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1.

The Planning and Policy Context
for the Rhode Island Ocean Special Area Management Plan

By Ken Payne

June 23, 2010

Plans have their life in their creation, in their use, and their relationship with other plans and
policies." This document examines how the Ocean Special Area Management Plan relates to
other Rhode Island plans—in other words it looks at the planning context of the Ocean SAMP
beyond the use the Coastal Resources Management Council may make of it. The document
focuses on plans that are authorized in Rhode Island law and, for reasons that are set forth below,

that are part of the state guide plan system.

A key driver in the preparation of the Ocean SAMP has been the proposal to develop an off-
shore wind farm to help meet Rhode Island’s electrical needs from renewable energy. Obtaining
electricity from renewable resources is both a requirement of law and a priority of the Carcieri
administration.” A project of the magnitude of the proposed wind farm, if it is subject to State
permitting comes under the jurisdiction of the Energy Facility Siting Board® as well as the
Coastal Resources Management Council.* A procedure for review of projects by the Energy
Facility Siting Board is an investigation by the statewide planning program, specifically: “The

statewide planning program within the department of administration shall conduct an

' Hopkins, Lewis D. and E.R. Alexander. 2009. Introduction to Symposium: Panning in Complex
Multiorganizational Systems. Journal of Planning Education and Research 28: 470-475.

*RIGL chapter 39-26, which was enacted in 2004 and sets the statutory goal of acquiring fifteen percent
of Rhode Island’s electrical demand from renewable resources by 2020, and Executive Order 06-02 of
Governor Donald L. Carcieri, the accompanying press release of January 12, 2006,, and the Governor’s
Five Point Energy Agenda, which includes the goal that fifteen percent of “Rhode Island’s electricity
demand will be supplied by environmentally progressive wind power”.

3 RIGL chapter 42-98. The definition of "Major energy facility" in section 42-98-3 includes “facilities for
the generation of electricity designed or capable of operating at a gross capacity of forty (40) megawatts
or more; transmission lines of sixty-nine (69) Kv or over;” and the Energy Facility Siting Board is given
jurisdiction, although exclusive jurisdiction over major energy facilities by section 42-98-4, which states
“No person shall site, construct, or alter a major energy facility within the state without first obtaining a
license from the siting board pursuant to this chapter.”

June 23,2010 Technical Report #1 Page 1 of 13
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investigation and render an advisory opinion as to the socio-economic impact of the proposed

facility and its construction and consistency with the state guide plan”.’

The establishment of the statewide planning program proceeds from the following finding:
“The general assembly finds that the people of this state have a fundamental interest in the
orderly development of the state; the state has a positive interest and demonstrated need for
establishment of a comprehensive strategic state planning process and the preparation,
maintenance, and implementation of plans for the physical, economic, and social development of
the state; the continued growth and development of the state presents problems that cannot be
met by the cities and towns individually and that require effective planning by the state; and state
and local plans and programs must be properly coordinated with the planning requirements and

»% The statute sets forth matters to be covered in and the

programs of the federal government.
broad functions of the state guide plan as follows: the state guide plan, “shall be comprised of
functional elements or plans dealing with land use; physical development and environmental

concerns; economic development; housing production; energy supply, including the development

of renewable energy resources in Rhode Island, and energy access, use, and conservation; human

services; and other factors necessary to accomplish the objective of this section. The state guide
plan shall be a means for centralizing, integrating, and monitoring long-range goals, policies,
plans, and implementation activities related thereto. State agencies concerned with specific
subject areas, local governments, and the public shall participate in the state guide planning

process, which shall be closely coordinated with the budgeting process.”’

The state guide plan currently has some 30 elements, two of which highly pertinent to the
Ocean SAMP, the Rhode Island Energy Plan and the Economic Development Policies and Plan,

are currently being updated.

The state guide plan also has life in the context of Federal environmental law. The National

Environmental Policy Act requires the preparation of environmental impact statements (EIS)

* RIGL chapter 46-23.
> RIGL subsection 42-98-9(e).

6 RIGL 42-11-10 (a).
" RIGL section 42-11-10 (d), emphasis added.
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when Federal actions might have adverse environmental consequences. If an EIS is required
then, social, cultural, and economic effects must be addressed as well.® State and local plans are

recognized as important in determining these impacts.’
How does the Ocean SAMP relate to the state guide plan and to other state and local plans?

In Land Use 2025, the core element of the state guide plan, summarizes the uses of the state

guide plan as follows:

The State Guide Plan promotes planning coordination in several ways, being used as both a

resource and review mechanism for projects and implementation measures, such as:

. Proposals requesting federal funds.

. Applications for U.S. Army Corps of Engineers permits.

. Environmental Impact Statements.

. R.I. Economic Development Corporation projects.

. Projects being reviewed by the Energy Facility Siting Board.

. Applications for various loans, grants, or other federal or State financing.

. Rules and regulations promulgated by State agencies.

. Property leases and conveyances proposed before the State Properties Committee.

Besides these, one of the most important roles the State Guide Plan plays in coordinating
planning is in the review of local comprehensive plans. This determines whether the State will
certify a local plan so that State projects are bound to be consistent with it in the same way that

local projects are consistent with the State Guide Plan. '’

Since the offshore wind project receives support from the renewable energy development

fund'' administered by the RI Economic Development Corporation, RIGL 42-64-13.2, it can be

¥ Council on Environmental Quality describes effects as follows: “Effects and impacts as used in these
regulations are synonymous. Effects includes ecological (such as the effects on natural resources and on
the components, structures, and functioning of affected ecosystems), aesthetic, historic, cultural,
economic, social, or health, whether direct, indirect, or cumulative.” 40 CFR 1508.8

? See 40 CFR 1506.2 with regard to the affirmative interest of the CEQ in cooperation with planning
efforts of states.
192006, p. 5.1.

" RIGL section 42-64-13.2.
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considered an a project of the Corporation.'> For projects including renewable energy projects of
the Corporation, the Corporation is required to make a finding that the project is in conformity

with the state guide plan."”

Land Use 2025: State Land Use Policies and Plan is “the State of Rhode Island’s plan for
conservation and development in the 21% century” and as such is “the major connective State
Guide Plan element in Rhode Island’s planning and development system. The Plan articulates
the State’s over-arching goals, objectives, and strategies to guide and coordinate the land use
plans and regulations of municipalities and State agencies and to direct good, strategic projects at

both the State and municipal level.”"*

While Land Use 2025 is concerned with terrestrial issues, including “where land meets

water, the waterfront edge,”15

and this Ocean Special Area Management Plan is concerned with
offshore marine issues, the two plans are conceptually congruent. First, each plan is essentially
geospatial; second, each plan proceeds from a consideration of natural resource conditions; third,
each plan is centrally concerned with current and potential future uses, and fourth, each plan is
guided by how strongly things, such as historical resources, are valued. If the two plans were not
conceptually congruent their use in an integrated or complementary manner would be
problematic. However since they are, broadly, conceptually congruent, their potential integrated
and complementary use depends on their specific content. Does, for example, Land Use 2025

contain goals for a course of action that is at odds with the underlying principles embedded in the

Ocean SAMP? Basic conflicts in content do not appear to be the case, rather the two seem to be

"2 RIGL 42-64-3 (20): “Project” or “port project” means (20) "Project" or "port project” means the
acquisition, ownership, operation, construction, reconstruction, rehabilitation, improvement,
development, sale, lease, or other disposition of, or the provision of financing for, any real or personal
property (by whomever owned) or any interests in real or personal property, including without limiting
the generality of the foregoing, any port facility, recreational facility, industrial facility, airport facility,
pollution control facility, utility facility, solid waste disposal facility, civic facility, residential facility,
water supply facility, energy facility or renewable energy facility, or any other facility, or any
combination of two (2) or more of the foregoing, or any other activity undertaken by the corporation.

13 RIGL 42-64-10 (a)(1)(v).
' Land Use 2025, p. v.

" Land Use 2025, p. 2.1.
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of a piece. The vision of Land Use 2025 is that “Rhode Island in 2025. . . will be green and

blue.” 1

Land Use 2025 has as matters of policy to “promote holistic systems planning at the
watershed level” and to “preserve and enhance wildlife, fish, and plant species diversity and
stability through habitat protection, restoration, enhancement and prevention or mitigation of

adverse impacts due to human activities.”'”

An important goal of Land Use 2025 is “First class infrastructure that protects the
public’s health, safety and welfare, fosters economic well-being, preserves and enhances
environmental quality,” and a land use objective is to “Locate new infrastructure in appropriate
areas.”’® The Ocean SAMP endeavors to accomplish precisely this in a broad area, the offshore

environment that is not covered by Land Use 2025.

Other Land Use 2025 objectives include: “2A. Permanently protect critical natural
resources” and “3B. Preserve and enhance special districts and special places, supporting

519

particular uses and resources.” = The second of these two objectives would logically apply to the

port and waterfront areas used by the commercial and recreational fishing industries.

Local comprehensive plans are required to be brought into conformity with the State
Guide Plan.”® Land Use 2025 has the final objective, “5F. Achieve greater integration of State
and municipal planning systems and support regional efforts.” The Ocean SAMP is on a Rhode
Island scale a form of regional effort, and the conceptual congruity of Land Use 2025 and this
Ocean SAMP should facilitate appropriate use of the Ocean SAMP in relevant areas of
municipal. A meeting on January 30, 2009, among state and municipal planners and Ocean
SAMP team members concluded that this fit was present and making the Ocean SAMP binding

on municipal plans through its adoption as an element of the State Guide Plan was unnecessary:

" Op cit.

7 Ibid., p. 2-9, 2-10; see also pp. 5-6, 5.7.
18 Ibid,, pp 2-8, 2-9; see also pp. 5-14, 5-16.

 Ibid., pp. 5-8, 5-10.

