analyze
long-term trends in constituent concentrations and fluxes over the DCERP1 and DCERP2
periods, analyze long-term trends in hydrology, and explore the sensitivity of nutrient fluxes
from the upper New River watershed to potential future changes in river discharge.

Background

During DCERP1, monitoring on the New River occurred at the following two stations: the main
stem of the New River at Jacksonville (USGS Stream Gaging Station 0209303205) and the
mainstem of the New River at Gum Branch (USGS Stream Gaging Station 02093000). The
Jacksonville station was only operational during DCERP1. The USGS operated the Gum Branch
station from 1949 through 1973, but moved the gage to its present position in 1969. The station
was discontinued from 1974 through 1987, and operation resumed in 1987 and has operated
continuously to the present. Results from DCERP1 showed that nitrate (NOz) and, to a lesser
extent orthophosphate (POs), declined between the two sites. Most sampling for water chemistry
was conducted during low flow periods, leaving uncertainty about constituent fluxes during
higher flow periods. Mean annual flows during DCERP1 (2007-2012) except 2010 were below
the long-term (1988-2012) mean of 3.286 m® s (see Table 4-Al in Appendix 4A); therefore,
the DCERP1 New River monitoring was limited in describing event-scale fluxes. The Marine
Corps Base Camp Lejeune (MCBCL) watershed is downstream of the Gum Branch station, and,
therefore, the water and chemical fluxes at the Gum Branch station are independent of any
MCBCL activities or management actions. However, water quality at Gum Branch does
encompass activities within the management area of both Onslow County and the City of
Jacksonville.

Materials and Methods
Sample Collection and Analysis

Sampling was conducted at the New River near Gum Branch (34.84924° N, 77.51914° W), from
the downstream side of Northwest Bridge Road. Discharge data from the USGS stream gauging
station on the New River near Gum Branch was downloaded from the USGS’s National Water
Information System Web interface (USGS Stream Gaging Station 02093000). The instantaneous
discharge reported closest to the time of sampling was used to calculate the instantaneous flux of
carbon, nitrogen, phosphorus, and particulate constituents.

Sampling was conducted six times per year during low flow and six times per year at high flow

after storm events. Sampling began on 21 March 2013 and concluded on 20 September 2016. A
pair of low and high flow samples was collected every 2 months (i.e., January and February,
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March and April, May and June, July and August, September and October, and November and
December).

Salinity, conductivity, temperature, dissolved oxygen, and turbidity were measured onsite by
using a Yellow Springs Instruments, Inc. (YSI) 6820 multiprobe datasonde. All probes were
calibrated before collecting measurements and checked for drift after sampling was performed,;
violations from acceptable calibration were noted and logged in the Monitoring and Research
Data Information System (MARDIS) data set. Water samples for analysis of ammonium (NHa4),
NOsg, dissolved organic nitrogen (DON), orthophosphate (PO4), dissolved inorganic carbon
(DIC), dissolved organic carbon (DOC), particulate organic carbon (POC), and suspended
sediment concentration (SSC) were collected mid-stream by using a DH-81 isokinetic sampler.
Sampling was performed by profiling and compositing water from the surface to 0.25 m above
the bottom. With the exception of DIC and SSC, samples were stored on ice until filtration
through pre-combusted Whatman glass fiber filters (0.7 um) and frozen until sample analysis at
the University of North Carolina at Chapel Hill’s Institute of Marine Sciences. DIC samples
were refrigerated until analyzed, usually within 2 days of sample collection. Samples were
analyzed for SSC by using ASTM International’s Method D 3977-97 (ASTM International,
2013) and for chlorophyll a (chl @) by using the approach used by Arar and Collins (1997).

Temporal Trend Analysis

A trend analysis was performed on river discharge and physio-chemical parameters. The period
of analysis for river discharge trends was 1 January 1988 (earliest date of continuous
measurement at the current USGS stream gaging station at Gum Branch) through 31 December
2016. The period of analysis for physio-chemical parameters was for the DCERP1 and DCERP2
periods. Only those parameters collected through both periods of DCERP were analyzed. The
parameters are as follows: NHs, NOg, total dissolved nitrogen (TDN), particulate nitrogen (PN),
POs, POC, and chl a. The calendar year, not water year, is the basis for all analyses.

In rivers, constituent concentrations are often a function of river discharge. For this reason,
analysis of long-term trends in constituent concentrations requires attention to the discharge
when sampling was performed. Many statistical tools have been developed for this purpose; the
one selected for use here is the Exploration and Graphics for RivEr Trends (EGRET) analysis
package (Hirsch and De Cicco, 2015) developed by the USGS because it is specifically designed
for analyzing and detecting long-term trends. EGRET uses a Weighted Regression on Time,
Discharge, and Season (WRTDS) to interpolate across the monthly sample intervals. Weighting
of predictions across the time series is performed by using a moving window that gives samples
close to the center of the moving window more weight than values farther from the center. This
process produces a smoothed time series that enables visual examination of trends in constituent
concentrations. Given the relatively short period of analysis (8 full years in DCERP, 2008
through 2016, while EGRET performs best with 50 year records), a 4-year averaging window (2-
year half window) was set without edge correction. A discharge window was set to 4 orders of
magnitude in the natural log of discharge due to the relatively small sample set (less than 100
samples from DCERP, while EGRET is designed for data sets of at least 200 samples).

Long-term trends in constituent concentration in a river may indicate changes in watershed
sources or biogeochemical processing upstream. In the context of DCERP, these changes in the
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New River watershed sources and biogeochemical processes upstream of the Gum Branch gage
are of less interest than long-term trends in flux (concentration x discharge, expressed as mass
per year) to the NRE. Changes in flux to the NRE could occur because of one, or a combination
of two factors: constituent concentration change or discharge change. By normalizing the
predicted flux by expected concentration at a given discharge, the EGRET model enhances
interpretation of long-term trends. For example, if sampling was conducted at low flows for one
period of time and subsequently sampled at high flows during a second period of time, measured
flux would increase because of its dependence on discharge. It would be incorrect to interpret the
increase in flux as indicative of a change in loading to the river upstream or biogeochemical
processes in-stream because sampling during the two periods was systematically biased by the
increase in river discharge over the two periods of sampling. Instead, the dependence of
concentration on discharge must be accounted for to interpret changes in flux. That is the
challenge that the EGRET model helped to address.

An additional challenge is concluding whether a change in flow-normalized concentration or flux
over time is meaningful, given inter- and intra-annual variability in concentration and its
relationship with discharge. The EGRET model includes a bootstrap method for estimating
uncertainty in trends generated by the WRTDS model (Hirsch et al., 2015). The method applies a
standard null hypothesis testing approach («=0.10), but also provides a description of the
likelihood of a change between two time periods. A Bayesian posterior mean estimate of the
probability of a trend uses “very likely” to describe a probability of 0.90 to 0.95, “likely” to
describe a probability of 0.66 to 0.90, “about as likely as not” to describe a probability of 0.33 to
0.66, and “unlikely” to describe a probability of 0.10 to 0.33. Because of the relatively short
period of DCERP monitoring at Gum Branch (from 2009 through 2016), the probability-based
interpretation of trends is most appropriate for analysis of the DCERP Gum Branch data.

One shortcoming of the EGRET model is that it assumes a linear relationship between
In(concentration), which is the natural logarithms of concentration, and In(discharge), which is
the natural logarithms of discharge. Although the slope of this relationship varies in the model
over time and over a range of discharge, the assumption of linearity in the relationship may not
be accurate. One reason a linear relationship between concentration and discharge may not be
accurate is because of hysteresis over the base flow, storm flow, and base flow cycle. However,
the influence of a poorly characterized concentration—discharge relationship on aggregate flux
over annual periods is diminished in small rivers, such as the New River, because relative
changes in discharge are often larger than the relative changes in constituents over that range in
discharge.

The EGRET package also enables analysis of trends in river discharge through summary metrics
(annual 7-day low flow, annual 30-day low flow, annual mean, annual median, annual 30-day
high flow, and annual 7-day high flow). Given the influence of sea level rise on water level at the
Gum Branch gage, a filtering algorithm was developed to investigate the tidal influence at Gum
Branch during low discharge. Here, tidal influence was interpreted as the daily range in water
level during low flow periods. “Low flow” was defined as days having a mean water level that is
less than 1.5 m. Days when water level was affected by storm events (>0.03 m change in water
level between 1 day and the next) were excluded from analysis.
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An additional analysis was performed on all the carbon, nitrogen, phosphorus, and SSC
constituents to determine the effects of sampling frequency (e.g., monthly, biweekly, weekly) on
uncertainty in calculated annual fluxes. Uncertainty in the calculated annual flux arises from
errors in concentrations predicted by using the regression between the constituent concentration
and discharge. Errors in concentration predictions during high discharge impart the most
uncertainty in calculated annual fluxes if the regression slope between concentration and
discharge is positive during high discharge. Thus, the uncertainty in annual flux calculated for
each constituent varies based on whether the constituent concentration increases or decreases at
high discharge. Generally, higher sampling frequency measures a greater range in river
discharge, thereby reducing uncertainty in the regression between concentration and discharge at
high discharge. Monitoring at Gum Branch targeted high-discharge events to reduce this source
of error, and non-linear regression was performed (discussed below) that gave special treatment
to the prediction of concentrations at high discharge. Higher frequency sampling may have
further reduced the imprecision and bias in annual flux calculations. Moatar et al. (2012) provide
a method to estimate how imprecision and bias of annual fluxes change with sampling
frequency. This method required calculations of the proportion of the historic total water volume
discharged in the 98" percentile of mean daily discharge (22.3%) and the slope of the regression
relationship at higher flows. This method was applied to the Gum Branch data to determine the
extent to which calculated annual flux accuracy would increase had monitoring been performed
biweekly or weekly rather than monthly.

Prediction of Carbon and Sediment Fluxes to the NRE

Constituent fluxes in the New River measured at Gum Branch originate from a 243 km?
watershed. Downstream from this point, an additional 394 km? of watershed contributes to the
constituent fluxes in the river at the Highway 17 Bridge in Jacksonville, NC. Therefore, the
constituent fluxes measured at Gum Branch must be scaled-up to account for this additional
watershed contribution. This additional flux was estimated by assuming the yield of a constituent
(mass area time™) from this 394 km? area was the same as that measured from the 243 km?
contributing area at Gum Branch, and then the constituent yield at Gum Branch was multiplied
by 2.6 to account for this ungauged area.

The flux of carbon at the Gum Branch station was analyzed to develop the DCERP2 carbon
budget (see DCERP2 Final Report, Chapter 9). Three constituents were analyzed: DIC, DOC,
and POC. To generate annual fluxes of these constituents over the 2013-2014 and 2014-2015
periods, regression relationships were developed between concentration and discharge. This
regression was then applied to the daily discharge data to interpolate between sampling events,
and then was scaled-up for the predicted discharge at Jacksonville by using the ratio of discharge
between Jacksonville and Gum Branch. Non-linear regression models were selected for fitting
relationships between concentration and discharge. Uncertainty was estimated based on the 95%
confidence limits of the regression coefficients.

Knowledge of the suspended sediment flux at Gum Branch is critical for interpreting the patterns
in estuary sediment accumulation produced by Dr. Brent McKee of the University of North
Carolina at Chapel Hill (see DCERP2 Final Report, Chapter 12). Dr. McKee concluded from
sediment core geochronologies that sediment accumulation has increased in recent decades,
potentially because of more frequent or larger magnitude floods. To help examine that
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hypothesis, long-term trends in sediment flux to the NRE were explored. Using methods
identical to those used for DIC, DOC, and POC, the non-linear regression between SSC and
discharge was performed to interpolate between measurements and extrapolate backward
through the discharge record to 1988.

The most uncertainty in estimating the long-term river fluxes is the response of constituent
concentration during extreme discharge events. On 8 October 2016, Hurricane Matthew provided
an opportunity to investigate the effects of the seventh largest storm since 1949 on the New
River, as measured by the mean daily discharge at Gum Branch. On 6 October 2016, a YSI
turbidity probe and HOBO water level logger were deployed in the New River 5 km upstream
from Jacksonville (34.77025° N, 77.46452° W). Data were collected while Hurricane Matthew
was occurring until 14 October 2016. Additionally, an SSC sample was collected from Gum
Branch during the day of peak discharge (i.e., 9 October 2016). Using a regression between
turbidity and SSC from previous measurements at Gum Branch, the effects of the flood on
sediment delivery to the NRE were estimated.

Sensitivity of River Flux to Changes in Discharge Due to Climate Change

River discharge largely controls the flux of nitrogen, phosphorus, and carbon from watersheds,
and future changes in the precipitation regime over annual timescales may change river
discharge and subsequently elemental flux. It should be noted that in addition to river discharge,
land-use changes in the watershed can also impact these fluxes. The extent to which future
precipitation patterns may change is highly uncertain, and do not permit predictions of how
watershed nitrogen, phosphorus, and carbon flux may change. However, it is possible to analyze
the current distribution of elemental flux across the range in discharge. This analysis was
performed for the New River at Gum Branch to address the following question: Under what
threshold of discharge does 75% and 90% of constituent fluxes occur? A frequency—magnitude
approach was used to address this question, synthesizing river discharge and constituent fluxes
over the DCERP monitoring period.