Y RIGL 45-22.2-9.
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if there were no conflicts between the Ocean SAMP and local comprehensive plans, requiring
local governments to review their comprehensive plans would be a paper exercise without any

significant value.

As has been noted, the State Guide Plan has some thirty elements, of which Land Use
2025 is but one, albeit it is “the major connective State Guide Plan element....” Other State
Guide Plan elements merit consideration as well because they might contain provisions with a

direct bearing on matters under consideration in the Ocean SAMP.

The Rhode Island Energy Plan 2002°', which predates the State’s renewable energy
standard®* and current efforts to develop renewable energy, contains nothing that conflicts with
the pursuit of off-shore wind energy development in the Ocean SAMP area. It contains the goals
of “Goal 3. Setting and achieving objectives that preserve or enhance environmental quality
while ensuring adequate energy supplies,” “Goal 4. The attainment of a fuel mix that is
reasonably reliable and that satisfies economic need,” and “Goal 8. The development of
permanently sustainable energy resources that are environmentally and economically feasible.”’
Presciently, the Plan includes as a justification for the goal of preserving and enhancing
environmental quality, “reducing greenhouse gas emissions and their contribution to climate
change by promoting energy efficiency, energy conservation, and alternative energy use.”** An
Objective under Goal 8 is “To take advantage of indigenous resources and to decrease our

9925

dependence on fossil fuels. With regard to wind energy specifically, the Plan while

acknowledging that wind energy may become one of the “cheapest sources of power within the

9926

decade” finds that “wind resources in the state are not exceptional....””” The Plan was, however,

taking into account only on-shore wind resources, not the off-shore wind resources of the Ocean

*! State Guide Plan Element 781, August 8, 2002.

> RIGL chapter 39-26.

3 Rhode Island Energy Plan 2002, pp. 1.1, 1.2, 1.3.
2 bid., p. 1.1.

> Ibid., p. 3.27.

* Ibid., p. 3.30.
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SAMP area. While reasonable for its time, the Plan is dated in many respects, and at the time of
the Ocean SAMP’s being prepared, it is being rewritten. The outline and initial versions of the

revised Energy Plan include appropriate references to the Ocean SAMP.

The adopted Economic Development Policies and Plan®’ is similarly dated and currently
being rewritten. Nevertheless, it too contains provisions that have a constructive bearing on
topics covered by the Ocean SAMP. The Economic Development Policies and Plan holds that
“Sustainable development is a process whose goal is to mitigate or eliminate the environmental
problems facing society while simultaneously creating economic opportunities; it is a process to

enhance the quality of life and save the environment. It recognizes that economic development

9928

and environmental quality are not mutually exclusive. The Plan recognizes the value of

renewable energy:

To ensure that future generations are not left a legacy of vanished or depleted resources,
The Rhode Island Energy Plan (Element 781 of the State Guide Plan) recommends the
development of permanently sustainable energy resources that are environmentally benign
and economically feasible. Even from a purely economic standpoint, this policy is key.
Failure to exploit even modest opportunities for indigenous and renewable sources of
energy that fit these criteria increases reliance on costly alternatives that could be avoided,
postponed, or replaced — such as the construction of a new power plant, or continued
dependence on fossil fuels produced outside the region that are subject to pricing policies
beyond our control....

Wider use of renewable energy can improve the business climate. It can help satisfy
environmental objectives while addressing what has always been a disincentive to business
location in New England — high energy costs owing to our position, literally, at the end of
the pipeline. The phase-in of renewables can be complemented by a re- dedication to
energy conservation, in recognition and appreciation of the fact that energy is too valuable
a resource to waste or squander. >’

7 Economic Development Policies and Plan, Report Number 99, State Guide Plan Element 211, April
2000.

% Tbid., p. 2.32.

¥ Ibid., p. 2.33-2.34.
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The Plan also addresses as economically important other activities that take place in the
Ocean SAMP area, including commercial shipping®®, commercial and recreational fishing’',
recreation’, and defense--the Navy>®. And it has as facilities objectives to:
12. Encourage development of sport and commercial fisheries both inshore and
offshore up to levels of maximum sustainable yield by supporting the provision of
appropriate infrastructure, research and training facilities, aquaculture, management

activities, and enforcement of water quality standards. Reserve suitable port access areas
for commercial fishing vessels.

13. Encourage new industrial development in the coastal zone that places a
priority on the maximum efficient and appropriate utilization of existing marine
infrastructure, such as the Port of Providence and Quonset Davisville.

15. Promote tourism as a major industry, and encourage and support the use of
the wide range of facilities that make up the industry’s infrastructure.>

In December 2002, the statewide planning program issued the Rhode Island Comprehensive
Economic Development Strategy 5 Year Update, which builds upon the objectives and policies of
the 2000 Economic Development Policies and Plan.>> The 5 Year Update too recognizes the
importance of sustainable development as a “process whose goal is to mitigate or eliminate
environmental problems facing society while simultaneously creating economic opportunities.”
The 5 Year Update considers marine sectors, including shipping, the Navy, marine fisheries, and

marine trades such as boat building and repairs and marinas. A major challenge identified in the

5 Year Update is the long-term loss of manufacturing jobs, which peaked at 136,200 jobs in

* Ibid., p. 236.
! Ibid., p. 237.

2 Ibid., p. 2.38.
# Ibid., pp. 2.22-2.24, 2.36.

** Ibid., p. 3.4

> Statewide planning Program, 2002. Rhode Island Comprehensive Economic Development Strategy 5
Year Update, p. v.

% Ibid., p. 19.
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1978. The 5 Year Update recommends a diversification of the state’s industrial base,’’ which is
something the development of offshore wind energy facilities could contribute to, especially in
concert a facilities objective “to encourage sustainable industrial and commercial development

that advance the long-term economic and environmental well-being of the state....”®

In sum,
while the 5 Year Update is concerned with economic development on land, it contains broad

principles that can be applied to development in the Ocean SAMP area.

While the Economic Development Policies and Plan treatment of recreation and tourism is
brief, the Guide Plan element for recreation, Ocean State Outdoors’”, is extensive and up-to-date.
It was amended in 2009 and gives attention to issues and matters related to the Ocean SAMP.
First, it calls for maintaining “natural diversity by preserving habitat”*’; second, it urges the
preservation of “significant historic, architectural and archeological sites”, and third, it

recognizes the significance of climate change.”” Among its policies is the preservation and

expansion of recreational boating.*’

The State Historical Preservation Plan™ states the following principle: “For archaeological
sites Rhode Island's preferred treatment is avoidance; data recovery is sometimes used as a last
resort when avoidance is not possible. In general, however, the cost of data recovery and the
irreversible damage to historical resources that recovery necessarily entails suggest that
avoidance should be preferred. Further, in some property types such as burial places ethical and

2945

legal considerations require avoidance.”" The Historical Preservation Plan contains the strategy

7 Ibid., p. 80.

* Ibid., p. 85.
%9 State Historical Preservation Plan, State Guide Plan Element 152, adopted 2003. Amended 2009.

* Ibid., p. ES.4
* Ibid., p. ES.5.
* Ibid., pp. 2.5-2.6.
“ Ibid., p. 4.29.

* State Guide Plan Element 140, revised June 1996.
* Ibid., p. 140.2.
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to “Work toward the development of a context for understanding archaeological resources,

which are underwater.”*® The Ocean SAMP is contributing to this.

The Rivers Policy and Classification Plan” is a “guide for action to protect the quality and
use of Rhode Island’s watersheds.” The Policy and Classification Plan is notable because it
looks at rivers and watershed in three ways: first, their ecological and natural value, second, their
current and potential uses™®, including economic uses, and third, the values communities place on
the rivers and watersheds.*” While the Rivers Council’s responsibilities are for watershed
planning for fresh water bodies, and thus do not overlap with the Ocean SAMP, the planning
approaches underlying the Rivers Policy and Classification Plan and the Ocean SAMP are in

concert.

The Bays, Rivers and Watersheds Coordination Team® endeavors to provide integrated plan
for fresh and marine waters. Its membership includes representatives from the Coastal
Resources Management Council, the Rhode Island Rivers Council, the Department of
Environmental Management, the Water Resources Board, the Narragansett Bay Commission, the
RI Economic Development Corporation, and the Division of Planning in the Department of
Administration. The Coordination Team is charged with developing and overseeing the
implementation of a system-level plan which “establish overall goals and priorities for the
management, preservation, and restoration of the state's bays, rivers, and watersheds, and the

2

promotion of sustainable economic development of the water cluster.” The Coordination Team

% Ibid., p. 140.6.
4T Rivers Policy and Classification Plan, State Guide Plan Element 162, adopted 1998, amended 2004.

*® RIGL section 46-28-7 (4): “The classifications shall identify characteristics of water bodies beyond
their quality to reflect their current or potential uses for drinking water sources, agricultural irrigation,
industrial processes, including cooling water sources, water-based recreation, aquatic habitat, aesthetic
enhancement, and others. The classification plan shall be consistent with current water quality
classifications adopted by the department of environmental management.”

# RIGL section 46-8-7, the RI Rivers Council has the power and the duty “(7) To formally recognize and
to provide grants to local watershed councils;” and “(8) To foster public involvement in river planning

and decision-making processes....”

* RIGL chapter 46-31.
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may recommend “adoption of all or portions of said plan by the state planning council as

elements of the state guide plan.™"

A systems integration plan®> was adopted by the Coordination Team in July 2008. The
y g p P y

Systems Integration Plan proceeds from a vision that:

In the future, Rhode Island’s waters and coasts are fishable, swimmable, prosperous, and
resilient, and state and local environmental and economic development policies are well-
managed, integrated, and cost-effective.

Numerous socio-economic uses and values are thriving, including commercial and
recreational fishing, recreational boating, renewable energy generation, ocean and bay
monitoring, water-dependent transport and industry, maritime technologies, recreation and
tourism.