Results and Discussion
Temporal Trend in Discharge and Tidal Flow

At Gum Branch between 1988 and 2016, the annual 7-day minimum flow increased by 0.22 m?
st (100% increase) and the 30-day minimum flow increased by 0.28 m® s (98% increase)
(Figure 4-1). No consistent trends were observed in maximum flows, although a slight increase
in mean discharge did occur (Figure 4-1). The daily range in water level, filtered to exclude high
flow periods and transitions from low flow to high flow, showed an increase in the median daily
water level range from 0.02 m in 1969 to 0.06 m in 2016 (Figure 4-2).
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Figure 4-1. A trend analysis of high and low flows at the New River at Gum Branch from
1988 through 2016 by using daily discharge measurements from the USGS.

The combination of these trends indicates that sea level rise has affected the hydrology of the
New River at Gum Branch. The increase in 7-day and 30-day minimum discharges may be
because of a back-water effect of tide on river flow. The strongest evidence for the onset of tidal
flow is shown by the semi-diurnal tide at Gum Branch that has only become evident after 1972
(Figure 4-2, top panel).

There are two potential factors contributing to this trend. First, channel dredging may have
enhanced tidal exchange at the estuary mouth or decreased channel friction farther into the
estuary and allowed more tidal energy to propagate upstream. A 3.2-km section of the New
River tidal freshwater zone was straightened and dredged in the 1950s and 1960s, but this
activity preceded the observed change in hydrology. The New River Inlet has been dredged
repeatedly, although historic National Oceanic and Atmospheric Administration (NOAA) charts
do not provide sufficient detail to quantify an increase in channel volume and subsequent tidal
attenuation. On 23 July 2015, a Freedom of Information Act request was made to the
Wilmington District U.S. Army Corps of Engineers to obtain dredge material records for the
New River Inlet, but no action has been made to address this request.
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Figure 4-2. (Top panel) The water levels on the New River at Gum Branch from 28 April
through 10 May (typical low discharge period) over individual years spanning three
decades. (Middle panel) The statistical distributions of daily range in water levels at the site
from 1969 through 2015 when river stage was less than 1.5 m and the daily change in water
level was less than 0.03 m, representing periods of consistently low watershed discharge.
(Bottom panel) The relationship between monthly stream water level range and monthly
mean sea level at the NOAA tide gage at Beaufort, NC (Stream Gaging Station 8656483)
from 1988 through 2013.

The second explanation for the increase in tidal hydrology is that sea level rise has raised the
surface elevation of the New River such that tide can travel farther upriver with less attenuation.
A correlation was found between the daily range in water level (a proxy for tidal influence at
Gum Branch) and the water level at the NOAA tide gage in Beaufort, NC (Figure 4-2, bottom
panel). This correlation supports the conclusion that sea level rise has gradually affected the
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hydrology at Gum Branch. The onset of tidal conditions at Gum Branch is referred to as “tidal
extension” (Ensign and Noe, in revision).

Statistical Summary and Temporal Trends

Sampling was conducted at Gum Branch 43 times between 21 March 2013 and 9 October 2016
for DCERP2. The statistical distribution of the results, including those data collected during
DCERP1, are summarized in Tables 4-1, 4-2, and 4-3, and in Figures 4-Al through 4-A5.

Table 4-1. Statistical Summary of Parameters Measured in situ in the New River at Gum
Branch During DCERP1 and DCERP2, 2008 Through 2016

25th 75th
Parameters n | Minimum | Percentile Median Mean Percentile | Maximum

Temperature (°C) 42 3.75 13.70 18.10 17.09 22.27 24.59
Specific conductivity (S | 42 77 158 219 241 329 432
cm?)

Salinity 42 0.04 0.07 0.1 0.11 0.16 0.21
Dissolved oxygen (mg L) | 39 4.3 6.6 7.6 79 9.1 11.6
Dissolved oxygen (% 39 50 74.1 80.3 79.9 87.6 111.7
saturation)

Turbidity (NTU) 42 0 1.33 5.8 21.6 27 136

The WRTDS model results predicted the mean annual concentration, mean annual flow—
normalized concentration, mean annual flux, and mean annual flow—normalized flux for a subset
of constituents measured for the duration of DCERP1 and DCERP2 (2008 through 2016) in
Table 4-2 (nitrogen and phosphorus) and Table 4-3 (carbon, chl a, and SSC). The mean annual
flow—normalized concentrations and flux are reported in Table 4-4, and Figures 4-A7 through
Figure 4-A13 in Appendix 4-A of this chapter provide graphical representations of all metrics.
The green flow-normalized trend line in these appendix figures provides evidence of trends over
time that are useful for interpreting data in Table 4-4. Discussion here will focus on the flow-
normalized values presented in Table 4-4 because they remove the influence of discharge from
the modeled concentration and subsequent trend analysis. Between 2009 and 2016, NHa
concentrations likely decreased, but NH4 fluxes did not change, indicating that NH4
concentrations during high flow events may be increasing. NOs concentrations were unlikely to
have changed, but it was highly likely that NOs fluxes decreased. Both TDN concentrations and
fluxes likely decreased. PN concentrations likely decreased, but PN fluxes were unlikely to have
changed. It was highly likely that PO4 concentrations decreased, but unlikely that PO4 fluxes
changed. It was unlikely that POC concentrations changed, but POC fluxes likely increased.
Finally, chl a concentrations likely decreased, but chl a fluxes were unlikely to have changed.
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Table 4-2. Statistical Summary of Nitrogen and Phosphorus Concentrations Measured in
the New River at Gum Branch During DCERP1 and DCERP2 (2008 Through 2016)

25th 75th
Constituent N Minimum | Percentile Median Mean Percentile | Maximum
NH; (ug L™) 97 17 41 58 100 103 807
NO; (ug L?) 97 130 1,120 1,470 1,537 1,900 3,420
TDN (ug L) 94 881 1,802 2,140 2,168 2,500 3,710
PN (ug L) 94 2.85 41.7 71.4 183.9 202.4 1,791
PO, (Mg L?) 87 20 56 84 125 166 494

Table 4-3. Changes in Flow-Normalized Concentration and Flow-Normalized Flux in
Constituents from 2008 through 2016 at the New River at Gum Branch; Analyses Were
Performed by Using EGRET

Concentration Change Flux Change
Constituent (mg LY Change (%) (10% kg yr?) Change (%)
NH,4 —-0.0082 -12 1.2 13
Decrease likely Increase as likely as not
NOs -0.27 =15 —54 -32
Decrease as likely as not Decrease highly likely
TDN -0.31 -13 —46 -19
Decrease likely Decrease likely
PN —-0.023 -18 —0.0099 —0.038
Decrease likely Decrease as likely as not
PO, —0.052 —46 -1.7 -11
Decrease highly likely Decrease as likely as not
POC 0.064 6.7 59 31
Increase as likely as not Increase likely
Chla —0.00019 -18 0.02 16
Decrease likely Increase as likely as not

Table 4-4. Statistical Summary of Carbon, chl a, and SSC in the New River at Gum Branch
During DCERP1 and DCERP2 (2008 Through 2016)

25th 75th
Constituent N Minimum | Percentile Median Mean Percentile | Maximum
DIC (mg L?) 42 29 8.415 15.88 16.34 23.8 30.62
DOC (mg LY 41 4.15 6.51 11.14 11.41 14.73 26.08
POC (ug L) 87 203.1 510.3 927.3 1,934 2,274 12,790
Chla (ug L?) 97 0 0.56 0.9 1.48 1.65 8.08
SSC (mg L?) 52 0.10 2.0 8.0 37.3 56.5 217

DCERP2 Final Report

4-11

August 2017



Defense Coastal/Estuarine Research Program (DCERP2) Chapter 4

Prediction of Carbon Flux to the NRE

Prediction of New River discharge at Highway 17 in Jacksonville during DCERP2 was made by
scaling water yield (volume per watershed area per time) at Gum Branch by watershed area at
the New River at Jacksonville. This equates to multiplying Gum Branch discharge by 2.6 to yield
the discharge at Jacksonville. The root mean square error of these predictions was 6.6 m* s™.

Prediction of carbon and sediment fluxes to the NRE over the DCERP lifespan required
interpolation daily between the monthly measurements. With discharge as the only continuously
measured variable, this interpolation required that relationships be established between
constituent concentrations and discharge. Instead of assuming a linear relationship between
In(concentration) and In(discharge), as in the EGRET model (Hirsch and De Cicco, 2015), non-
linear models were fit to each constituent that maximized the utility of the data collected. Three
unique regression models were generated between DIC, DOC, and POC, and discharge (Figure
4-3). DIC decreased as discharge increased, whereas DOC increased. POC peaked at a low
discharge and decreased thereafter.
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Figure 4-3. The relationships between DIC, DOC, POC, and the discharge used for
estimating carbon fluxes to the NRE at Jacksonville.
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These relationships were applied to the 2013-2014 and 2014-2015 daily discharge observations
to calculate fluxes as carbon input data to the DCERP2 carbon budget (Table 4-5). Uncertainty
in each flux was calculated from the 95% confidence interval of parameter estimates. As an
additional check on the potential imprecision and bias of these flux estimates, the method of
Moatar et al. (2012) was applied to the linear regression between concentration and discharge for
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each constituent given the frequency of sample collection. In general, imprecision in calculated
annual flux was predicted to decrease by approximately half if sampling was conducted weekly
versus monthly (with the exception of SSC; Table 4-A3). These predictions are instructive for
assessment of the estuarine carbon budget. Of the three carbon constituents measured (i.e., DIC,
DOC, and POC), POC showed the largest decrease in imprecision, from 45% to 24%, when
sampling frequency increased from monthly to weekly. However, POC was a small fraction of
the overall carbon budget at Gum Branch, and thus an additional sampling effort would not have
yielded a worthwhile increase in accuracy of the carbon budget. It is important to note that the
method of annual flux analysis was not based on linear regression between constituent
concentration and discharge, so the calculated annual fluxes of carbon are less susceptible to the
imprecision and bias predicted by Moatar et al. (2012).

Table 4-5. Annual Flux and Yield Estimates of Carbon Constituents in the New River at
Gum Branch by Using Relationships Shown in Figure 4-3

Year POC Flux DOC Flux DIC Flux Total Organic Carbon Yield DIC Yield
(July=June) | 10°gyr* 10°gyrt 10°gyrt 100 g km2 yr? 100 g km2 yr?
2013-2014 224 962 1,179 4.88 4.85

(222-225) (542-1,398) (818-1,556) (3.14-6.68) (3.37-6.40)
2014-2015 433 1,881 1,610 9.52 6.63
(431-447) | (1,185-2,552) | (1,071-2,181) (6.65-12.3) (2.41-8.98)

Prediction of Sediment Flux to the NRE

Sediment flux at Gum Branch was calculated by using a similar approach as POC, in which a
model was fitted to the data that captured the apparent plateau in concentration at higher
discharge rates (Figure 4-4, top panel). The sediment flux over decadal time spans is of
particular relevance to the geomorphology of the New River, so extrapolation was performed
beginning in 1988, when the present Gum Branch gage position was established. The cumulative
suspended sediment flux at Gum Branch from 1988 through 2016 was 1.6x10'! g, which
averages t0 5.6x10° g yr?,
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Figure 4-4. The relationship between (top panel) SSC and discharge with model fits and
uncertainty and (bottom panel) cumulative sediment flux and uncertainty from 1988
through 2015.

Note: The dashed black line shows the cumulative sediment flux of the annual average.

When normalized by the 243 km? watershed upstream from Gum Branch, the resultant 23x10° g
km2yr! is higher than most long-term sediment yields for coastal plain rivers from New Jersey
through Florida (Ensign and Noe, in revision). Consideration of how this sediment flux is
transported to the NRE is a critical component of the DCERP estuarine sediment and carbon
budgets. Without further information about floodplain dynamics within the tidal freshwater zone
of the New River, the DCERP Team assumed that 100% of this sediment is passed through the
tidal freshwater zone into the saline estuary below Jacksonville. It is more likely that a high
proportion of this sediment is trapped by tidal riparian wetlands before reaching Jacksonville.

Tidal freshwater forested wetlands in the Eastern United States accrete an average of 4,629
grams of sediment m2 yr! (Noe et al., in review). Applying this accretion rate to a 50-m wide
riparian floodplain on either side of the 19-km long tidal freshwater New River (Ensign et al.,
2012), as much as 8.8x10° grams of sediment per year are removed from fluvial transport before
reaching the oligohaline estuary at Jacksonville (Table 4-6). Fluvial suspended sediment that
does reaches the oligohaline portion of the estuary may be further attenuated by capture in salt
marshes, such as fringing wetlands at Freeman Creek, which can easily trap the total annual
watershed sediment flux from their watersheds (Piehler, 2013).
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Table 4-6. Sediment Budget for the NRE

Source:
Source: Watershed Sink: Tidal
Watershed | Below Gum Source: Source: NRE River Total
Above Gum | Branch off | Watershed Shoreline Floodplain Delivery to
Branch Base on Base Erosion Deposition NRE
Watershed area 243 4732 308 — - 1,024
(km?)
Annual average 23.0 23.0 9.6° — — —
yield (10° g km
yr)
Annual average 5.60 10.9 3.0 18.6°¢ 8.80¢ 29.3
flux (10° g yr?)

2 Includes the 394 km? watershed between Gum Branch and Jacksonville, and the off-Base portion of the
tributaries entering the New River downstream from Jacksonville.

® Yield measured from 10 watersheds during Monitoring Activity AEM-2 is averaged annually from 2008 through
2011.

¢ Assuming a shoreline erosion of 18,618 m® yr to the NRE and a bulk density of 1,000,000 g m3.

4 Assuming a deposition of 4,629 g m2 yr?, a river length of 19 km, and an active floodplain width of 50 m on
either side of the channel.

In addition to sediment erosion and transport from the watershed, shoreline erosion is a source of
sediment to the NRE. Using the measurement of 18,618 m? yr? of shoreline erosion in the NRE
(Currin et al., 2015) and assuming a bulk density of 1 g cm™, it is estimated that 18.6x10° grams
of sediment per year enters the NRE from shoreline erosion. In contrast, the average annual
sediment yield at Gum Branch (23x10° g km™ yr?) scaled to the entire NRE watershed drainage
area (1,024 km?) would produce a flux of 37x10° g yr. Thus, shoreline erosion supplies 63% of
the sediment flux to the NRE (after accounting for sediment loss from tidal river floodplain
deposition).

Deposition of POC in riparian wetlands must also be considered in an analysis of estuarine
carbon budgets and sediment carbon stocks. Assuming an average allochthonous carbon trapping
in riparian zones of 150 g m? yr?! (Noe et al., in review), this equates to a loss of 285x10° g of
carbon along the 19-km reach from Gum Branch to Jacksonville with a 50-m wide riparian zone
on either side of the channel. This estimated annual loss is similar to the POC flux at Gum
Branch (Tables 4-5 and 4-A2), indicating that the entire flux of POC past Gum Branch may be
trapped on the riparian floodplain before reaching the estuary at Jacksonville. The effect of this
POC trapping on POC flux to the estuary at Jacksonville is offset by tributaries entering the river
within the tidal freshwater zone. An additional source of carbon to the NRE is from shoreline
erosion. Using an estimated 18,618 m? yr? of shoreline erosion in the NRE (Currin et al., 2015),
and soil carbon density of 0.02 g C g** of sediment, carbon flux to the NRE is estimated at
372x10° g C yrt. This shoreline source flux of POC to the NRE is estimated to be 25% of total
delivery.

Storm Flows on the New River: The Example of Hurricane Matthew

In the week preceding Hurricane Matthew, a YSI 6000MS with a turbidity probe was deployed
5-km upstream of Jacksonville. Turbidity measured during the event was used to estimate SSC
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based on a regression relationship between turbidity and SSC at the Gum Branch station. The
water level on the New River at Gum Branch increased by 5 m during the storm, but the water
level upstream of Jacksonville increased by less than 1 m. This attenuation of the storm flow, the
second highest in the past 53 years, was likely because of widespread inundation of the riparian
floodplain. A similar decrease in the water level between a river gage and tidal freshwater zone
was reported on the Choptank River, MD (a similar-sized watershed), following its largest flood
in more than 50 years (Ensign et al., 2014). The wide floodplain of these coastal plain river
systems attenuates flood height.
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Figure 4-5. (Top panel) The effects of Hurricane Matthew on water level and turbidity),
(middle panel) the relationship between SSC and turbidity at Gum Branch, and (bottom
panel) the predicted SSC during Hurricane Matthew.

Note: Dashed blue and red lines represent the 95% confidence interval of the predictions. The regression in the
middle panel was based only on the turbidity values within the range shown in the top panel.

This broad inundation of the floodplain also allows sediment deposition to occur. Using a
regression relationship between SSC and turbidity at Gum Branch (Figure 4-5, middle panel)
and measured turbidity from the deployed probe. We estimated SSC in the tidal freshwater New
River upstream from Jacksonville. The predicted SSC during Hurricane Matthew at Gum Branch
was higher than the tidal freshwater site throughout the event. Although uncertainty in these
predictions is relatively large, it appears likely that SSC decreased downstream of Gum Branch
as the suspended flux was deposited on the inundated riparian floodplain. However, without
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discharge measurements at the head of this reach, it is impossible to determine the mass of
sediment deposited in the floodplain.

Sensitivity of River Flux to Changes in Discharge Due to Climate Change

River discharge, rather than constituent concentration, largely controls the flux of constituents
downstream. Therefore, changes in discharge regime because of climate change in the future
may alter constituent fluxes to the NRE. An analysis of discharge (as a cumulative frequency
distribution) and the magnitude of constituent flux across that range of discharge provides insight
regarding how future changes in discharge regime may affect long-term constituent flux. The
relationships between discharge and concentration previously discussed in this chapter were
combined with the discharge record at Gum Branch from 1949 to 2016. Table 4-7 provides a
summary of results for two percentiles of the total constituent fluxes from 1949 to 2016. For
example, 75% of the DIC flux has occurred at discharges less than 7.08 m® s (the 90.4"
percentile of mean daily discharge from 1949 to 2016), and 90% of DIC flux has occurred at
discharges less than 17.8 m® s (97.6™ percentile of mean daily discharge). Graphical
representations of each constituent’s frequency-magnitude flux are provided in Figures 4-Al15
through 4-A19 in Appendix 4-A of this chapter.

Table 4-7. Summary Results from Frequency-Magnitude Analysis of Constituent Fluxes
Past the New River at Gum Branch

Constituent

Discharge (m?®s™)
at the 75t
Percentile of
Constituent Flux

Percentage of
Discharge Record

Discharge (m?®s™)
at the 90t
Percentile of
Constituent Flux

Percentage of
Discharge Record

DIC 7.08 90.4% 17.8 97.6%
DOC 22.4 98.3% 44.7 99.6%
POC 17.8 97.6% 355 99.3%
SSC 224 98.3% 44.7 99.6%
NO3 11.2 95.1% 28.2 98.9%
POy 28.2 98.9% 56.2 99.8%

With the exception of DIC, 25% of the total constituent fluxes occurred during relatively high
discharge events (>95" percentile). This finding means that 25% of the annual constituent flux
occurs during just 18 days of the year. Constituent fluxes to the NRE are sensitive to future
changes in climate that could focus precipitation into more clustered storm events. Even if the
total river discharge remains constant in the future, the distribution of that flow over the year
may affect constituent fluxes to the NRE. DCERP2 Research Project CC-1 (DCERP2 Final
Report, Chapter 3) does not predict any significant change in precipitation for the New River
watershed through 2030, but the 2060-2090 period may have an increase in the number of days
with more than 1 inch of rainfall. Therefore, significant changes in constituent fluxes to the NRE
due to precipitation patterns affected by climate change are not expected for another 30 years.
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Assessment of Directionality/Trends

e Sampling at Gum Branch during DCERP2 consisted of a pair of low and high discharge
samples collected every 2 months. This effort to collect samples during high-discharge
events improved the accuracy of subsequent calculations of annual constituent fluxes. A
statistical analysis of the relationship between constituent concentration and discharge
during high-discharge events further improved the annual constituent flux estimates. In
addition, estimates of annual flux would have been further improved by sampling weekly
or biweekly (every 2 weeks) rather than monthly: precision of DIC and NOs flux would
improve 7%; precision of DOC, NHs, and TDN flux would improve 10%; and precision
of POC, PN, PO4, and SSC flux would improve 21%.

e The 7-day and 30-day minimum flows at Gum Branch and tidal influence have increased
over the past 28 years, likely because of sea level rise. The onset of tides in the 1970s or
1980s changed the New River at Gum Branch into an estuary, and this change in
hydrology will have a profound influence on biogeochemical and sedimentary processes
between Gum Branch and Jacksonville.

e The flux of dissolved nitrogen (including organic and inorganic forms) at Gum Branch
likely decreased during the DCERP monitoring period. Some of this decrease in flux was
because of a decrease in NOs flux and NH4 concentration. While Gum Branch represents
the head of the NRE, its watershed only represents 24% of the overall New River Basin.
Therefore, although a decrease in dissolved nitrogen to the head of the NRE can be
concluded with some confidence, it is unclear whether this trend has occurred throughout
the broader watershed downstream.

e PO4 concentration has likely decreased at Gum Branch during the DCERP monitoring
period. However, a change in PO4 flux was not likely to have occurred. This may indicate
that sources of PO4 to the New River upstream of Gum Branch have decreased, but that
there is sufficient PO4 mobilized during storms to offset the decrease in concentration.

e A decrease in the delivery of dissolved nitrogen to the NRE may reduce phytoplankton
growth and biomass accumulation during some periods of the year. Knowledge of these
changes in river flux and subsequent algal response are essential to any future data
interpretation in the NRE. Therefore, continued monitoring of nitrogen and phosphorus at
the New River at Gum Branch should be a core component of any future monitoring
effort in the NRE.

Conclusions and Implications for Future Research and Implementation
Key Findings

A key finding of this monitoring effort was that the NRE extends upstream to the mainstem New
River at Gum Branch, where sea level rise is increasing the daily range in water level and
increasing the minimum annual flows. This is the first instance where the onset of tidal condition
has been detected at a river gaging station in the United States. The tidal freshwater portion of
the NRE is currently extending upstream because of sea level rise, and this hydrologic change
between Jacksonville and Gum Branch may have affected in-stream biogeochemical processes,
floodplain dynamics and vegetation, and the flux and processing of materials as they traverse the
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New River’s tidal freshwater zone. The shifting boundaries of estuarine condition offer exciting
opportunities for future research. For example, how are rates of ecosystem processes (e.g.,
denitrification, sulfate reduction, tree mortality, fin fish habitat use) changing across the
estuarine gradient, and what is the net result on each process? How do changes in those
processes interact over time? How should management action anticipate these changes to
maximize preservation and function of these processes? Answering these questions is not
directly relevant to MCBCL management activities because the New River tidal freshwater
estuary is off-Base. However, this same process of tidal extension is likely occurring in the
tributaries to the NRE that are on MCBCL, such as Southwest Creek and Northeast Creek.
Efforts by MCBCL to monitor and manage riparian wetland habit should be aware that tidal
extension may be occurring in these habitats and may explain shifts in flora and fauna as the
hydrology changes.

A second key finding of this monitoring effort was that dissolved nitrogen flux to the NRE has
likely decreased during the past 9 years. Furthermore, it is likely that the PN concentrations
decreased, and it is highly likely that PO4 concentrations decreased during this period. No data
were collected upstream of Gum Branch regarding river or watershed processes; therefore, it is
unclear why nitrogen and phosphorus levels have declined. However, from a land and estuary
management perspective, these are positive changes. Phytoplankton in the NRE are growth-
limited by nitrogen and phosphorus during some periods of the year, so decreased riverine
delivery may help limit growth rates for some species that potentially pose a direct or indirect
problem to the estuarine ecosystem. This trend analysis accomplishes a major objective of the
DCERP monitoring effort. Stakeholders with interests in water quality of the NRE should be
encouraged by the decreasing trend in nitrogen and phosphorus as potentially indicating the
effectiveness at nutrient reduction strategies implemented in the watershed, but should keep in
mind that past trends do not guarantee a continued change in the future. Monitoring of nitrogen
and phosphorus should continue at Gum Branch and tributaries on MCBCL so that more robust
trend detection can be performed over time. Interpretation of future changes in phytoplankton in
the NRE requires co-occurring measurements of nitrogen and phosphorus flux to the estuary.

A third key finding of this monitoring effort was that sediment flux to the NRE is mainly a local
process, not a watershed-scale process. The sediment yield of the New River watershed, while
relatively high compared with other Coastal Plain rivers, is low enough that all of the sediment
passing Gum Branch is expected to be trapped and stored on the floodplain before reaching
Jacksonville. This finding means that most of the sediment entering the NRE is from shoreline
erosion along the estuary, itself. Similarly, the very low yield of POC and extensive trapping on
storage of river floodplains leave shoreline erosion as a significant source of POC to the NRE.
Although river floods (such as those that occurred after Hurricane Matthew) increase sediment
and POC flux at Gum Branch, the water level and sediment concentrations are greatly attenuated
prior to reaching Jacksonville. These data and conclusions resolve the knowledge gap that exists
in DCERP regarding sediment and carbon budget input to the NRE. From a management
perspective, the conclusion is that preserving riparian wetland buffers is an extremely effective
strategy for keeping sediment from developed land from reaching the NRE.