State and regional governance of Rhode Island’s waters and watersheds fully incorporates
systems perspectives, particularly the principles of ecosystem-based management, and is
based upon world-class programs in monitoring, research, education and outreach, and
strategic planning and evaluation.™

The Systems Integration Plan squarely recognizes climate change as a major challenge facing
marine systems”* and points to development of “ocean renewable energy resources in a balanced
manner that accommodates and promotes existing uses of Rhode Island’s marine waters and

. . 55
submerged lands such as fisheries and recreation.”

The Systems Integration Plan looks at four existing “water-reliant” industries: recreation
and tourism; boatbuilding, shipbuilding and boating-related businesses; water-based
transportation, and commercial fisheries and aquaculture.”® Regarding commercial fisheries the
Systems Integration Plan observes, “Commercial fishing has been a mainstay of Rhode Island’s

economy since the state’s inception and continues to play an important role in Rhode Island’s

51 RIGL section 46-31-5.

>* The Rhode Island Bays, Rivers, and Watersheds Bays, Rivers, and Watersheds Coordination Team,
July 2008. Bays, Rivers, and Watersheds Systems-Level Plan: 2009-2013.

> Ibid., p. iii.
> Ibid., pp. 4-7.

> Ibid., p. 3.
*% Ibid., pp. 38-50.
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economy””’ and “The development of the commercial fishing industry [in Rhode Island] and the

constraints of distribution capabilities early in the development of the industry led to close
association of the downstream processing activities with fishing ports. This clustering of
production and processing activities created significant economic value and wealth for local
fishing communities. The remnants of this clustering continue to exist in part due to the capital

intensity of the industry.”®

Significantly, the Coordination team is concerned with economic and ecological issues
and embraces the principles of eco-system based management. Thus there is a conceptual

congruence between the Systems-Level Plan and the Ocean SAMP.

Conclusion

Rhode Island has a highly developed system of planning, with the state guide plan as the
primary means of inter-plan coordination and harmonization. While the currently adopted
elements of the state guide plan do not plan for the area covered by the Ocean SAMP, there is
conceptual congruence between the relevant state guide plan elements and the Ocean SAMP;
thus basic conflicts between the state guide plan and the Ocean SAMP would seem unlikely.
More probably the two could be understood as mutually reinforcing. Indeed the Ocean SAMP
can be appreciated as major extension of state planning principles into an area not previously

covered by state plans.

What is also significant is that state guide plan elements do address activities, such as
shipping, commercial and recreational fishing, recreational boating, and defense—the Navy, that
take place in the Ocean SAMP area. This both shows that Rhode Island has long-established and
well-recognized interests in the Ocean SAMP area and gives additional justification for the
preparation and adoption of the Ocean SAMP.

It is also noteworthy that Rhode Island over the last decade has been moving

demonstratively toward eco-system based planning and management. The Ocean SAMP is the

7 Ibid., p. 102.

> Ibid., p. 104.
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fullest expression to-date of this trend. This commitment of Rhode Island to planning

holistically is critically important to addressing climate change and its effects.
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Executive Summary

In support of the Rhode Island Ocean Special Area Management Plan development
process, the physical oceanography of coastal waters off Rhode Island is reviewed and
summarized. The OSAMP area includes central and eastern Block Island Sound (BIS), all of
Rhode Island Sound (RIS) except state waters along its northern and eastern boundaries, and an
area of the continental shelf extending about 25 km offshore southward from each. A literature
review, updated analyses of key observations, and results of a hydrodynamic simulation are used
to provide an integrated view of the physical oceanography of the system. The focus is on the
geographic and vertical spatial structure, and seasonal evolution, of hydrographic (temperature,
salinity, and density) and circulation features (seasonal means and 1-10 day weather-band
variability), and on characterizing tidal variations. Conditions are shaped by a complex interplay
among wind-driven variability, tidal processes, and density gradients that arise from combined
effects of interaction with adjacent estuaries, solar heating, and heat flux through the air-sea
interface. BIS is the most estuarine in character, with the lowest salinities, the strongest tidal
currents, relatively constant density stratification year-round dominantly due to salinity, and
strong and persistent seasonal-mean currents including bidirectional exchange flow at each of its
three openings and a prominent estuarine outflow bounded by a front on the shelf to the south. In
RIS and the offshore area, the seasonal cycle is more pronounced: during winter and fall the
stratification is minimal and circulation is a weak upwelling pattern directed offshore at shallow
depths and onshore near the seafloor; in spring and summer strong stratification develops due to
an important temperature contribution, and a system of more distinct currents occurs. These
include the southern New England shelf flow westward along the offshore area, which bifurcates
in the east where a portion moves northward as the RIS Current, a narrow flow that proceeds
counterclockwise around the perimeter of RIS likely in association with a tidal mixing front. In
southwestern RIS the southward RIS Current strengthens, in association with sharpened density
gradients of the outflow front, then merges south of Block Island with the estuarine outflow and
joins the southern New England shelf flow to leave the area westward. Over most of the region
tidal currents are generally stronger than or comparable to these seasonal-mean flow patterns, as
are weather-band current variations driven by the wind. The baseline knowledge of physical
oceanography presented here forms a component of the ecological characterization of the area
needed to support assessments of potential impacts of policy decisions regarding development

and protection of ocean-based resources.
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Abstract

An integrated view has been developed for the physical oceanography of coastal waters off
Rhode Island, including central and eastern Block Island Sound (BIS), Rhode Island Sound
(RIS), and an offshore area extending about 25 km to the south from them. Results are based on
a comprehensive literature review of observational and modeling studies; updated observational
analyses of (i) satellite sea surface temperatures, (ii) a hydrographic climatology constructed
from archived conductivity-temperature-depth (CTD) casts, and (iii) HF radar surface currents;
and output from a realistically configured and forced data-assimilative hydrodynamic model
spanning a larger regional domain. Emphasis is on the geographic and vertical spatial structure,
and seasonal evolution, of hydrographic (temperature, salinity, and density) and circulation
(seasonal-mean and ~1-10 day weather-band) features, and on characterizing tidal variations.
The seasonal cycle in temperatures spans from about 3 °C to about 21 °C, as shaped mainly by
heat fluxes across the air-sea interface and solar radiative heating, and hence is relatively
uniform geographically except for a tendency for shallow inshore waters to be up to a few
degrees colder due to enhanced tidal mixing there. In deeper areas surface temperatures exceed
deep temperatures by about 5-6 °C in spring and up to 10-12 °C in summer, but only by about 1
°C or less in fall, and in winter the deep water can be warmer by up to a degree due to surface
cooling. Salinity variations reflect the influence of interactions with surrounding estuarine
systems, and range from about 31 to 33 PSU with the freshest water in and near BIS due to
strong influence of Long Island Sound (LIS) exchange flow, and surface values persistently
about 0.1 to 0.9 PSS fresher than at depth. Density stratification has pronounced seasonality in
deeper areas, with a pycnocline in winter and fall that is about 30-40 m deep and weak (surface
to seafloor difference Ao, of about 0.1 kg m™; peak buoyancy frequency N* about 2-3x10™* %)
due to surface cooling and strong winds, then about 10-20 m deep and stronger in spring (Ao
about 1 kg m™; peak N* about 5-6 x10™ s?) and summer (Ac; about 2-2.5 kg m™; peak N* about
10-12 x10* s7%), when the temperature influence dominates. Stratification is strongest in BIS
during the winter, due to LIS exchange flow, but weakest there in summer due to strong tidal
currents that reduce thermal gradients. BIS has relatively strong (5-15 cm s™') seasonal-mean
currents including bidirectional exchange flow at each of its three openings, and a prominent
geostrophic estuarine outflow bounded by a hydrographic front that spans the water column on
the shelf to the south. In RIS and the offshore area, seasonal-mean currents undergo a stronger

seasonal cycle: in winter and fall there is a weak (~1-2 cm s™') upwelling pattern, and in spring
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and summer a system of more distinct currents. These include the southern New England shelf
flow (up to 10 cm s) westward along the offshore area, which bifurcates in the east where a
portion moves northward as the RIS Current. The latter is a narrow flow moving
counterclockwise around the perimeter of the stratified interior of RIS at about 5 cm s, likely in
association with geostrophic adjustment of the horizontal density gradient due to a tidal mixing
front. In southwestern RIS the southward RIS Current strengthens to about 15-20 c¢m s™', in
association with sharpened warm-season inshore-offshore density gradients, then merges south
of Block Island with the estuarine outflow and joins the southern New England shelf flow to
leave the area westward. The strengths of these seasonal-mean flow patterns are, at most,
comparable to tidal and weather-band current fluctuations and generally much weaker than them.
Tidal currents are dominantly semi-diurnal and sharply enhanced (up to 100 cm s™') in and near
BIS due to the resonant response of LIS. Weather-band current variations are driven
predominantly by the local wind, decay modestly with depth except in summer when they are
isolated in the upper layer by the strong mid-depth pycnocline, and peak in winter at about 20-30
cm s typical magnitude, when they are aligned predominantly along the nearly east-

northeast/west-southwest orientation of the larger regional coastline.
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1  Purpose and Scope

The purpose of this report is to summarize the current state of understanding of the physical
oceanography of coastal waters off Rhode Island. The region of interest is the Rhode Island
Ocean Special Area Management Plan (OSAMP) domain (Figure 1), which can be broken in to
three areas: (a) approximately the eastern half of Block Island Sound (BIS), (b) all of Rhode
Island Sound (RIS) with the exception of an area extending up to several kilometers south from
the entrances to the Narragansett Bay and Mount Hope Bay estuarine system, and excluding the
Massachusetts state waters at its eastern end, and (c) an offshore region extending about 25-30
km southward from these two areas. Water depths are typically 10-35 m and reach up to about 70
m in the offshore area; a companion OSAMP report discusses the bathymetric features and

terminal-moraine geologic history of the region in detail.