A final key finding resulted from the supplemental research on tidal transport, nitrogen, and
carbon transformation in the tidal freshwater zone of the NRE (Appendix 4D). A critical gap in
DCERP was knowledge of the time-scale of constituent transport from the head of the estuary at
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Gum Branch to Jacksonville. Deployment of Lagrangian drifters showed that travel time through
this reach took between 2.8 and 6.1 days, depending on river discharge. This travel time served
as the basis for estimating the transformation of NOs and DOC entering the estuary at Gum
Branch and before arriving at Jacksonville. During this travel time, approximately 10% of the
NOs load at Gum Branch was predicted to be removed by denitrification, and 31% of the DOC
flux was predicted to be converted to DIC by photomineralization. In addition, the flux of DIC at
Jacksonville was 1.4 times the flux at Gum Branch. These predictions inform the DCERP effort
to parameterize a carbon budget by providing estimates of how fluxes at Gum Branch should be
modified to represent the budget boundary at Jacksonville. For stakeholders and MCBCL, the
value of this research is the estimated travel time of potential pollutants (such as what occurred
during a swine lagoon spill on the New River in 1995) from Gum Branch to Jacksonville.
Although travel time was not measured during a high-discharge event, the data provide an
indication of how long managers may have to alert the public of a water quality hazard in
Jacksonville if a pollutant is detected at Gum Branch.

Findings with Implications for Future Base Management

The tidal freshwater portion of the NRE is extending farther inland as sea level rises. This tidal
extension is also likely occurring throughout MCBCL in low elevation stream channels: this is a
net benefit to operations at MCBCL. Tidal extension into low elevation streams at MCBCL
provides additional capacity for trapping and storage of watershed sediment that may otherwise
impair estuarine waters. If these riparian areas are not disturbed by development or engineering
practices (e.g., culverts, weirs), then MCBCL will receive additional ecosystem services from
these low elevation, tidal streams that trap sediment. The ecosystem services provided by this
altered hydrology may be disproportionately large relative to the small footprint of wetland
change. Furthermore, tidal extension and changes in hydrology may help explain observed
changes in flora and fauna in riparian habitats.

Monitoring in the off-Base portion of the New River watershed revealed decreases in nitrogen
and phosphorus. These changes may affect phytoplankton growth and its direct and indirect
effects on the NRE. To detect future changes in nitrogen and phosphorus flux to the New River,
MCBCL should continue monitoring at Gum Branch and select locations on-Base that have been
monitored continuously during DCERP. Without continuous data about nitrogen and phosphorus
flux at Gum Branch and other locations, explaining the cause of future changes in phytoplankton
in the NRE will be impossible. Continuous data about nitrogen and phosphorus flux to the NRE
would dramatically simplify the research required to evaluate the need for point and non-point
nutrient regulations in the future, while reducing uncertainty about causes of water quality
impairment.

The extensive tidal riparian zones of the NRE tributaries on MCBCL provide an extremely
important function of trapping watershed sediment. This function is particularly valuable on
MCBCL in areas of recent land clearing or development where sediment loads to streams may be
temporarily elevated. Preservation of existing riparian zones and restoration of degraded riparian
zones on MCBCL will greatly reduce sediment flux to the NRE.

Finally, the location of MCBCL surrounding the NRE makes it vulnerable to pollutant spills
upstream on the New River and its watershed. Major spills have occurred upstream in the past
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and ultimately affected water quality at MCBCL access points on the NRE. One aspect of
emergency preparedness on MCBCL is knowledge of how long it takes spills to travel from
upstream sources to the NRE. Under low discharge conditions, the travel time is between 3 and 6
days. Research needs to be conducted to determine what this spill travel time would be during
high-discharge events, so more precise measurements can be made for individual locations on
MCBCL.
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Table 4A-1. Annual Mean of Daily Mean Streamflow for the New River near Gum Branch
(U.S. Geological Survey Stream Gaging Station 02093000)

Calendar Year

Annual Mean Streamflow

2007 2.056
2008 1.500
2009 2.724
2010 3.320
2011 1.571
2012 3.066
2013 2.226
2014 3.157
2015 5.834
2016 4.963
Period of record?® 3.268

2 Calendar years 1950-1973 and 1988-2016.

Table 4A-2. Particulate Organic Carbon (POC) Budget for the NRE

Source:
Source: Watershed Sink: Tidal
Watershed | Below Gum Source: Source: NRE River Total
Above Gum | Branch off- | Watershed Shoreline Floodplain | Delivery to
Branch Base on-Base Erosion Deposition NRE
Watershed area (km?) 243 4732 308 — — 1,024
Annual average yield 1.35 1.35 1.35 — — —
(10® g C km2 yr?)
Annual average flux 3282 639 416 372 285 1,470
(10°g Cyr")
2 Average of both annual periods reported in Table 4-5.
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Table 4A-3. Predicted Median Imprecision and Bias of Annual River Fluxes at Gum

Branch Predicted by Using the Methods of Moatar et al. (2012)

7-Day 15-Day 30-Day
Parameter | Imprecision 7-DayBias Imprecision 15-DayBias Imprecision 30-DayBias
DIC 18 1 +10 1 +15 2
DOC +10 0 +13 0 +20 0
POC +24 -3 +32 -7 +45 -14
NH,4 +10 0 +13 0 +20 0
NO3 18 1 +10 1 £15 2
TDN +10 0 +13 0 +20 0
PN +24 -3 +32 -7 +45 14
PO, 24 -3 +32 =7 45 -14
SSC +50 -8 +60 —22 *70 —36

Note: DIC = dissolved inorganic carbon; DOC =dissolved organic carbon; NHs = ammonium; NO3 =
nitrate; PN = particulate nitrogen; POC = particulate organic carbon; PO4 = orthophosphate; TDN = total

dissolved nitrogen; SSC = suspended sediment concentration.
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Figure 4A-1. Annual mean discharge at Gum Branch from 1988 through 2016, showing
overall mean (blue line) and (top panel) Exploration and Graphics for RivEr Trends
(EGRET)-predicted trend (black line), and (bottom panel) monthly mean discharge at
Gum Branch over the same period.
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Figure 4A-2. Temperature, specific conductivity, salinity, dissolved oxygen, and discharge
at the New River at Gum Branch during the DCERP2 monitoring period.
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Figure 4A-3. Chlorophyll a, turbidity, and suspended sediment concentrations (SSC) at the
New River at Gum Branch during the DCERP1 and DCERP2 monitoring period.
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Figure 4A-4. Ammonium (NHj,), nitrate (NOs), total dissolved nitrogen (TDN), and
particulate nitrogen (PN) at the New River at Gum Branch during the DCERP1 and
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Figure 4A-5. Orthophosphate (PO.), particulate phosphorus (PP), and total dissolved
phosphorus (TDP) at the New River at Gum Branch during the DCERP1 and DCERP2
monitoring period.
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Figure 4A-6. Dissolved inorganic carbon (DIC), dissolved organic carbon (DOC), and
particulate organic carbon (POC) at the New River at Gum Branch during the DCERP1
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Figure 4A-7. The EGRET Weighted Regression on Time, Discharge, and Season (WRTDS)
model trend analysis of ammonium (NH4) at the New River at Gum Branch.

The EGRET confidence interval analysis showed that the change in flow-normalized concentration between 2010
and 2016 was not statistically significant, but it is likely that NH4 concentration decreased. The change in flow-
normalized flux between 2010 and 2016 was not statistically significant, and it is unlikely that NH,4 flux changed.
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Figure 4A-8. The EGRET WRTDS model trend analysis of nitrate (NO3) at the New River
at Gum Branch.

The EGRET confidence interval analysis showed that the change in flow-normalized concentration between 2010
and 2016 was not statistically significant, and it is unlikely that NO3 concentration changed. The change in flow-
normalized flux between 2010 and 2016 was not statistically significant, but it is likely that NO3 flux decreased.
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Figure 4A-9. The EGRET WRTDS model trend analysis of total dissolved nitrogen (TDN)
at the New River at Gum Branch.

The EGRET confidence interval analysis showed that the change in flow-normalized concentration between 2010
and 2016 was not statistically significant, but it is likely that TDN concentration decreased. The change in flow-
normalized flux between 2010 and 2016 was not statistically significant, but it is very likely that TDN flux
decreased.
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Figure 4A-10. The EGRET WRTDS model trend analysis of particulate nitrogen (PN) at
the New River at Gum Branch.

The EGRET confidence interval analysis showed that the change in flow-normalized concentration between 2010
and 2016 was not statistically significant, and it is unlikely that PN concentration changed. The change in flow-
normalized flux between 2010 and 2016 was not statistically significant, and it is unlikely that PN flux changed.
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Figure 4A-11. The EGRET WRTDS model trend analysis of orthophosphate (PO,) at the

New River at Gum Branch.

The EGRET confidence interval analysis showed that the decrease in flow-normalized concentration between 2010
and 2016 was statistically significant, and it is highly likely that PO, concentration decreased. The change in flow-
normalized flux between 2010 and 2016 was not statistically significant, and it is unlikely that PO, flux changed.
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Figure 4A-12. The EGRET WRTDS model trend analysis of particulate organic carbon
(POC) at the New River at Gum Branch.

The EGRET confidence interval analysis showed that the change in flow-normalized concentration between 2010
and 2016 was not statistically significant, and it is unlikely that POC concentration changed. The change in flow-
normalized flux between 2010 and 2016 was not statistically significant; however, it is likely that POC flux
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Figure 4A-13. The EGRET WRTDS model trend analysis of chlorophyll a (chl a) at the
New River at Gum Branch.

The EGRET confidence interval analysis showed that the change in flow-normalized concentration between 2010
and 2016 was not statistically significant, but it is likely that chl a concentration decreased. The change in flow-
normalized flux between 2010 and 2016 was not statistically significant, and it is unlikely that chl a flux changed.
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Figure 4A-14. The frequency-magnitude analysis of dissolved inorganic carbon (DIC) at
the New River at Gum Branch.
The dashed vertical line denotes the 90™ percentile of cumulative dissolved inorganic carbon (DIC) flux.
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Figure 4A-15. The frequency-magnitude analysis of dissolved organic carbon (DOC) at the
New River at Gum Branch.
The dashed vertical line denotes the 90™ percentile of cumulative DOC flux.
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Figure 4A-16. The frequency-magnitude analysis of particulate organic carbon (POC) at
Gum Branch.
The dashed vertical line denotes the 90™ percentile of cumulative POC flux.
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Figure 4A-17. The frequency-magnitude analysis of sediment at the New River at Gum
Branch.
The dashed vertical line denotes the 90™ percentiles of cumulative sediment flux.

DCERP2 Final Report 4-A-17 August 2017



Defense Coastal/Estuarine Research Program (DCERP2) Chapter 4

©
o) ] | — 1.0
§ 0.08 — 250 x
% 0.06 — - 200, | 0F %
o) i

5 - 150> | 96 E
5 0.04 — = o
5 - 100z [T 04 2
= © —_—
g %21 5= lo2E
3 3
o 0.00 ! — 0 — 0.0
o | | I |

-1 0 1 2

log10(discharge), cubic meters per second

Figure 4A-18. The frequency-magnitude analysis of nitrate (NO3) at the New River at Gum
Branch.

The dashed vertical line denotes the 90™ percentile of cumulative NOs flux.
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Figure 4A-19. Frequency-magnitude analysis of orthophosphate (PO,) at the New River at
Gum Branch.
The dashed vertical line denotes the 90™ percentile of cumulative PO, flux.
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Appendix 4-B
List of Scientific/Technical Publications

Papers

Ensign, S.H., and G.B. Noe. In revision. Tidal extension and sea level rise: Recommendations
for a Research Agenda. Frontiers in Ecology and the Environment. Frontiers in Ecology and the
Environment.

Thesis
Not applicable

Presentations

Ensign, S.H., G.B. Noe, and C.R. Hupp. 2016. Tidal Freshwater Landscapes and Salinity
Intrusion. Presented at the Summer Meeting of the Association for the Sciences of Limnology
and Oceanography, Santa Fe, NM.

Ensign, S.H. 2016. Tidal Freshwater Ecosystem: The Ecologic, Economic, and Policy
Landscape at the Front Lines of Sea Level Rise. Presented at the Departmental Seminar,
University of Texas, Austin, Marine Science Institute. December 4.

Ensign, S.H. 2015. Tidal Freshwater Ecosystem. Presented at the Departmental Seminar,
Virginia Institute of Marine Sciences, Gloucester Point, VA. September 17.

Ensign, S.H. 2015. Tidal Freshwater Ecosystem: Ecological Processes at the Front Lines of Sea
Level Rise. Presented at the Departmental Seminar, Biology, East Carolina University,
Greenville, NC. April 2.

Ensign, S.H. 2014. Environmental and Ecological Process at the Front Lines of Sea Level Rise.
Presented at the Departmental Seminar, Curriculum in Ecology, University of North Carolina at
Chapel Hill, Chapel Hill, NC. November 13.
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Appendix 4-D
Supplemental Study

Improving Estimates of Nutrient and Carbon Loading to the Upper New
River Estuary Using Floating Drifters

Dr. Scott H. Ensign and Bryce R. Van Dam

Objectives

The first objective of this study was to characterize the travel time of water and solutes through
the tidal freshwater portion of the New River. The travel time of particles and solutes is
fundamental for estimating their exposure to reaction sites where biogeochemical processes
occur. The exposure time provides the time scale for calculating biogeochemical process rates
that alter constituent fluxes between the head-of-tide and the upstream boundary of the DCERP
Estuarine Simulation Model (Dr. Mark Brush) at Jacksonville, NC.

The second objective of the study was to estimate nitrogen uptake as a function of denitrification
and ecosystem metabolism within the tidal freshwater zone. Nitrate (NO3) uptake was calculated
by using measured metabolic rates and literature values of denitrification. Uptake was expressed
as the percent reduction between the NOs flux entering the tidal freshwater zone at Gum Branch
and the flux entering the NRE at Jacksonville. This percent reduction provides a scalar for
making more accurate predictions of NOs flux at the upstream boundary (Highway 17 at
Jacksonville) of the Estuarine Simulation Model (see the DCERP2 Final Report, Chapter 10).

The third objective of the study was to estimate photolytic transformation of dissolved organic
carbon (DOC) to dissolved inorganic carbon (DIC) during transit through the tidal freshwater
zone and DIC exchange with the atmosphere. These transformations and exchanges will improve
the accuracy of carbon budget estimates to the New River Estuary (NRE), and ultimately
improve the accuracy of ecosystem processes estimated by the Estuarine Simulation Model.

Background

The NRE contains an extensive oligohaline and tidal freshwater zone extending from
Jacksonville to the U.S. Geological Survey (USGS) gage on the New River near Gum Branch.
This 19-km zone of the estuary tapers in width going upstream, becoming a meandering channel
bordered by extensive tidal freshwater forested wetlands. Over-bank flooding from the channel
into the wetlands occurs during high tide, and this hydrologic coupling between river and
riparian zone affects solute and particle transport downstream. The morphologic changes in
channel width, tree canopy shading, and irradiance along this zone may also influence biological
production and photochemical processes.

These geomorphic, hydrologic, and biogeochemical gradients may alter the New River’s solute,
particle, and elemental fluxes between the DCERP monitoring station on the New River near
Gum Branch and the upper extent of DCERP estuarine monitoring and modeling at Highway 17
in Jacksonville. Despite these anticipated changes in flux, the DCERP Estuarine Simulation
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Model and empirical carbon budget apply the measured yield at Gum Branch as the upstream
boundary flux. The absence of monitoring data between Jacksonville and Gum Branch has
repeatedly been cited in DCERP as a limitation to both the Estuarine Simulation Model and the
empirical carbon budget. If attenuation (net uptake) of elemental fluxes occurred within this
zone, then the models would over-estimate inputs across the upstream model boundary. If
augmentation (net input) of elemental flux occurred, then the upstream model boundary would
under-estimate this input. In either event, the resultant interpretation of environmental process
rates in the upper portion of the Estuarine Simulation Model and empirical carbon budget would
be in error.

During DCERP1, supplemental data on river discharge was collected by the USGS along this
zone of the New River. The study found reverse (upstream) tidal flow occurred as much as 10
km upstream from Highway 17. The bi-directional, unsteady flow within the tidal freshwater
zone is a difficult challenge to estimating elemental transformations during transport through the
tidal freshwater zone. Estimation of these transformations requires knowledge of transport time
and channel volume through the tidal freshwater zone. The supplemental monitoring activity
described here fills that gap.

Methods and Materials
Study Sites

The tidal freshwater zone of the New River begins at the Northwest Bridge Road crossing at the
USGS New River Gum Branch stream gaging station (34.84918° N 77.51932° W; Figure 4D-1).
The next 10 km downstream exhibit a semi-diurnal tide year-round with an approximate 0.2-m
range and never contains saltwater, even under severe droughts. The channel in this zone is
approximately 2-m deep and between 10- and 15-m wide. Except during severe droughts, the
tidal freshwater zone extends another 5 km downstream to 34.77025° N 77.46452° W (15 km on
Figure 4D-1). This zone is approximately 3-m deep and between 15- and 20-m wide, and the
tidal amplitude is approximately 0.2 m. Except for a 2-km dredged zone (34.79623° N 77.47028°
W to 34.80992° N 77.42339° W), the riparian zone of the tidal freshwater New River consists of
bottomland hardwood forest (cypress, black gum, red maple) that floods during the semi-diurnal
tide. The dredged section is the only portion of this zone of the New River where channel levees
are apparent.

Downstream of 34.77025° N 77.46452° W (15 km on Figure 4D-1), the New River morphology
and riparian zone change distinctly, and the oligohaline conditions and water column salinity
stratification occur in this stretch during normal flow conditions. The channel widens to
approximately 100 m and deepens to 8 m. Riparian vegetation is scrub-shrub with no bald
cypress. One kilometer upstream from Jacksonville, the river widens to greater than 500 m, and
the depth decreases to 2 m.

Sampling

Data were collected during three measurement periods: 10-12 May 2016, 22-24 August 2016,
and 2-5 October 2016. During each period, two YSI 6000MS datasondes (Yellow Springs
Instruments, OH) were deployed to measure temperature, salinity, specific conductivity, and
dissolved oxygen. One datasonde was located at the upstream end of the study zone (5 km on
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Figure 4D-1), and the other datasonde was located at the downstream end (15 km on

Figure 4D-1). The datasondes were secured to polyvinyl chloride (PVC) poles that were driven
into the river bed along the edge of the channel. Onset HOBO pressure transducers were also
secured to the PVC poles to measure water depth. Datasondes and pressure transducers were
deployed for 48 hours. Light attenuation (k [in m™]) was measured during each measurement
period by using a LiCor photosynthetically active radiation (PAR) sensor deployed from a
research vessel in the mid-channel. Additional measurements of dissolved oxygen and salinity
were made by using a YSI 6920 datasonde.

° 0 km (Gum Branch gage)

°5km
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Figure 4D-1. A map of the tidal freshwater zone of the New River, starting at 0 km at Gum
Branch and ending at 19 km at Jacksonville.

During each measurement period, a pair of HydroSphere drifters (Planktos Instruments, LLC,
Morehead City, NC) were deployed along the zone. During the deployment in May and August
2016, one drifter was deployed at the surface (floating) and the other was deployed subsurface
(neutrally buoyant). The neutrally buoyant drifters were not effective at traveling unimpeded
because of the very low flow velocities that prevented lateral and vertical mixing. In response,
both drifters were deployed floating in the October deployments. Very low flow velocities and
subsequent low cross-channel mixing frequently resulted in even the floating drifters getting
snagged by shoreline debris. During daylight, the drifters were monitored carefully; the drifters
were freed when they reached the shore to maximize their free-drift path length. This was
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important for estimating travel time along the reach. On several occasions, the drifters were
deployed at strategic areas to capture additional flow information or for point source detection.

Water travel times from Gum Branch to Highway 17 in Jacksonville were estimated from the
drifter velocities. Drifter velocities during periods of free-flowing travel were measured on the
ebb and flood tide, and then were extrapolated across the study reach. The estimated travel time
of a particle (the HydroSphere) through the study reach was assumed to represent the average
replacement time of freshwater within the reach by inflowing water at the head-of-tide. The
estimated travel time includes the effects of oscillating flow direction. For the calculations
described in the remainder of this section, we assumed that once the travel path reached the
downstream boundary (Highway 17 at Jacksonville) the water (or solute) was lost from the study
reach.

The air—water carbon dioxide (CO2) flux and DIC inventories were measured during each
survey. Fluxes were determined by using the floating dome technique (Marino and Howarth,
1993), and the partial pressure of carbon dioxide (pCO2) was measured by using the same flow-
through analyzer that was built for the DCERP Research Project AE-4. DIC was measured at 12
stations in the tidal freshwater zone during each cruise. Measured air—water fluxes were scaled
up over the study reach per residence time (RT; see Table 4D-1) by using Equation 1, as follows:

CO2 atmospheric flux (g) = measured fluxxstudy reach areaxRT (Eq. 1)

The study reach surface area was assumed to be equal to the river channel widths reported by
Siporin (2010), multiplied by reach length, totaling 836,629 m2. Synoptic surveys of
temperature, pH, salinity, oxygen (O2), CO2, and DIC were conducted along the study reach
while the drifters were deployed. The flow-through analyzer previously described was fitted with
a YSI 6000 series datasonde, which measured temperature, pH, salinity, and O2. Measurements
were made at 30-second intervals and summarized by 3-km reaches.

We predicted the mass of NOs, DOC, and DIC that entered the tidal freshwater zone at the head-
of-tide during a period equal to the water replacement time. Non-linear regression of NO3
concentration versus discharge, DOC concentration versus discharge, and DIC concentration
versus discharge are presented in Chapter 4 of the DCERP2 Final Report. These masses of
constituents were assumed to react across the benthic and air—water surfaces during the water
replacement time. For NOs, it was assumed that the mass was exposed to the entire benthic
surface area of the channel and mixed completely. A flat river—bottom morphology was
assumed, acknowledging that this may under-estimate the surface area for denitrification.
Denitrification rates from that benthic surface were taken from Von Korff et al. (2014), who
measured denitrification during four seasons in the tidal freshwater zone of the New River.
Uncertainty for each calculation of denitrification included uncertainty in travel time (flushing
time), NOs concentration entering the reach, and denitrification rate.

Photomineralization from DOC to DIC was predicted by using the formula from Granéli et al.
(1998), as shown in Equation 2:

DIC production (g m? 6 hrt) = 0.04xDOC-0.117 (Eq. 2)
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Next, the DIC production was applied to the photic depth (10% of surface irradiance: —In(0.1)/k
of the study reach. Attenuation of ultraviolet A and ultraviolet B was not measured; therefore,
the approximation of the total radiation spectrum had to be assumed from the measured PAR
values. DIC production across the study reach during RT of water was calculated as shown in
Equation 3, where DIC is in grams of carbon per cubic meter:

DIC production (g) = DIC production (g m= 6 hr)x836,629x(—In(0.1)/k)x(RT/6) (Eq. 3)

Application of these rates implies that the active depth of irradiance is 1-m deep. Uncertainty for
each calculation of photomineralization included uncertainty in travel time (water replacement
time), DOC concentration entering the reach, and DIC concentration entering the reach.

A mass balance of DIC was constructed by using the measured and estimated fluxes. Measured
fluxes include the DIC flux at Gum Branch and the COz2 loss to the atmosphere across the air—
water interface. DIC production via photomineralization was estimated by using Equation 3. The
net DIC flux at Jacksonville was calculated as the average DIC concentration closest to
Jacksonville during synoptic sampling multiplied by discharge at Gum Branch scaled to
Jacksonville discharge (for an explanation, see Chapter 4 of the DCERP2 Final Report).
Unmeasured fluxes include lateral inputs, groundwater inputs, and DIC produced by respiration.
These combined unmeasured DIC fluxes into the study reach (L) were calculated as shown in
Equation 4:

L=J-G - P+A (Eq. 4)

where, J is the flux at Jacksonville, G is the flux at Gum Branch, P is DIC production via
photomineralization (Eq. 3), and A is flux of CO2 from water into the atmosphere (Eg. 1).

Results and Discussion
Field Measurements in May 2016

In May 2016, the tidal amplitude was 0.19 m at the upstream site and 0.28 m at the downstream
station (Figure 4D-2). The surface HydroSphere drifter traveled 3.4 km unimpeded, but the
subsurface drifter was snagged on the bottom for most of the measurement period. The surface
drifter velocities during flood and ebb tide were interpolated from Gum Branch through the end
of the study reach: by the conclusion of the 48-hr monitoring period a particle released at Gum
Branch would have traveled between 11.0 and 13.4 km. It would have taken between 83 and 146
hours for the drifter to reach Highway 17 in Jacksonville (Table 4D-1).

Table 4D-1. Estimated Drifter Travel Time from the New River at Gum Branch to
Highway 17, Jacksonville; the Numbers in Parentheses Are Lower and Upper Bounds of
Travel Time Estimates

Travel time 10-12 May 2016 22-24 August 2016 3-4 October 2016
Hours 115 (83, 146) 83 (68, 98) 76 (63, 89)
Days 4.8(3.4,6.1) 3.5(2.8,4.1) 3.2(2.6,3.7)
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Figure 4D-2. Stationary and drifter measurements made in the tidal freshwater zone of the
New River over 48 hours in May 2016.