The focus here is primarily on gross attributes of hydrographic fields (temperature, salinity,
density, and density stratification) and circulation characteristics (seasonal-mean flow, variations
at weather-band timescales of 1-10 days, and tidal fluctuations), including their geographic
variations and water column vertical structure. Companion OSAMP reports cover waves,
sediment transport, and other water properties such as oxygen concentration, none of which are
addressed in this report. Our three main aims here are to (a) review relevant literature, (b) use
available observations to characterize the area, and (c) describe the output from a representative
regional numerical hydrodynamic simulation configured to model the system realistically using
up-to-date techniques including data assimilation. In the companion Part 2 report (Ullman and
Codiga 2010) the findings of a new observational campaign are presented, including additional

water properties (oxygen, Chlorophyll, turbidity, and euphotic depth) and waves.

This report is structured in a systematic way, with a large number of figures detailing the
seasonal evolution of the geographic and vertical structure of numerous hydrographic and
circulation parameters. This approach is not oriented around providing a compelling story line,
and does make it somewhat more difficult to perceive the integrated view of the system that has
been developed. However, this presentation style has been pursued intentionally, as motivated by
the expectation that many readers will be applicants for permits, or developers of environmental
impact statements, interested the characteristics of the water column in a specific location. Such
readers should benefit from the relatively complete geographic coverage and systematic

organization. For readers most interested in the broader integrated view, it may be beneficial to
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forego the comprehensive details and instead focus strictly on the final summary (Section 5) and

the three figures it specifically cites.

2 Introduction
2.1 Regional Setting

The RI OSAMP region is an inshore temperate shelf sea on the inner portion of the southern
New England continental shelf (Figure 1). The southern New England shelf lies south of
Massachusetts, Rhode Island, and Long Island, New York, extending nominally from the
Hudson Shelf Canyon in the west to Nantucket Shoals in the east; it is the northern half of the
region between Cape Hatteras and Cape Cod known as the Middle Atlantic (or Mid-Atlantic)
Bight. The physical oceanography of the broader southern New England shelf, which bounds the
RI OSAMP region to the south (Figure 2), has received considerable attention and a solid
baseline understanding has therefore been built up (see, e.g., reviews by Beardsley and Boicourt
(1981), Ingham (1982), Mountain (2003), and Lentz (2008a,2008b)). The OSAMP area, in sharp
contrast, been the focus of relatively little research; for example, in a recent review of Mid-
Atlantic Bight observed mean circulation using all available archived moored current meter
records, the OSAMP area forms a somewhat conspicuous gap in coverage (see Figure 1 of Lentz

(2008a)).

Water on the southern New England shelf originates primarily from the Scotian Shelf to the
north (Chapman and Beardsley 1989), and arrives via Nantucket Shoals (adjacent the RI
OSAMP region to the southeast; Beardsley et al. (1985)), generally after having passed through
the Gulf of Maine and around or across Georges Bank. The polar origins, together with the
effects of river and estuarine contributions, lead to shelf waters that are generally cooler and
fresher on the inshore side of the shelf break front than the adjacent deep ocean slope water
conditions to the south. Shelf waters undergo a pronounced seasonal cycle in temperature,
influenced largely by air-sea interaction. Seasonality in salinity, associated mainly with spring
freshening due to episodic coastal runoff, is less regular than that of temperature, and commonly
weaker than inter-annual variability. Stratification, the vertical gradient in density associated
with horizontal layering of water such that less dense layers overlie denser layers, results from
comparably important influences of river freshening and surface heating, and peaks in summer.
Cold bottom water formed in the winter, referred to as a “cold pool”, can persist in some areas

throughout the summer heating period and subsequent fall overturning when winds increase.
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The regional-scale long-term mean vertical-average general circulation of the southern New
England shelf is alongshore to the southwest, increasing in strength with distance offshore to
reach 10-15 cm/s in a jet centered near the shelf break (e.g., Lentz 2008a); this flow is typically
strongest at the surface and weakens toward the seafloor without reversing direction. Spatial and
temporal variability of non-tidal flow superposed on this broad mean circulation pattern is
significant (typically 10 to 40 cm/s, but up to 80 cm/s) and results largely from wind fluctuations,
coastal-origin flows emanating from rivers and estuaries, and, in some years to a limited extent,

interactions with Gulf Stream rings or the influence of hurricanes.

Regional surface winds (described in detail in a companion OSAMP report) in winter average
about 4-12 m/s east-southeastward, and due to storms are highly variable with peak speeds up to
about 25 m/s. Summer winds are much less variable and weaker, averaging 2.5-7.5 m/s, and
oriented in the east-northeastward direction. Although wind fluctuations drive much of the
variability of the circulation, wind is of secondary importance to mean currents, which are driven
primarily by a large-scale alongshore pressure gradient and oriented largely in the upwind
direction. In the across-shelf direction, deep flow on the shelf is weakly onshore throughout the
region (Bumpus et al. 1973); this is consistent with both the upwelling-favorable sense of mean
winds driving shallow water offshore by Ekman transport, and also with the influence of deep
onshore limbs of bidirectional exchange flows at the mouths of numerous estuaries in the area.
Regional tidal conditions (Moody et al. 1984) over the main shelf include dominance of semi-
diurnal constituents, typical sea level amplitudes of about 0.5 to 1 m, and tidal currents of up to 5
cm/s. In inshore areas, these attributes can be modified by near resonance of estuaries, for

example Long Island Sound, which can amplify currents to as much as 100 cm/s.
2.2 Influences of Immediately Adjacent Waters

In addition to the deeper shelf area to its south, numerous bodies of water bound the OSAMP
domain (Figure 2). Moving clockwise from the west, these include (a) western BIS and the Long
Island Sound (LIS); (b) the West Passage, East Passage, and Sakonnet Passage entrances to the
Narragansett Bay (NB) and Mount Hope Bay (MHB) estuarine system; (c) the semi-enclosed
embayment Buzzards Bay (BB); and (d) Vineyard Sound (VS), a tidal strait that connects at its
eastern end to Nantucket Sound. Exchanges of water and water properties with the OSAMP
domain occur at each of these boundaries. Estimates of long-term mean volume transport
exhanges based on sparse available observations (Table 1) were compiled by Codiga (2009),

who emphasized that interaction with LIS has the most important influence on the OSAMP
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region. This conclusion holds despite the large uncertainties in the transport estimates, including
the possibility that the sampling on which the LIS estimate is based significantly overestimates
the net exchange because it lies within a local recirculation. The dominance of LIS can be
anticipated based on river inputs to each system; the long-term mean river runoff to LIS
(approximately 500 m’/s, the large majority of which is from the Connecticut River, see Figure
2) is about 10 times that entering NB/MHB, BB, or VS. The bi-directional estuarine exchange
flows for the LIS and NB/MHB estuarine systems are amplified relative to these river inputs by a

factor of about 15-25.

Table 1. Estimated long-term mean volume transport exchanges with adjacent waters.

Body of water Transport Source of observations used
(1000 m* s™)
Long Island Sound 23 +/-5 Codiga and Aurin (2007)
Narragansett Bay 1-3+/-2 Kincaid et al. (2003)
Buzzards Bay 1-2+/-2 Signell (1987), Butman et al. (1988)
Vineyard Sound 4+/-4 Geyer & Signell (1990), Beardsley et al. (2007)

3 Characterization Based on Observations

In this section, available observations from the OSAMP region are summarized. Previously
analyzed field studies are described, and new analyses are presented for sea surface temperature
(SST), archived historical conductivity-temperature-depth (CTD) casts, and surface currents
measured by high-frequency (HF) radar. Hydrographic fields are taken up first, then currents,
with a literature review at the start of each subsection; in these literature reviews and those that
follow in later sections, an important resource is the comprehensive catalogue of publications
gathered and described by Battelle (USACE 2002) as part of an Army Corps of Engineers
dredged material disposal site assessment. Appendix A includes a complete listing (Table A1) of
observation-oriented publications and Appendix B includes a complete listing (Table B1) of

modeling-oriented publications.

A number of different units for salinity have been in use historically. Initially, parts per
thousand (PPT) was the standard. When the practical salinity scale was developed some authors

reported values in practical salinity units (PSU) or, equivalently, PSS, to denote units on the
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practical salinity scale. Reporting salinity without a specific unit, so it is understood to be in
“salinity scale units”, given that in modern methods it is a computed quantity not directly
measured, is becoming accepted practice now. For the purposes of this report, distinctions among
PPT, PSU, and salinity units are unimportant and they are effectively used interchangeably. It
should also be noted that the standard convention has been followed to use “sigma-t” for the
density variable. Sigma-t is defined as the density in kg m™, computed with the measured

temperature and salinity values but zero pressure, less 1000.
3.1 Hydrographic Fields
3.1.1 Literature Review

Some of the earliest and still very pertinent scientific analyses of OSAMP waters consist of a
series of 1950s publications by Gordon A. Riley and colleagues that focused primarily on LIS
but encompassed BIS and, to a lesser extent, RIS as well. A view of the geographic patterns and
seasonal cycle of temperatures and salinities was laid out in an analysis of a series of vessel-
based bottle cast surveys completed in the late 1940s (Riley 1952) that included a small number
of bathythermograph transects across BIS and RIS. For OSAMP area surface temperatures, they
documented the seasonal range of surface temperatures from about 2-4 °C in winter to about 20
°C in summer. The tendency was noted for inshore temperatures to be a few degrees cooler
during winter, and to a lesser extent warmer during summer, relative the offshore OSAMP area.
Surface salinities were in the range of 29.5 to 32.5 parts per thousand (PPT), with a prominent
gradient of increasingly lower values from central RIS through BIS towards LIS. Together with
freshening towards BB and eastward in to VS, this was considered evidence of dilution of saltier
ocean waters by river inputs, which was concluded to be the dominant process determining
hydrographic conditions along with air-sea heating/cooling. In late fall and winter, temperature
increases with depth of up to about 1 °C were commonly observed, indicative of a lag between
cooling of shallow and deeper waters. In other seasons, typical surface temperatures were about
1-2 °C higher than at the bottom in shallow areas, reaching 5 °C higher in deeper areas, and
offshore of Block Island in summer there were decreases of about 10 °C across a distinct
thermocline about 15 m deep. Vertical salinity gradients were reported as typically no more than
1 PPT. Results of similar surveys from 1951-1952 were presented by Hicks and Campbell (1952)
and Powers (1953), which included more complete measurements of the vertical structure of the
water column and seafloor conditions than the Riley studies but reinforced their main

conclusions. In these early surveys complex spatial structure of water properties on scales of
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about 1 to 10 km were prominent, and recognized to be transient features that varied in response
to river flow, wind, and tidal conditions, but further diagnosis of related processes was not

possible due to the short sampling duration.

In 1963-1964, a US Navy field program obtained casts repeated about each 2-3 months along
two onshore-offshore transects in western-central and eastern-central RIS (Shonting et al. 1966;
Shonting and Cook 1970). The seasonal temperature ranges noted above were confirmed and a
mid-depth thermocline, with temperature differences of about 5-6 °C in spring increasing to at
least 10 °C in late summer, was noted to span most of the area and be replaced by nearly
homogenous temperatures in fall and winter as a consequence of wind mixing. Salinity patterns
included persistent freshening in the upper several meters within 10-20 km of the northern shore,
which was attributed to outflow from NB, and vertical gradients over most of the area that
sharpened to about 1 PPT in late spring and early summer but were essentially absent during the
late fall and winter. Sigma-t was shown to take values in the range of about 23.8 to 25.2 kg m™,
with peak vertical differences of 1-1.5 kg m™ in early summer when near-surface freshening
contributed in the same sense of, and with comparable importance to, higher surface
temperatures. As in earlier surveys, transient small-scale variability in both temperature and
salinity, including large fluctuations in the thermocline depth within a single survey and from
survey to survey, were prominent and could not be addressed by the short-term nature of the

nearly synoptic sampling.

Casts using modern CTDs along transects across BIS were sampled in the late 1960s and
early 1970s (Ichiye 1967; Williams 1969; Hardy 1972; Hollman 1974). These studies revealed
similarities of BIS hydrography to that of RIS, including comparable vertical gradients. There
were also notable geographic variations, with water in the south and west of BIS generally the
most fresh, by up to 1 PPT, and the least strongly stratified. This feature was interpreted as the
signature of fresh outflow from LIS that spans the entire water column and is concentrated along
the coast of Long Island and rounds Montauk Point to exit BIS southward. The saltiest water in
BIS was near the bottom toward the north. Tidal fluctuations in water properties were also
resolved and quantified, and attributed to advection by strong BIS tidal currents oriented largely

east-west along the large-scale salinity gradient toward the freshest conditions in western LIS.

In the early 1970s an intensive field campaign was undertaken by Raytheon (1975) to
characterize waters of northeastern BIS, as motivated by their potential capability to

accommodate heat from cooling towers of a proposed nuclear power facility near Ninigret Pond.
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CTD casts were collected nominally each 2 weeks from July 1975 through September 1976 at a
rectangular 3 by 4 array of stations spanning an area about 4 km by 6 km in the northeastern
portion of BIS. Analysis by Snooks et al. (1977) confirmed in greater detail many of the features
described in previous studies: seasonal formation (April) and breakdown (September) of a mid-
depth thermocline, across which temperatures decrease in depth by up to 8-12 °C; temperature
increases of about 1 °C with depth during fall and winter; salinities with a weak annual cycle but
strong and irregular variability on timescales of weeks to months in association with river runoff,
and typical surface to bottom differences of about 0.5 PPT; and variations in density and
stratification controlled both by temperature and salinity. Photographic-method thermographs
were also mounted on moorings at shallow and deep depths and recorded temperatures each 15
minutes at two sites for more than a year (Raytheon 1975). These records showed that
temperature changes occur primarily on several-day timescales in association with weather
events, and revealed that the spring and summer warming process is slower and more gradual

while the fall breakdown in the resulting stratification occurs abruptly over a few days or less.

Bowman and Esaias (1981) reported results of a one-week CTD survey in September 1978
that included several casts in BIS. Their analysis emphasized the geographic variations in
stratification, using top to bottom density differences, and as in previous studies showed it is
substantially stronger over most of BIS than in the southwestern portion along the northern
shores of Long Island and near Montauk Point. They compared measured stratification to the
theoretical h/U® index (water depth h over cube of tidal current U) developed by Simpson and
Hunter (1974) for a one-dimensional balance between surface heating and turbulent mixing
driven by tidal flow across seafloor roughness. Observed stratification was generally strongest in
regions of high h/U’ and vice-versa, in agreement with the theory, despite that it does not

incorporate salinity stratification and horizontal advection which are both known to be important.

A comprehensive compilation of temperature observations in RIS is provided by Armstrong
(1998), which depicts results of a 10-year campaign of monthly expendable bathythermograph
sampling along a shore to shelf-break north-south oriented band of water centered on RIS and
spanning most of its width. The 10-year mean seasonal cycle is characterized, much as described
above but depicted in greater detail, and deviations from it in individual years are shown to reach
up to several °C. Emphasis was on bottom temperatures, and the faster spring/summer warming

and higher resulting temperatures at inshore sites was quantified.
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A long and continuing time series of CTD casts at one station in central BIS and one at its
eastern edge, monthly year-round and generally biweekly in summers, has been sustained from
1995 to present as part of a LIS monitoring program (Kaputa and Olsen 2000). The long term
average seasonal cycle for BIS temperature and salinity (Gay et al. 2004) follows the patterns
described above and, mostly due to the irregular nature of freshened LIS outflow, modest inter-

annual variations in the timing and intensity of stratification occur.

Frontal boundaries, while harder to detect in CTD surveys, are prominent in the 12 years of
~1 km resolution satellite SST observations analyzed by Ullman and Cornillon (1999; 2001).
The fronts are dynamical features commonly exhibiting sharp gradients in both salinity and
temperature, and typically separate fresher inshore water from saltier offshore water. As detected
in SST, the seasons when they are most common are winter, then summer, then spring, and they
are relatively uncommon during fall. Frontal probabilities are highest in the area south of Block
Island and also high along a band that stretches roughly from there northward and eastward, east
of Block Island, to west-central RIS. As discussed in the next section below, this distribution can
be understood to mark the edge of the LIS outflow, which during low river flow may extend
eastward only to mid-BIS but during high river flow can extend to central RIS. Satellite sea
surface temperature (SST) observations were also analyzed by Fox et al. (2000), who examined
vernal warming using 1997 data from areas of BIS, central RIS, and the portion of RIS that
enters VS. They identified LIS outflow water by its cool temperature, and quantified its spatial
extent and aspects of its pronounced weather-band temporal variability. They also noted that
areas of BIS and VS tended to be cooler than central RIS, which they attributed to more efficient

mixing of colder deep water to the surface.

CTD surveys were repeated several times in 1998-1999, mostly during the summer and winter
months, at 5 stations near and north of the OSAMP domain boundary in the vicinity of the mouth
of NB (Kincaid et al. 2003). The vertical structure and seasonal variations of temperature and
salinity were consistent with those described above for northern RIS, and an east-west gradient,
with salinity increasing eastward across the mouths of the West and East Passages, was noted.
This was interpreted as evidence that the NB/MHB estuarine exchange circulation consists
mostly of northward inflow of salty RIS waters through the eastern side of East Passage together
with a southward outflow of fresher water through the western side of East Passage, and to a

lesser extent the West Passage.
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A number of analyses resulted from an intensive field program during 2000-2002 focused on
investigating the dynamics of the frontal boundary of LIS outflow on the inner shelf south of
Montauk Point and Block Island in the southwestern corner of the OSAMP region. Kirincich and
Hebert (2005), based on vessel-based surveys using a CTD mounted on a towed undulator,
described the vertical and across-shelf structure of the temperature, salinity, and density of the
front in spring 2002. The front shoals in the offshore direction, consistent with thermal wind
shear of the southward and westward moving outflow jet observed in concurrent velocity
measurements. During their survey the front intersected the seafloor at about 30 m deep, where
they noted the near-bottom tidal variability was substantial. O’Donnell and Houk (2009)
presented results of two 48-hour CTD surveys of BIS, western RIS, and the southwestern SAMP
inner shelf, collected under different wind conditions, demonstrating the substantial range of
weather-band variability in the geographic extent and vertical structure of the LIS outflow.
Moored CTD profiler sampling of vertical casts hourly for multi-week intervals showed evidence
of a mid-depth pycnocline in fall, in contrast to stratification throughout the upper water column
in spring (Codiga and Rear 2004). An analysis of historical archived CTD casts by Ullman and
Codiga (2004) contrasted the timing and intensity of the seasonal cycle of stratification in areas
inshore and offshore of the front, quantifying the across-front density difference and
demonstrating that its temperature contribution opposes its salinity contribution in winter and
spring, then reinforces it during summer and fall. They showed that the strengthening of the
along-front current in summer was linked to the stronger density gradient through geostrophy.
Levine et al. (2009) identified smaller-scale fronts in the vicinity of the gap between Montauk
Point and Block Island, with sharp gradients in salinity and temperature on scales of 10s of m,
and interpreted them as boundaries of tidally-driven headland eddies associated with swift tidal
currents there. Significantly, they also reported the only direct measurements of small-scale
turbulent kinetic energy dissipation rate within the OSAMP domain, demonstrating elevated

levels of up to 10°-10* W/kg near these fronts and linking them to shear instabilities.