Green bars denote periods when HydroSphere #1 was traveling freely at the surface. Black dashed lines in bottom
panel show estimated distance traveled for water parcel introduced at the head of the study reach (YSI upstream).

The surface drifter measured a 25% drop in dissolved oxygen concentration in the upper 1.9 km
of the study reach, indicating either a point source or rapid consumption of oxygen in the
channel. Dissolved oxygen decreased from an average 6.6 mg L™ (73% saturation) to 3.5 mg L™
(40% saturation) between the upstream and downstream stations, which is consistent with the
synoptic measurements. No consistent diurnal pattern in oxygen was observed at either
measurement location. A diurnal temperature change of 1°C occurred in the afternoon at the
upstream station, while a 5°C increase occurred downstream. The downstream increase
corresponded with rising stage of the tide, so warmer water could have been advected past the
sensor. The drifter measured large fluctuations in pH, from 7 to 8.5, and the synoptic
measurements showed a decrease from 7.3 upstream to 7.0 downstream. The vertical attenuation
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coefficient of PAR averaged —4.0 m™ (Table 4D-2). In addition, pCO: increased from 2,155
patm upstream to 3,613 patm at 12 km (Figure 4D-3). DIC decreased from 1.51 uM upstream to
1.16 uM downstream. The downstream end of the study reach had estuarine-influenced salinity
of 0.4 ppt.
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Figure 4D-3. Synoptic measurements in the tidal freshwater zone of the New River.
Field Measurements in August 2016

In August 2016, the tidal amplitude was 0.24 m at the upstream site and 0.28 m at the
downstream station (Figure 4D-4). The surface drifter (HydroSphere #3) traveled 2.8 km
unimpeded, but the subsurface drifter (HydroSphere #2) became snagged. Extrapolation of
drifter velocities during ebb and flood tide indicated that the drifter would have traveled 12.8 km
from Gum Branch during the study period if it had not been snagged. It would have taken
between 68 and 98 hours for the particle to travel from Gum Branch to Highway 17 in
Jacksonville (Table 4D-1).

Dissolved oxygen decreased from an average of 4.9 mg L (60% saturation) at the upstream
station to 2.0 mg L™ (25% saturation) at the downstream station. Synoptic measurements showed
a similar pattern (Figure 4D-3). Temperature showed mid-afternoon warming at both stations. A
pulse in specific conductivity occurred at the downstream station during the two high-tide
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periods at the end of the study. The drifters measured pH between 7 and 8 during the first day,
and then below 7 during the second day. Synoptic measurements of pH were between 7.4 and
7.0. Estuarine salinity was detectable at 12 km and increased to 1 ppt at the downstream end of
the study reach. The vertical attenuation coefficient of PAR averaged —3.7 m* (Table 4D-2).
The pCO: increased from 3,225 uM at the upstream end of the study reach to 5,846 patm at
12 km (Figure 4D-3). DIC decreased from 1.65 uM to 1.21 uM at 12 km.

Table 4D-2. Attenuation of PAR in the New River Tidal Freshwater Zone

PAR attenuation

Date Time (hh:mm) Location (dd.d N, dd.d W) coefficient (m?)
10 May 2016 12:40 34.82939, 77.48001 -3.4
12 May 2016 09:16 34.79099, 77.46340 —4.5
22 August 2016 12:05 34.82939, 77.48001 -3.8
22 August 2016 16:45 34.79835, 77.47068 -3.9
23 August 2016 11:35 34.76771, 77.46793 -3.7
23 August 2016 12:40 34.79076, 77.46319 -3.8
24 August 2016 10:25 34.79067, 77.46314 -3.5
3 October 2016 12:25 34.82939, 77.48001 -5.2
3 October 2016 16:05 34.78366, 77.46560 -7.2
5 October 2016 14:45 34.77045, 77.46526 5.6

Field Measurements in October 2016

In October 2016, tidal amplitude was 0.24 m upstream and 0.26 m downstream (Figure 4D-5).
The two surface drifters traveled a total of 5.3 km unattended. Extrapolation of the drifter
velocities during ebb and flood tides yielded a prediction that a particle passing Gum Branch
would travel between 13.8 km and 16.4 km during the 48-hour period. It would have taken
between 63 and 89 hours for the particle to travel from Gum Branch to Highway 17 in
Jacksonville.
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Figure 4D-4. Stationary and drifter measurements of the New River tidal freshwater zone
in August 2016. Black bars denote periods when HydroSphere #3 was traveling freely. The
black dashed line in the bottom panel shows the estimated distance traveled for a water
parcel introduced at the head of the study reach (YSI upstream).

Dissolved oxygen decreased from 6.2 mg L™ (71% saturation) upstream to 3.2 mg L (37%
saturation) downstream (Figure 4D-5), and synoptic measurements showed a decrease from 70%
saturation to 45% saturation at 12 km (Figure 4D-3). Temperature fluctuated in a diurnal pattern
at all study sites. Specific conductivity declined from the upstream site and the downstream site,
but no temporal pattern was apparent. The HydroSpheres measured pH ranging from 6.5 to 7.5.
The vertical attenuation coefficient of PAR averaged —6.0 m™ (Table 4D-2). In addition, pCO:
increased from 0 km to 12 km, but DIC concentration remained relatively constant

(Figure 4D-3).
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Figure 4D-5. Stationary and drifting measurements of the New River tidal freshwater zone
in October 2016.

Green and black bars denote periods when HydroSpheres were traveling freely. The black dashed lines in the bottom
panel show the estimated distance traveled for water parcel introduced at the head of the study reach (YSI
upstream).

Higher river discharge during the October sampling allowed detection of tributary inputs to the
New River that were previously undetected. In particular, Half Moon Creek enters the New
River at 34.81137° N 77.47367° W through a subsurface pipe buried beneath the channel levee.
Although the pipe was not visible below the water surface, a plume of highly colored, turbidity-
free water was visible in the main channel. A HydroSphere was released upstream from this
point to test the responsiveness of the drifter to detecting this source. Figure 4D-6 shows a clear
drop in dissolved oxygen from 5.1 mg L (58% saturation) above the confluence to 4.5 mg L™*
(50% saturation) below. Specific conductivity decreased from 191 puS cm™ above the confluence
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to 184 uS cm™ below the confluence after mixing was complete. All parameters rebounded
within 15 minutes (0.12 km), as complete mixing occurred. Temperature continued to increase
presumably due to diurnal warming.
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Figure 4D-6. Drifter measurements passing Half Moon Creek in October.
Mass Balances

Nitrate

Nitrogen removal via denitrification within the Gum Branch to Jacksonville (Highway 17) reach
of the New River was estimated based on flux of nitrogen into the reach and literature values of
denitrification rate in the New River tidal freshwater zone. The predicted nitrogen removal was
5%, 18%, and 10% of the incoming NOs flux at Gum Branch in the May, August, and October
sample periods, respectively (Table 4D-3). For the purposes of estimating NOs flux to the NRE,
the accuracy of the predicted NOs flux at Jacksonville could be improved by subtracting a
proportion of the estimated flux at Gum Branch. The intermediate value of the three estimates
made here (10%) could be used to approximate this NOs loss.
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Table 4D-3. Estimated Nitrate (NOs) Flux and Uptake Through the Tidal Freshwater Zone
of the NRE. Numbers in Parentheses Are the Lower and Upper Bounds of Estimates

Parameter Units 10-12 May 2016 22-24 August 2016 | 3-5 October 2016
Gum Branch m3s? 2.677 1.123 3.228
discharge
Predicted NO; gm? 1.597 1.756 1.548
concentration (0.873, 2.669) (0.976, 3.019) (0.841, 2.562)
NO; flux at Gum 108 g per RT @ 1.761 0.589 1.367
Branch (0.698, 3.755) (0.268, 1.196) (0.616, 2.649)
Denitrification rate ° mg m2 hrt 1.610 2.772 3.808

(1.428,1.792) (2.254, 3.290) (2.912, 4.704)
NO3 removal 10% g per RT 154 (99, 219) 192 (128, 270) 242 (153, 350)
Gum Branch NO; % 4.9 18.4 10.0
flux denitrified (1.5,17.7) (6.0, 56.6) (3.3, 32.0)

2 RT = Water replacement time (see Table 4-D1).
b Rates from Von Korff et al. (2014).

Carbon

Study reach segment-averaged pCO2 was always highly supersaturated, ranging from 2,155 to
5,847 patm (atmospheric pCOz2 is approximately 380 patm; Figure 4D-3). Average COz2 fluxes
from river water to the atmosphere averaged 7.4, 10.9, and 22.4 mmol C m hr' during May,
August, and October, respectively (Figure 4D-7). The tidal freshwater New River is a large
source of COz into the atmosphere, but it is also apparent that pCO2 does not vary substantially
along the study reach. This is in contrast to the main body of the NRE, where pCOz2 generally
decreases with distance downstream. To maintain this constant pCOz2 despite the large air—water
exchange, a significant internal or external source must bring COz2 into the system. Figure 4D-7
shows the relationship between modeled CO2 flux and Oz flux (calculated based on measured O2
and measured gas transfer velocity). The apparent linear relationship suggests that net ecosystem
heterotrophy is the source of this large degassing CO: flux; however, more research is needed to
rule out the importance of tributary inputs.

Photomineralization was estimated based on the area of the study reach, the predicted travel time
of water through the study reach, and the literature values of photomineralization. Predicted
photomineralization consumed 24%, 54%, and 14% of the DOC entering the study reach past
Gum Branch in May, August, and October 2016 (Table 4D-4).
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Table 4D-4. Estimates of DIC and DOC Fluxes Within the Tidal Freshwater
Zone of the NRE

22-24 August

Parameter Units 10-12 May 2016 2016 3-5 October 2016
Gum Branch discharge ms st 2.677 1.123 3.228
Predicted DOC gCm?3 10.6 (5.2, 17.6) 7.8(3.8,14.2) 11.3(5.7,18.1)
Predicted DIC gCm? 18 (13, 24) 25 (19, 30) 17 (11, 22)
Predicted DOC 105g C per RT 2 11.7 (4.2, 24.7) 2.6 (1.0,5.6) 10.0 (4.2, 18.7)
Predicted DIC g C per RT 20.2 (10.2, 33.6) 8.3(5.3,11.8) 14.7 (8.2, 23.0)
DIC production via gCms36hrt 0.307 0.196 0.337
photomineralization ° (0.092, 0.586) (0.035, 0.451) (0.11, 0.607)
DIC production via 10%g C per RT 2.82 141 1.37
photomineralization ° (0.612, 6.86) (0.206, 3.84) (0.371, 2.89)
DOC loss from Percent reduction in 24 (15, 28) 54 (2, 68) 14 (9, 15)
photomineralization Gum Branch flux
DIC loss to atmosphere ¢ 108 g C per RT 8.5(6.2,11) 9.1(7.4,11) 19.1 (14, 20)

2 RT = Water replacement time (see Table 4D-1).
b See Equation 2.
¢ See Equation 3.
4 See Equation 1.

The air—water exchange of CO2 was fast enough in August and October to remove all of the DIC
entering the tidal freshwater zone at Gum Branch (Tables 4D-4 and 4D-5). However, the DIC
concentration decreased only 19%, 27%, and 15% along the tidal freshwater zone in May,
August, and October, respectively (Figure 4D-3). Replacement of the initial pool of DIC
delivered at Gum Branch must have been countered by an internal source of DIC.
Photomineralization along the tidal freshwater zone was predicted to contribute 2.82x108,
1.41x108, and 1.37x10° g of carbon to the study reach during the May, August, and October
study periods (Table 4D-5). These were generally a minor contribution to the additional DIC
entering the study reach, and we calculated that there must have been respiratory DIC production
and lateral inputs of 25.5x108, 12.4x10°, and 11.8x10° g of carbon during the May, August, and
October study periods, respectively.

The large decrease in dissolved oxygen along the tidal freshwater zone may indicate a high rate
of microbial respiration, although a lateral input was found to contribute low-oxygen water. The
consistent rate of decrease in dissolved oxygen in synoptic surveys provides evidence for a
consistent process rate, not sporadic lateral inputs. Moreover, the oxygen and CO: air—water
fluxes were nearly 1:1, suggesting the rapid re-oxygenation with atmospheric oxygen was driven
by respiratory losses.
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Figure 4D-7. The relationship between CO; and O; air—water flux.

Table 4D-5. Mass Balance of DIC for the Tidal Freshwater Zone of the NRE; Letters
Following Each Flux Refer to Equation 4

Flux (106 g C per Water Replacement
Time) 10-12 May 2016 | 22-24 August 2016 | 3-5 October 2016
Upstream input from Gum Branch (G) 20.2 8.26 14.7
COs; loss to atmosphere (A) 8.51 9.08 17.1
CO; gain from photomineralization (P) 2.82 1.41 1.37
Lateral input + respiration (L) 255 124 11.8
Export past Highway 17 in Jacksonville (J) 40.1 13.0 10.8
Jacksonville export and Gum Branch import 2.0 1.6 0.7
Conclusions

Physicochemical characteristics and river morphology changed dramatically 8 km upstream from
Jacksonville’s Highway 17 Bridge. The synoptic data showed consistent longitudinal changes in
patterns in temperature, salinity, dissolved oxygen, pH, pCOz, and DIC at this location. The tidal
freshwater zone above this point shows a consistent increase in temperature, a decrease in
dissolved oxygen saturation, and an increase in pCO2. These patterns highlight a shift in the
hydrologic and biogeochemical processes along the New River that distinguish the oligohaline
estuary from tidal freshwater zone.