Finally, CTD casts were collected during a few days of April and September 2004 at a
proposed dredge disposal site about 38 m deep in west-central RIS (SAIC 2005). Measured
conditions fit well within the expected range based on previous studies, but vividly demonstrated
that temperatures and salinities in the upper water column, and hence stratification, vary
substantially on timescales of hours to days. Advection of inhomogeneous water properties by
small-scale eddying motions, tidal currents, and wind-driven movements are clearly a strong

influence on hydrographic fields on short timescales.
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3.1.2  Satellite Sea Surface Temperature Observations

An analysis of sea surface temperature (SST) observations was performed with the aim of
describing the seasonal and spatial variability of SST across the OSAMP region. Satellite-
derived SST data provide a high-resolution (~1 km) view of surface ocean conditions multiple
times per day. We used all available observations from the moderate resolution imaging
spectroradiometer (MODIS) sensors aboard the NASA Terra and Aqua satellite platforms during
the period 2002-2007. Level 2 SST data (in satellite coordinates) from the 11 um channel and the
corresponding data quality flag were obtained from NASA’s Ocean Color website
(http://oceancolor.gsfc.nasa.gov/). To facilitate subsequent statistical analyses, the satellite

passes from this dataset were remapped into a standard equirectangular projection.

We present maps showing the mean and standard deviation of SST averaged over all seasons
and years as well as these same statistics computed on a seasonal basis. For the purpose of this
report, seasons are defined as follows: Winter: January-March; Spring: April-June; Summer:
July-September; Autumn: October-December. Seasonal averages are calculated using data from
all years during that particular season. To avoid contamination by clouds (which generally
appear colder than the sea surface), the statistical measures of SST presented here were
computed using only those data values passing the most stringent data quality tests (quality flag
= 0). The mean and standard deviation estimates at a given pixel (location) are displayed only if

at least 50 SST values passing this test are included in the average.

Figure 3 shows the mean SST field and its standard deviation averaged over all seasons and
all years. Warmest temperatures (11-13 °C) occur in central RIS in a region that extends to the
south into the open ocean and also in northeastern Buzzards Bay. BIS and the eastern margin of
RIS are generally a degree or two colder, likely a result of stronger tidal mixing in these regions,
which reduces summertime SST. The boundary between the cooler BIS and warmer RIS surface
waters is located slightly to the east of Block Island and then extends southwestward in the area
to the south of BIS. As noted above, this front, which is seen more clearly in the seasonal maps
to be described below, is the surface temperature manifestation of the low salinity LIS outflow
(Ullman and Codiga 2004). The SST standard deviation indicates the range of SST encountered
during the averaging period. In this case, the variability is a combination of seasonal variability
and year-to-year variability, with the latter presumably showing little spatial structure. Highest
standard deviations (7-9 °C) occur in regions near the coasts and in the relatively shallow

Buzzards Bay indicating the strong seasonal SST swings in these areas. BIS is characterized by
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lower standard deviations (5-7 °C), consistent with a reduction in the amplitude of the seasonal
cycle of SST due to enhanced vertical mixing, which tends to distribute seasonal heat gain in

summer over a deeper water column, associated with stronger tidal currents.

Winter SST (Figure 4) in RIS and BIS ranges from 1 to 5 °C with highest temperatures in
southern RIS over the western portion of Cox Ledge (Figure 2) and the deep channel to the west
of the Ledge. Lowest temperatures occur in the relatively shallow waters on the periphery of the
Sounds, where winter surface cooling distributed over a shallower water column results in lower
surface temperatures than in deeper areas. It is notable that in the eastern part of RIS the strong
temperature gradient region along the outer edge of the cold band (occurring at a temperature of
about 3.5 °C) does not appear to follow the isobaths as it does in northwestern RIS and in BIS.
This suggests that the heat balance in this region may be significantly influenced by the
advection of cold water northwestward into RIS from Nantucket Shoals, where extremely low
winter SST is observed (Ullman and Cornillon 1999). SST standard deviation in winter is
generally low (less than 2.5 °C) with highest and lowest values in central RIS and western BIS

respectively.

In spring (Figure 5), highest SST (10-11 °C) occurs in northern and central RIS, while BIS,
the area around Block Island, and the nearshore regions in eastern RIS are relatively cooler (8-10
°C). A sharp gradient is apparent around the periphery of the cooler BIS waters. This SST front
is coincident with a co-occurring front in surface salinity that delineates the region influenced by
the low salinity surface outflow from LIS. Strong vertical mixing caused by intense tidal currents
in eastern LIS and western BIS distributes the springtime surface heat flux over a large portion of
the water column in the LIS outflow region. This results in a smaller increase in surface
temperature during spring than in regions with weaker tidal currents (e.g. central RIS) where the
effects of surface heating tend to be trapped in a shallow surface mixed layer. The presence of
cool water in the shallow eastern parts of RIS is likely a result of this mechanism as well. SST
standard deviations are largest in central RIS (4-5 °C) and lowest in BIS and along the eastern
margin of RIS (3.5-4.5 °C). This reflects the fact that the latter regions exhibit a smaller
springtime increase in SST from their winter values. It also likely results from the fact that inter-
annual variation in surface heat flux produces larger temperature variations in areas where the
surface flux is trapped in a thin surface layer (central RIS) rather than being mixed throughout

the water column.
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Summer SST patterns (Figure 6) are similar to those in spring. A strong contrast is evident
between cool SST in BIS (less than 20 °C) and relatively warmer values in central RIS (greater
than 20 °C) arising from the same mechanism discussed above. As in spring, surface waters in
eastern RIS are relatively cool (less than 20 °C), and the boundary between these waters and the
warmer central RIS waters is more pronounced than in spring. Summer SST standard deviations
tend to be low (less than 2 °C) partly reflecting the fact that summer (like winter) is the period
when seasonal SST changes are at a minimum due to the change in sign of the surface heat flux

from net heating to net cooling.

In autumn (Figure 7), waters in the region cool from the summer peak, with mean SST during
autumn between 10.5-13.5 °C. Central RIS remains about 1 °C warmer than BIS and the coastal
arecas in castern RIS. Coastal areas in northern RIS near the mouth of NB, and around eastern
Long Island, exhibit warmer temperatures (SST values of 13-14 °C) than those observed in
deeper areas. It is not clear what causes this; further investigation is needed to determine if this is
a real signal or an artifact of the averaging procedure performed. SST standard deviation during
autumn tends to be lowest in central and southern RIS due to slower cooling of the deeper water

column there.
3.1.3 Hydrographic Climatology: Temperature

In this subsection and the three that follow we describe the temperature, salinity, density, and
density stratification across the OSAMP domain with emphasis on seasonal variations of large-
scale geographic patterns and water column vertical structure. The analysis is based on a
“hydrographic climatology” computed from a compilation of historical archived CTD casts from
1980 to 2007, including those of Hydrobase (e.g., Curry 2001) and many casts from the National
Marine Fisheries Service (NMFS) Marine Resources Monitoring Assessment and Prediction
(MARMAP) program (e.g., Mountain 2003) of the National Oceanographic and Atmospheric
Administration (NOAA). Casts from January through March, April through June, July through
September, and October through December are treated as the winter, spring, summer and fall
seasons respectively. During each of the four seasons there are about 150-300 casts, collectively
over the 27-year period, distributed non-uniformly across the OSAMP domain (Figure 8, upper).
Taken as a whole these casts are adequate to characterize the seasonal cycle but too sparse in
time and space to yield meaningful information regarding inter-annual variability, which is thus
not be considered. The data have not been used to examine long-term trends and is likely

inadequate to do so meaningfully. Furthermore, it should be noted that in BIS there are no casts
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except in the southernmost and easternmost areas, where the seasonal distribution of casts is

highly non-uniform. In the following descriptions, BIS conditions are therefore the least certain.

Values were assigned by objective analysis (Hendry and He 1996) to a grid (not shown)
having an unstructured horizontal mesh with node spacing from about 3 to 8 km across the
OSAMP domain, and 22 evenly spaced fractional-depth levels relative to a suitably smoothed
bathymetry (in Figure 8 the bathymetry in the lower panel is the smoothed version; compare to
the upper panel). Surfaces were then computed at constant-depth levels with 10 m vertical
spacing, and at the seafloor. The resulting fields presented here cannot capture sharp horizontal
or vertical gradients, such as the frontal boundaries and detailed pycnocline characteristics
described above. However, they provide valuable insight because unlike nearly all previous
studies they illuminate large-scale gradients spanning nearly the entire OSAMP domain. As
importantly, for large expanses of central and eastern RIS this climatology represents the best

available characterization of vertical structure, for example stratification, and its seasonal cycle.

For each of the four water properties (temperature, salinity, density, and stratification), seven
figures are presented that collectively convey seasonal changes, geographic patterns, and vertical
structure. The first three figures are maps showing the seasonal progression at several depths.
They are followed by the seasonal cycle of vertical structure, presented in two figures along a
series of east-west oriented vertical sections, and in two figures along a series of north-south

oriented vertical sections (Figure 8, lower, is a map showing the section locations).

The dominant characteristic of temperatures (Figures 9 to 15) consists of the seasonal shifts
from minima of about 3-6 °C in winter to maxima of about 9-21 °C in summer. In winter,
temperature gradients overall are modest. The coldest temperatures are in the northeastern
portion of the domain. Relative to the offshore OSAMP region, inshore areas are cooler by about
1.5-2.0 °C with the gradient strengthening toward the west. The likely causes for this are more
effective cooling of shallower waters by loss of heat through the air-sea interface, and cold
temperatures of river runoff. The winter temperature pattern is also characterized by warming
with depth, from surface to seafloor, by typically about 0.5-1 °C. This feature is evidence that
cooling by loss of heat to the atmosphere lags at depth relative to near the surface. It intensifies
toward the south and central west, where increased water depths and vertical salinity gradients
allow such temperature differences to be more persistent. The destabilizing influence of

temperature on density stratification is overcome by salinity increases with depth (described in
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the next subsection). The warm deep temperatures are characteristic of shelf waters to the south

of the OSAMP region.

Spring warming brings higher mean temperatures as well as a larger range, about 6 to 12 °C.
The warmest values are found in the upper water column, where geographic variations are
modest and consist mainly of increases by about 1 °C from east to west across the domain.
Throughout the domain the temperatures decrease sharply with depth, with surface to seafloor
differences of about 4-6 °C and the sharpest vertical gradients concentrated in the upper water
column. Near the seafloor, the geographic pattern includes increases by up to 4 °C in shallower
areas relative to deeper areas, opposite the winter pattern, a signature of more efficient
penetration of vernal warming with depth where water is shallower. Spring temperatures are
generally uniform across the domain geographically and decrease primarily with distance from
the surface, a pattern consistent with the relatively homogenous distribution of solar heating that

drives warming.

Summer mean temperatures span about 9-21 °C, with sharp decreases in depth similar to those
in spring except that surface to bottom differences increase to 6-10 °C or more. At the surface
and 10 m deep there is a slight increase in temperature in the offshore direction but throughout
the water column below the gradient is reversed and the seafloor temperature pattern, much like
that in spring, is characterized by values several degrees higher in shallow inshore areas. Coldest
temperatures occur at depth offshore, particularly to the south and west of the domain where
surface warming penetrates less deep as a result of stratification due to salinity (discussed

below).

The fall mean temperatures are relatively uniform in the range from about 12-13.5 °C. The
main geographic pattern is a weak gradient from cold to warm in the offshore direction, which
can be interpreted in terms of the influence of surface cooling penetrating fastest in shallower
areas. The warmest water occurs at about mid-depth in the southern portion of the domain, where
upper water-column temperatures increase with depth, as in winter (as described above). The
mid-depth temperature maximum can be understood as a remnant of the summer waters that

were coldest at depth with near-surface layers now cooled by surface heat loss.
3.1.4 Hydrographic Climatology: Salinity

Seasonal-mean salinity values (Figures 16 to 22) range from about 29.75 to 33.50 PSS. The

seasonal cycle is dominated by overall freshening of about 0.5-1.0 PSS during spring and
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summer, which is concentrated in the west and to a lesser extent in the north. The primary
geographic patterns in salinity are an upper water column east-west gradient toward values up to
1 PSS lower in the west, and slightly weaker increases in the offshore direction deeper in the
water column. This reflects the fact that the main process influencing salinities is river runoff,
with the Connecticut River in LIS the main source of fresh water reaching the OSAMP domain,
as discussed in the Introduction. Compared to that of temperature, the seasonal progression of
salinity is far less pronounced; geographic variations of seasonal-mean values for a single season

are generally comparable to changes between seasons.

Salinities increase in the offshore direction nearly everywhere throughout the OSAMP
domain, and always increase with depth. The surface to bottom difference ranges from about 0.5
to 2 PSS, peaks in spring and remains strong in summer. It is largest in the western half of the
domain, in particular in BIS and to the south and west of Block Island, where the persistent
influence of the relatively fresh LIS outflow is felt. As will be described below, tidal currents are
stronger in BIS than in RIS, so the more persistent salinity stratification in BIS relative to RIS is
an indication of the extent to which the freshening influence of LIS outflow reduces tidally

driven turbulent mixing there.
3.1.5 Hydrographic Climatology: Density

Sigma-t (o) (Figures 23 to 29) ranges from about 21.75 to 26.00 kg m™, with geographic,
vertical, and seasonal changes that reflect the underlying temperature and salinity patterns, each
of which make important contributions. Overall seasonal variations in sigma-t are modest,
intermediate between that of temperature and salinity when compared to geographic variations in
each. The least dense water occurs in BIS, and to a lesser extent other inshore areas, near the
surface during spring and summer. The densest water occurs in RIS and offshore, at the bottom
during fall and winter. Hence the upper water column geographic pattern is dominantly an east-
west gradient, with eastward decrease across the domain toward BIS that peaks at about 1 kg m™
during spring, while at depth it consists of increases in the offshore direction that peak at about
1.5 kg m” during summer. For most of the year, variations in salinity make the primary
contribution to variations in density, with temperature becoming comparably important during
summer. The season with the most uniform density is winter, under the homogenizing influence
of wind-driven mixing, when the increase in temperature with depth has a destabilizing influence
that counteracts the stabilizing increase of salinity with depth. Similarly, during winter the

influence on density of the onshore-offshore gradient in temperature counteracts that of salinity,
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weakening the lateral gradient of density, as shown by Ullman and Codiga (2004). In contrast,
the vertical and onshore-offshore gradients in density peak when contributions from temperature
and salinity are in the same sense during summer, and to a lesser extent spring. Vertical
variations in sigma-t are hence distinctly seasonal, reaching peak surface to seafloor differences
of about 3 kg m™ in summer, intermediate values of about 1-1.5 kg m™ in spring, and about 0.5

kg m™ or less in winter and fall.
3.1.6 Hydrographic Climatology: Stratification

Density stratification (Figures 30 to 36) is quantified using the buoyancy frequency squared,
N?=—(g/p,)d(o,)/dz where g is gravitational acceleration, p, is a constant reference

density of 1000 kg m™, and z is the vertical coordinate positive upward. The vertical differences
are calculated over 10 m distances and are thus likely lower limits for stratification at smaller
vertical scales. In units of 10™ s, peak values range from 2-3 in winter and fall, to 5-6 in spring,

to 10-12 in summer.

Geographic variations undergo a distinct seasonal cycle. In winter, stratification is strongest in
BIS, where wind and tidal mixing influences are counteracted most effectively by the freshening
influence of LIS outflow as described above. In spring, stratification is enhanced throughout
eastern BIS and portions of western RIS as well as the southwestern offshore portion of the
OSAMP domain, in association with LIS outflow which has a broader influence due to peak
river runoff. In summer and fall, the influence of surface warming causes stratification more
broadly across the OSAMP domain but peak values remain in the west, particularly south of

Block Island.

The strongest stratification occurs at middle depths within the water column, corresponding to
a pycnocline, which is consistent with the freshening influence of estuarine waters being
homogenized across the upper water column by wind mixing. During fall the pycnocline is about
30-40 m deep south of Block Island where it is strongest, and during other seasons it is generally

about 10-20 m deep.
3.2 Currents
3.2.1 Literature Review

The earliest efforts to analyze current observations from waters within the OSAMP domain
focused mainly on tidal motions in BIS (LeLacheur and Sammons 1932), and at one station at

the mouth of VS (Haight 1938), based on records from vane-type sensors lowered from vessels
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for durations of up to a few tidal cycles, and emphasis was on near-surface flow. BIS tidal
currents were shown to be mostly rectilinear and east-west oriented by LeLacheur and Sammons,
who deduced amplitudes of about 50 cm/s in eastern BIS that increase to about 75 cm/s or more
in western BIS. They also noted “ebb dominance”, which can now be recognized as the presence
of a residual (persistent, non-tidal) flow westward out of LIS, was prevalent throughout southern
BIS including the area just north of Block Island, with “flood dominance” in northern BIS and
near Point Judith. Finally, they documented a distinct phase lead of the tidal current reversal near
the seafloor, by up to about an hour earlier, compared to near the surface. Haight (1938) showed

that in far eastern RIS, tidal currents rotate clockwise in time with speeds of about 10-25 cm/s.

That the tidal motions are shaped strongly by near resonance of the semidiurnal components
with LIS was recognized by Riley. However, for some three decades after the 1930s
compilations, progress understanding the non-tidal flow was mainly limited to qualitative
inferences based on water properties due to the lack of direct current measurements in BIS and
RIS. Early views of surface salinity distributions (discussed above) were interpreted (e.g., Riley
1952) as indicative of a residual drift that originates in LIS and moves through BIS eastward and
then southward through the gap between Montauk Point and Block Island. By differencing flood
and ebb tidal currents, Riley (1952) also concluded near-surface residual drift in BIS was
southeastward and estimated its strength to be in the range of 2 to 7 cm/s. Additional current
observations, which showed a more detailed view of vertical structure of currents in BIS and
were used to estimate volume transport there, were not collected until the mid 1960s (Williams

1969; Meguire 1971; Long 1978),

In the 1960s and 1970s an improved view of the direction of non-tidal circulation patterns
also emerged from a series of field campaigns using surface floats and seabed drifters. Seabed
drifters were weakly negatively buoyant, with weighted plastic stems to help maintain
suspension above the bottom. The drifters were released offshore, marked with offers of 50¢
rewards to those who return them along with the date and place where they were retrieved along
the coastline, and statistics were compiled of the recovery sites and the number recovered
relative to the number released. Interpretation of the results of such studies can be problematic
due to the ambiguity between unrecovered drifters that were carried offshore and those which
happened not to be recovered for other reasons. A seabed drifter study by Bumpus (1965)

spanning the broader New England shelf, including a few releases in and near RIS and BIS,

December 20, 2010 Technical Report #2 Page 39 of 170



Ocean Special Area Management Plan

concluded that near-seafloor flow was onshore over the inner half of the shelf including all of the

OSAMP domain.

Cook (1966) presented results of a study using both surface and seabed drifters that were
deployed at an array of stations spanning most of RIS during a short series of cruises in each of
the four seasons. Pronounced variability of the results in response to weather-band shifts in the
winds prior to and during the cruises reinforced awareness of the strong wind influence on the
circulation. The range of current speeds was crudely estimated to be 2 to 16 cm/s at the surface
and about 0.1 to 3.5 cm/s near the bottom. Surface flow directions were variable but generally
northward during the spring and summer sampling, commonly eastward between Point Judith
and Block Island during most seasons, and interpreted to be southward during the winter and fall
(largely based on the low drifter return rate). The most persistent attributes of near-bottom flow
included motion westward in western RIS, westward through the gap between Point Judith and
Block Island, and northward in central and northern RIS. These features were noted to be
consistent with the influence of the surrounding estuaries, particularly LIS and NB. In later
years, similar drifter methods were applied by Hollman and Sandberg (1972) along a north-south
transect in east-central BIS and by Collins (1974) and Snooks and Jacobsen (1979) along north-
south oriented transects from the southern RI coast to Block Island. At these BIS sites the surface
flow directions were most commonly eastward and southward, with high variability that was

attributed to wind forcing, while deep flow was quite persistently westward toward LIS.