The data allowed prediction that a drifting particle or parcel of water took between 2.8 and 6.1
days to travel from Gum Branch to Jacksonville. Although the very slow flow velocity of the
tidal freshwater New River made it difficult to deploy Lagrangian drifters, they did provide
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crucial information about the travel time of water and solutes through this zone that helped us
quantify internal cycling of NOs, DIC, and DOC. There did not appear to be a relationship
between discharge at Gum Branch and predicted travel time through the tidal freshwater zone
during low discharge conditions. This lack of relationship is partly due to the uncertainty in
measured travel time, but it may also be a hydrologic feature of the tidal freshwater zone. Higher
discharge at Gum Branch may not have a strong influence on travel time to Jacksonville because
of the influence of tides and because higher water levels are quickly spread over-bank. Over-
bank, tidal flooding dramatically decreases the average flow velocity of water conveyed
downstream.

Denitrification was predicted to approximately 10% of the flux at Gum Branch. Although it is
unclear how this fraction changes with discharge, particularly above 4 m® st at Gum Branch, this
10% fraction can be used to better approximate NOsz flux into the NRE from upstream.

The relatively long, tidally influenced travel time and large river surface area allowed all of the
DIC input at Gum Branch to escape from the river before reaching Jacksonville. This loss was
compensated mostly by a combination of lateral inputs, groundwater inputs, and microbial
respiration. A significant mass of DOC (31% of the flux at Gum Branch) was predicted to be
converted to DIC within the tidal freshwater zone by photolysis. From a mass balance of DIC,
we predict that DIC flux at Jacksonville is 1.4 times the flux at Gum Branch. This estimate can
be applied during low-flow conditions (less than 4 m® s'!) at Gum Branch to improve the
estimated fluxes to the NRE at Jacksonville.

No consistent diurnal oxygen production was observed in the tidal freshwater zone from which
to estimate ecosystem metabolism. Pulses of phytoplankton primary production have been
measured in neighboring black water rivers (Ensign et al., 2012), but monitoring in the New
River did not capture any of these seasonal events. The tidal freshwater New River was highly
heterotrophic—a strong and spatially consistent decrease in dissolved oxygen saturation was
measured during all sampling trips.
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Abstract

The relationship between watershed imperviousness and hydrology in the coastal plain of the
Southeastern United States has not been extensively studied for all prevalent soil types in the
area, but changes in hydrology because of development affect important and sensitive coastal
waters. To determine how hydrology changes with development for well-drained coastal
watersheds, this study used a long-term data set of stream discharge measurements from coastal
watersheds on Marine Corps Base Camp Lejeune, NC, that span a range of watershed
imperviousness. Results from this study provide information about changes in streamflow along
the Southeastern Coast of the United States that may negatively affect human infrastructure
development and water quality.

The goals of this study were to
1. Determine the impact of impervious surface coverage on stream hydrology

2. Determine the possible causes for differences in urban and non-urban hydrology

3. Compare well-drained and poorly drained coastal plain watersheds and how they are
affected by impervious surface coverage and human development

4. Characterize the relationship between watershed imperviousness and stream conductivity

Assess the relationship between air and creek temperatures along a gradient of watershed
imperviousness.

Keywords: Coastal plain, conductivity, hydrology, imperviousness, streamflow, temperature,
watershed development
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Objectives of the Monitoring Activity

We measured streamflow in eight coastal creeks for 2 years (February 2009-February 2011) and
conductivity, temperature, and streamflow in five coastal creeks for a period of 5 years (July
2010-July 2015) on Marine Corps Base Camp Lejeune (MCBCL) to assess the impacts of land
use on those factors and to use in conjunction with data from Research Project AE-5 to estimate
loading to the New River Estuary (NRE). Creek sampling stations were spatially stratified to
assess variability within the estuarine salinity zones and to determine the effects of land activities
on streamflow and on sediment and nutrient delivery to the estuary. Elements of streamflow are
related to land use to link land activities and aquatic and estuarine ecosystem function.

Background

Changes in the watersheds due to human infrastructure development affect water quality through
impacts on hydrology and the sources and composition of materials (e.g., sediment, nutrients,
fecal material; Paul and Meyer, 2001). The transition from a natural to a developed landscape
increases the amount of impervious cover and decreases in forested area, among other changes.
These changes typically decrease infiltration of precipitation, creating periods of increased peak
storm flows (Leopold, 1968) of diminished duration (Seaburn, 1969) with the potential for
changes, either increases or decreases, in base flows (Bhaskar et al., 2016; Price, 2011). The net
effect is an overall increase in runoff volume, particularly in the storm flow component.

Few studies have examined the effects of increased watershed imperviousness on hydrology
within the southeastern coastal plain and even fewer studies have focused on coastal areas. There
are important distinctions in soil types even between areas within the coastal plain. These
distinctions likely affect how development and increased imperviousness might change a
watershed’s hydrology. In the southeastern coastal plain, forest management studies have found
that watersheds in the coastal plain have higher rates of evapotranspiration than other
physiographic regions such as mountains (Sun et al., 2002). Also, forest thinning or removal
(clear cutting) increases the volume of water exported from a watershed as streamflow (Kim et
al., 2013; Mclaughlin et al., 2013). One study in the inner coastal plain on poorly drained soils
found a decline in water table elevation, an increase in channel incision, and a decrease in the
relative amount of baseflow with increased watershed imperviousness (Hardison et al., 2009).
These studies inform predictions of the effects of urbanization on hydrology in urban and
forested coastal plain watersheds, but direct measurements are also necessary for well-drained
urban watersheds.

Coastal streams are important conduits for nutrients and contaminants in stormwater runoff to
receiving waters (DiDonato et al., 2009; Mallin and Lewitus, 2004). Managing nutrient and
sediment loading poses a challenge because sufficient quantities of each are necessary for proper
aquatic/estuarine ecosystem functioning, but excessive amounts can be detrimental. Nutrients are
necessary to support primary production to support higher trophic levels. Ecologically valuable
salt marshes that are downstream in many coastal creeks require sediment to maintain their
elevation in the face of rising sea levels and wave-driven erosion. Sediment delivered in rivers
and streams is thought to make an important contribution to salt marsh accretion (Morris, 2002).
However, sediments and nutrients in excess overwhelm ecosystem requirements and can degrade
coastal habitats.

DCERP2 Final Report 5-2 November 2017



Defense Coastal/Estuarine Research Program (DCERP2) Chapter 5

Materials and Methods

Eight Watershed Streamflow Analyses
Watershed Imperviousness

Watersheds on MCBCLwere delineated by using 1-m resolution elevation data provided by
MCBCL and the Hydrology toolbox from ArcMap 10.2 (ESRI) (Figure 5-1). Drainage
networks, including where streams flowed underground or under roads, were “burned” into the
elevation data, and high-resolution orthoimagery was used to confirm the location of the
drainage network in these places. National Agriculture Imagery Program imagery (USDA, 2009)
were used to manually delineate impervious areas in each of the study watersheds for the initial
year of data collection (Table 5-1). The impervious area was divided by the total watershed area
to calculate percent watershed imperviousness. This watershed imperviousness metric was used
for the entire study period (February 2009-February 2011), so this assumes that there was no
significant change in impervious area during the study period.

Tarawa A
% Terrace ‘
New River
Adr Station
Cogdels
Creek
0 240 @
— Kilometers
French
® Outlet g
Creek
Watcrshed Type
CJForested
[JUrban ‘reemans
Courthouse Traps Creek
Bl [mpervious Arca Bay Creek -
Service Layer Credits: Esri, HERE, 0 5 & & ({'11‘3‘3
Delorme, Mapmylndia, © OpenStrectMap b— Kilometers Creek
contributors, and the GIS user community

Figure 5-1. Overview map of the eight study watersheds wih stream sample points and
manually delineated impervious area.
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Table 5-1. Attributes of the Eight Study Watersheds

Total Mean
Area Impervious | Impervious- % Well- watershed
Name (ha) Area (ha) ness (%) Type drained soils | slope (%0)
Cogdels Creek 725.41 130.45 17.98 Urban 75.94 6.41
Courthouse Bay 31.77 7.67 24.15 Urban 100 4.92
Freeman Creek 468.50 6.80 1.45 Forested 45.48 5.70
French Creek 835.05 7.99 0.96 Forested 35.65 4.96
Gillets Creek 433.20 12.59 291 Forested 37.98 6.28
New River Air 142.10 75.11 52.86 Urban 100 5.12
Station
Tarawa Terrace 70.16 18.55 26.44 Urban 83.48 4.87
Traps Bay Creek 61.48 241 3.93 Forested 41.36 8.33

Streamflow Measurement

Stream discharge was measured every 30 minutes for 2 years in eight streams, consisting of four
forested and four urban sites, by using Teledyne Isco flow and depth sensors combined with
measurements of stream cross-sectional area. These data sets were aggregated into 6-hour means
for each of the eight study watersheds and were used for all calculations within this study. To
account for varying watershed areas, streamflow data were divided by watershed area. Study
streams were chosen to encompass a wide range of watershed percent imperviousness.

Flow Duration Curves

The R package HydroTSM was used to calculate flow duration curves for each watershed’s
stream discharge data (Zambrano-Bigiarini, 2017), and stream-flow data were partitioned into
different flow classes. The lowest 20% of stream-flow measurements (low flows) were grouped
together, and the highest 20% of stream-flow measurements (high flows) were grouped together.
The means of the complete record of stream-flow measurements or total flow, low flows, and
high flows were calculated.

Flashiness of Flow

The flashiness of streamflow, a dimensionless metric that indicates how quickly streamflow
changes, was calculated for each watershed over the 2-year study period by using the Richards-
Baker (R-B) flashiness index (Baker et al., 2004), as shown in Equation 5-1:

R — B Index = % (Eq. 5-1)

Where

q = Streamflow every 6 hours. Larger watersheds typically have lower values of
flashiness, but the addition of impervious area can also increase flashiness.
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Five Watershed Stream Analyses
Watershed Imperviousness

Watersheds on MCBCLwere delineated by using 1-m resolution elevation data provided by
MCBCL and the Hydrology toolbox from ArcMap 10.2 (ESRI) (Figure 5-1). Drainage
networks, including where streams flowed underground or under roads, were “burned” into the
elevation data, and high-resolution orthoimagery was used to confirm the location of the
drainage network in these places. National Agriculture Imagery Program imagery (USDA, 2009)
were used to manually delineate impervious areas in each of the study watersheds for the initial
year of data collection (Table 5-1). The impervious area was divided by the total watershed area
to calculate percent watershed imperviousness. This watershed imperviousness metric was used
for the entire study period (February 2009-February 2011), so this assumes that there was no
significant change in impervious area during the study period.

Stream Temperature and Conductivity

We analyzed stream temperature patterns for stream data and compared seasonal temperature
patterns to watershed imperviousness, forested area, and other measures of development to
determine the likely causes of differences in temperature from the five streams. Our study
streams flow directly into the NRE, potentially leading to increased estuarine temperatures in
streams with increased temperatures. We provided temperature data to Research Project AE-6 to
inform the design of their temperature manipulation experiments. Additionally, stream water
conductivity measurements were collected, and the relationship between conductivity and
watershed imperviousness was analyzed.

Streamflow Measurements

Stream discharge was measured every 30 minutes for 5 years in five watersheds spanning a
range of watershed percent imperviousness by using Teledyne Isco flow and depth sensors
combined with measurements of stream cross-sectional area. These data set were aggregated into
6-hour means. To account for varying watershed areas, streamflow data were divided by
watershed area whenever the magnitude of streamflow or water load was compared between
watersheds.

Results and Discussion
Eight Watershed Stream-Flow Analyses
Flow Duration Curves

By utilizing area-normalized streamflow and values from flow duration curves, the effects of
watershed imperviousness on various types of streamflow can be determined. Mean low flow, or
the mean of the lowest 20% of flows, and watershed imperviousness were significantly (a=0.05)
correlated (Figure 5-2, r?=0.97, p<0.01). Similar relationships were found between mean total
flow from the complete stream-flow record and watershed imperviousness (Figure 5-2, r’=0.94,
p<0.01), as well as mean high flow, or the mean of the highest 20% of flows, and watershed
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imperviousness (Figure 5-2, r?=0.93, p<0.01). These results indicate that watershed
imperviousness increases the amount of streamflow during all three of these types of flow.

Flashiness of Flow

Streamflow flashiness was significantly (a¢=0.05) and positively correlated with watershed
imperviousness (Figure 5-3, r’=0.77, p<0.01). Although Figure 5-3 shows a linear function to
model the relationship between stream-flow flashiness and watershed imperviousness, flashiness
did not increase above levels observed in the watersheds of the forested study until watershed
imperviousness exceeded approximately 20%. Increased flashiness can have negative impacts on
the stability of stream ecosystems and downstream waters and can possibly indicate larger
amounts of stream incision and nutrient loading.
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Figure 5-2. The relationship between watershed imperviousness and mean flow per unit
area (cubic meters per second) for low flows (lowest 20% of flows), total flow, and high
flows (highest 20% of flows)
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Figure 5-3. The relationship between watershed imperviousness
and the R-B flashiness index.

Changes in Hydrology Because of Urbanization

Our monitoring activities revealed that the mean low flow (normalized by area) elevated as
watershed imperviousness increased. Many past studies have documented decreases in baseflow
after increased imperviousness because of decreased infiltration (Price, 2011), but the opposite is
shown in this study. Possible reasons for this increase in low flow could be decreased
evapotranspiration and stream incision (Bhaskar et al., 2016; Price, 2011). Although a survey of
human water consumption, water infrastructure, and stream morphology was beyond the scope
of this study, we did evaluate the soil type of the watersheds to obtain some insight regarding
impervious area, evapotranspiration, and infiltration.

The coastal Southeastern United States, including this study area, naturally has longleaf pine
(Pinus palustris) forests (Outcalt and Sheffield, 1996), but human development clears away these
established and deep-rooted trees in favor of lawn turf and pavement, thus decreasing
evapotranspiration because of differences in water use (Bosch et al., 2014). Additionally, the soil
type and soil drainage in this study area are heterogeneous (NRCS, 2015), and the desire to
protect property and infrastructure by building on well-drained land leads to larger amounts of
development and forest clearing on well-drained soils (Table 5-1). These well-drained patches
then likely become even more important recharge areas because of both decreased
evapotranspiration and increased infiltration, possibly contributing to the increased low flow
with imperviousness observed during this study. Previous studies of watersheds that underwent
vegetation clearing with development observed large decreases in evapotranspiration (Barron et
al., 2013; Roy et al., 2009), possibly increasing baseflow (Bhaskar et al., 2016). Increases in low
flows can have negative consequences on stream ecology and human infrastructure. For
example, increased low flow can increase nutrient loading (Stanford and Ward, 1993), alter
stream food webs (Reich et al., 2010), elevate flooding risk for areas near streams (Barron et al.,
2013), and lead to infiltration of groundwater to wastewater systems (Bhaskar et al., 2016).
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In addition to increased area-normalized low flow with increased imperviousness, the area-
normalized total flow and high flows also increased. These increases are more straightforward
and easier to predict, mainly because stormwater management over the past few decades favored
an efficient drainage network that quickly routes runoff from impervious surfaces to streams
(Burns et al., 2012). The hydrologic effects of impervious area and the efficient drainage of these
areas are illustrated by the significant (a=0.05) positive relationship between the R-B flashiness
index and imperviousness of each watershed (Figure 5-3). Increased high flows can lead to
stream incision (Hardison et al., 2009), increased nutrient loading (Wahl et al., 1997; Walsh et
al., 2005), and other negative ecological effects (Paul and Meyer, 2001; Walsh et al., 2005).

Possible Solutions to Mitigate Changes in Hydrology

To account for the reduced evapotranspiration and increased infiltration, appropriate stormwater
control measures (SCMs) could be used. Instead of using conventional SCMs, such as
stormwater ponds, other measures could be employed. For instance, SCMs designed to reduce
water volume through evapotranspiration and stormwater harvesting could be used to reduce
overall water volume.

An emerging stormwater management strategy dubbed as the “ecohydrologic approach”
(Fletcher et al., 2014) or “flow regime approach” (Burns et al., 2012), inspired by Poff et al.
(1997), could be used. The strategy focuses on restoring a “natural flow regime with similar flow
magnitude, duration, timing, frequency, and variability of flows” (Fletcher et al., 2014). Studies
detailing these similar approaches concluded that mimicking natural flow regimes would be
unlikely without reducing runoff volume (Fletcher et al., 2014; Walsh et al., 2012), or, in this
case, reducing infiltration, increasing evapotranspiration, and reducing runoff volume caused by
urbanization. Examples of such SCMs are lined bioretention cells, reforestation, and stormwater
harvesting. Lined bioretention cells reduce runoff and infiltration by encouraging
evapotranspiration. For example, one study showed that a bioretention cell evapotranspired 19%
if its inflow water volume (Li et al., 2009). Restoring swaths of forested area (Trimble et al.,
1987) or tree planting throughout an urban watershed (Bell et al., 2016) can decrease overall
water volume, and reclaimed stormwater can reduce runoff volumes and be used for non-potable
purposes (Fletcher et al., 2007). This stormwater management strategy has been successful
elsewhere in the United States (Dietz and Clausen, 2008; Jarden et al., 2016) and has been
suggested in the coastal plain to improve water quality (Gold et al., 2017).

Five Watershed Stream Analyses
Stream Temperature

Temperature is an important controlling factor for biological and chemical processes in streams.
Research suggests that urbanization affects stream temperature (Nelson and Palmer, 2007). Data
from DCERP1 and DCERP2 were used to test the hypothesis that increased imperviousness in
sub-watersheds would increase coastal stream temperature. Coastal stream temperature responses
to urbanization may be distinctive from their upland analogues due to generally lower relief in
coastal watersheds. Figure 5-4 depicts seasonal mean temperatures for the five streams that have
been monitored in both DCERP1 and DCERP2. Elevated temperatures in streams with more
developed watersheds were observed throughout the record. Summer mean temperatures were as
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much as 5°C higher in more developed streams as compared with less developed streams. There
is an apparent upward trend in stream temperature through the period of record (2008-2015).

Mean Seasonal Stream Temperature

Degrees C

Figure 5-4. Stream temperature in the five study streams.

Temperature (in °C) and is presented for each season from 2008-2013. Sites are presented from least developed
(cool colors) to most developed (warm colors).

In collaboration with the Research Project CC-1, we assessed the relationship between air and
stream temperatures during DCERP1 and DCERP2. Our past results revealed impacts of land
development on stream temperature. Increased imperviousness correlated with increasing storm
flow stream temperature, and decreased forest cover correlated with increased base flow stream
temperature. The strong correlations between air and stream temperature shown in Figure 5-5
support the potential to forecast future changes in stream temperatures based on air temperature.
There were no significant differences in the slopes of the regressions for each of the streams,
although their respective watersheds exhibited varied levels of development. This finding
suggests that a single forecast of future temperature changes could be made for all streams on
MCBCL.
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Figure 5-5. Comparison of air and stream temperature through DCERP1 and DCERP2.

Warmer colors represent more developed streams and cooler colors represent streams with less watershed
development. Results of linear regressions are color coded for each stream. Streams were Tarawa Terrace (TAR),
Courthouse Bay (CHB), Cogdels Creek (COG), Traps Bay Creek (TRAP) and French Creek (FR).

Stream Conductivity

Conductivity measures water’s capacity to pass electrical flow (conduct an electric current),
which is directly related to the concentration of ions in the water. In coastal streams, the most
likely source of ions is from seawater. We tested the hypothesis that development in coastal
stream watersheds affects stream conductivity. The relationship between mean stream
conductivity from 2011 to 2014 was contrasted with imperviousness (Figure 5-6). There was no
clear relationship between stream conductivity and imperviousness and all conductivity levels
were very low (the maximum conductivity was a small fraction of a part per thousand [ppt] in
salinity). The highest conductivity was at Courthouse Bay and was likely attributable to that
site’s proximity to the inlet and ocean. To further examine our hypothesis, we examined
conductivity in all streams and stratified the data by annual precipitation (Figure 5-7). Again, all
stream conductivity levels were very low. There was a pattern of higher stream conductivity
during years with less precipitation, but these increases were mostly quite small. The exception
again was Courthouse Bay, which we believe was driven by its proximity to the New River Inlet.
Using DCERP data (2008-2015), we found that watershed development did not have a
predictable effect on stream conductivity, but that lower precipitation did result in higher stream
conductivity (though no conductivity values were greater than the equivalent of 1 ppt salinity).
Therefore, we found no effect of imperviousness on in-stream conductivity.
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conductivity vs. imperviousness
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Figure 5-6. Mean stream conductivity through the study period plotted
versus watershed imperviousness.
The slightly higher conductivity level was observed at Courthouse Bay.
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Figure 5-7. The relationship between annual precipitation and
mean annual conductivity in 2011-2014.
Streamflow

The record of streamflow between July 2010 and July 2015 for the five study watersheds shows
inter-annual and seasonal variations in streamflow (Figure 5-8), but unlike the eight watershed
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streamflow analysis, only weak correlations (R? <0.25) were found between watershed
imperviousness and mean streamflow, streamflow flashiness, and low/high flow metrics. These
weak relationships were likely due to inter-annual variability in precipitation and streamflow that
obscured differences among streams. The eight watershed streamflow analyses more clearly
show differences between watershed imperviousness and streamflow. There was a strong
relationship between watershed area and flashiness (Figure 5-9, R?=0.86). This finding indicates
that flashiness was generally controlled by watershed area rather than watershed imperviousness,
but more developed watersheds had flashiness metrics that fell above the logarithmic regression
line and more natural watersheds had flashiness metrics that fell below the logarithmic
regression line (Figure 5-9). This pattern suggests that while watershed area is the main control
for streamflow flashiness, watershed imperviousness may increase streamflow flashiness as
previously discussed in the section titled Eight Watershed Streamflow Analyses.
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Figure 5-8. Time series of stream discharge from five study watersheds (gray), moving
average of stream discharge (red), and measured precipitation (bars).
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Figure 5-9. The relationship between watershed area and R-B flashiness index with more
developed watersheds (orange) and more natural watersheds (blue).

Conclusions and Implications for Future Research and Implementation

Results from MCBCL tributary stream monitoring showed that watershed imperviousness was
significantly and positively correlated with mean stream, low flow, high flow, total flow, and
stream flashiness. Preferential development and deforestation on well-drained soils likely led to
increased infiltration and decreased evapotranspiration in watersheds with greater
imperviousness. The positive relationship between all presented metrics of flow with watershed
imperviousness suggests that an ecohydrological stormwater management approach that focuses
on increasing evapotranspiration and stormwater harvesting (i.e., rain barrels and cisterns) could
successfully mitigate the negative hydrologic effects of development in well-drained areas of the
coastal plain such as the area on which MCBCL is located.
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Monitoring Goals and Response

1. Determine the impact of impervious surface coverage on stream hydrology.

Results from MCBCL tributary stream monitoring showed that watershed
imperviousness was significantly and positively correlated with mean stream low flow,
high flow, total flow, and stream flashiness. The observed difference was detected at 20%
imperviousness within the watershed.

2. Determine possible causes for differences in urban and non-urban hydrology.

The increases in total flow and high flows in urban watersheds were expected and are
because of decades of stormwater management that favored an efficient drainage network
that quickly routes runoff from impervious surfaces to streams (Burns et al., 2012). The
increase in low-flow hydrology for urban watersheds was unexpected, but could be
attributed to decreased evapotranspiration from the conversion of forested lands to turf
grass and the subsequent recharge of base flow through infiltration on well-drained soils.

3. Characterize the relationship between watershed imperviousness and stream
conductivity.

We hypothesized that salinity intrusion may have been more prevalent in undeveloped
watersheds due to less flashy hydrology. However, imperviousness was not a good
predictor of conductivity in our study watersheds. Additional research below the head of
tide could provide more information regarding the influence of development on stream
conductivity.

4. Assess the relationship between air and creek temperatures along a gradient of
watershed imperviousness.

Air and stream temperatures were highly correlated at all sites through the duration of the
study. This finding is useful because it supports using future forecasts for air temperature
for stream temperature forecasting.
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micrometer

micromole

difference in partial pressure of CO2 between air and estuary
coefficient that describes the rate of decay
acoustic Doppler current profiler
Aquatic/Estuarine (Module)
Aquatic/Estuarine Monitoring Activity
Aquatic/Estuarine Monitoring Program
NCDEQ’s Ambient Monitoring System
assessment unit

autonomous vertical profiler

acoustic wave and current
proportionality constant

bottom water

Coastal Barrier (Module)
chromophoric dissolved organic matter
chlorophyll a

centimeter

carbon dioxide

Coastal Wetlands (Module)

day
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Dataflow

dissolved inorganic carbon

dissolved inorganic nitrogen

dissolved oxygen

bottom water dissolved oxygen
dissolved organic carbon
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Estuarine Simulation Model
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Intracoastal Waterway
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PAR attenuation coefficient

kilometer
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kilopascal

attenuation coefficient for photosynthetically active radiation
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