The interpretation by Cook (1966) of drifter results, as well as the small number of other
studies available from surrounding waters, included an argument that a cyclonic
(counterclockwise) surface flow gyre occupies RIS during typical spring and summer conditions,
but is broken up by river runoff events and by winds in fall and winter. The gyre consisted of
flow entering RIS primarily from Nantucket Shoals but also from BIS, NB, and BB, moving
around the periphery of RIS cyclonically, while exiting RIS mainly from its southwest corner but
also towards VS. Along the southern boundary of RIS the gyre included eastward flow. Currents
were also depicted exiting BIS southward through the gap between Montauk Point and Block
Island. Despite the lack of support in modern measurements for the eastward current that closes
the gyre in southern RIS, many aspects of this early conceptualization of the spring and summer

residual circulation remain pertinent today, as will be seen below.

Moored current meter deployments that enabled current strengths and directions to be

quantified on short timescales, unlike drifter studies, became more common starting in the late
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1960s. Shonting (1969) reported on a 13-day summer 1967 deployment of four moorings in a 1
km square in central RIS, each with current sensors recording each 20 minutes at two depths
shallower than and deeper than the strong seasonal pycnocline at about 8-12 m deep. Measured
speeds ranged from about 15-40 cm/s and 5-20 cm/s at the shallower and deeper depths
respectively, reflecting the isolation by the pycnocline of the deep water from wind-forced
variability of the surface layer. Surface residual drift was about 10-12 cm/s westward in the
upper layer, and about 2 cm/s at depth with a northward component. Semidiurnal currents with
amplitudes of up to several cm/s were apparent, as well as intermittent near-inertial (period 18.3

hours) rotary motions with amplitudes of up to 5-6 cm/s.

In the early 1970s moored current meters were deployed within a few m of the bottom near a
35 m deep dredge disposal site in eastern central RIS (Saila et al. 1972; Pratt et al. 1975;
Griscom 1977). The range of current speeds was 0 to 5 cm/s more than half the time, with
semidiurnal tidal currents of a few cm/s, and occasional increases associated with storms
reaching about 20 cm/s. Long-term mean flow was mostly eastward, which was interpreted as

movement towards VS, and noted to be in agreement with the Cook schematic described above.

Year-long moored current meter deployments were part of the mid-1970s fieldwork in
northern and eastern BIS (Raytheon 1975; Snooks and Jacobsen 1979). Current speeds were
mostly in the range of 20-45 cm/s, with an east-west oriented semidiurnal tidal component of
magnitude 20-30 cm/s, and marked wind-driven variability that was enhanced modestly during
winter and fall compared to spring and summer. Nearest the northern coast, flow was oriented
mostly east-west parallel to the shore, with frequent reversals; long-term means were about 5 -
10 cm/s with variable directions near the surface but a westward component at nearly all sites
and all seasons at depth. Drogued drifter deployments at this site (Raytheon 1975) lasting about a
tidal cycle also confirmed the importance of tidal motions in the overall flow. Moving southward
approaching Block Island the tidal, wind-driven and mean flow magnitudes were similar with
increasingly larger ranges of directions occurring, though the east-west orientation was still most
prominent, and both shallow and deep mean flow became increasingly eastward-directed. A
related experiment (Krabach and Snooks 1977) measured currents and dye concentrations within

about 5 km of the northern shore of BIS in order to estimate flushing times.

The next relevant current measurement program was nearly two decades later, when Geyer
and Signell (1990) used new acoustic Doppler current profiler (ADCP) technology in a vessel-
based survey to examine flow in VS at the eastern boundary of the OSAMP domain. They
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quantified the tidal current strengths at 50 to 70 cm/s, in association with swift water exchanges
through VS. They also identified a non-tidal residual flow structure that included persistent
eddies several km in size, with flow up to 25 cm/s, on either side of a headland. Some 10 years
later Kincaid et al. (2003; 2008) carried out a similar series of vessel-based ADCP surveys, and
deployments of a bottom-mounted ADCP, near the mouth of NB at the northern boundary of the
OSAMP domain. Based on the surveys, non-tidal currents were stronger at the East Passage
opening to NB than at the West Passage opening, and there were pronounced horizontal and
vertical gradients in the speed and direction of both tidal and non-tidal flow. Residual flow
moved northward in to NB in the eastern side of East Passage but southward on its western side.
A westward current in northern RIS, in proximity to the northern boundary of the OSAMP
domain, was also identified in summer, with speeds of 5 to 15 cm/s; it was not present in winter
observations. The moored instrument showed 10-15 cm/s weather-band variability related to
wind and river runoff events, with surface and deep flow decoupled from each other most

strongly during summer in a manner consistent with the findings of Shonting (1969).

Significant advances in understanding of several aspects of OSAMP domain currents were
made during the early 2000s in association with intensive observational campaigns focused on
the frontal boundary in hydrographic properties south of Block Island. An array of bottom-
mounted ADCPs was deployed there for numerous season-length intervals; vessel-based ADCP
and towed undulating CTD surveys were carried out; and a high-frequency (HF) radar system
(described below, with most recent analysis; see section 3.2.2) was installed and began
continuous operations that remain active. The HF radar measures surface currents hourly with ~2
km resolution over nearly all of BIS, an area extending about 20 km south of Montauk Point and
Block Island, and a small portion of western RIS. In addition, surface drifters released in BIS
(Ullman et al. 2006) gave a detailed view of east-west tidal motions in northern BIS and rapid

southward flow out the gap between Montauk Point and Block Island.

Seasonal-mean patterns in surface flow were examined using the HF radar by Ullman and
Codiga (2004) and Mau et al. (2007b). Southern and western BIS surface currents are dominated
year-round by LIS outflow moving at about 15-30 cm/s towards and through the opening
between Montauk Point and Block Island. Northern and eastern BIS surface currents are weaker
and more variable. South of Montauk Point the LIS outflow continues, now directed
southwestward. During summer, a 25 — 30 cm/s southwestward surface jet originating east of

Block Island with mainly geostrophic dynamics joins the LIS outflow south of Block Island,
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where together they feed a westward coastal current along the southern shore of Long Island.
During winter, flow south of Block Island shifts in direction to be nearly directly offshore, and
the jet east of Block Island is weak or absent. Together with the summer-only westward flow in
northern RIS noted by Kincaid et al. (2003), the summer jet is consistent with the Cook (1966)

schematic for counterclockwise flow in northern and western RIS during spring/summer.

Codiga (2005) used moored ADCP records to investigate the vertical structure of the
seasonal-mean flow south of Montauk Point and Block Island, identifying a sharp frontal
boundary in velocity that extends upward and offshore from the seafloor at about 25-40 m deep.
Flow shallower than and inshore of the front is southwestward and strongest in spring, while
motion deeper than and offshore of the front is weak in spring but in winter reaches 5-10 cm/s
northeastward, opposite the shallow flow. Currents measured by vessel-based surveys during
spring 2002 (Kirincich and Hebert 2005) had vertical-offshore structure consistent with this
picture and were shown to be in geostrophic balance with the concurrently measured density
field. Substantial temporal changes were observed to occur in response to weather-band
variations (timescales of about 1-10 days) in wind and river inputs; a number of specific patterns
in surface currents were identified by Mau et al. (2007b) using the HF radar data, and subtidal
principal axes ellipses at both near-surface and near-bottom depths based on the moored ADCP

array are about 15-25 cm/s (Mau et al. 2008).

Tidal currents are dominated by the M, constituent and have pronounced spatial structure
across BIS and the area south of Montauk Point and Block Island, as demonstrated by Ullman
and Codiga (2004) and Mau et al. (2007a) using HF radar and by Codiga and Rear (2004) using
moored ADCP records. Tidal current ellipses are elongated toward LIS, owing to its near-
resonance at semidiurnal frequencies, with major axes of about 80 cm/s, 30 cm/s, and 100 cm/s
in western, northeastern, and southern BIS respectively. Decay of tidal currents offshore
southward from Block Island is swift, from 55 to 20 cm/s across a 10 km moored array (Codiga
and Rear 2004). As the seafloor is approached, in agreement with theory for frictional effects,
tidal ellipses become smaller and more rectilinear, with an enhanced counterclockwise in time
rotary component. South of Block Island, substantial reduction in the size of tidal current ellipses
in the upper water column during spring was attributed by Codiga and Rear (2004) to interaction

with the background lateral shear of the strong LIS outflow.

On timescales shorter than tidal, vessel-based ADCP current measurements with high vertical

resolution at frontal locations by Levine et al. (2009) revealed very strong local shears, indicating
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shear instability is active and supports enhanced turbulence in these locations. Several-hour long
bottom-mounted ADCP records with 1-minute resolution (SAIC 2005) revealed fluctuations of
up to several cm/s on timescales of 5-20 minutes, with substantial nonuniformity in depth,

superposed on the ambient 10-12 cm/s tidal current.
3.2.2 Analysis of HF Radar Surface Current Observations

Observations of surface currents from shore-based HF radar were obtained from the
University of Rhode Island’s standard-range CODAR system. This system provides maps of
surface currents, at hourly intervals with spatial resolution of approximately 2 km, over most of
BIS and the inner shelf south of BIS. The system is comprised of three radar sites, located at
Southeast Lighthouse on Block Island, Misquamicut State Beach on Rhode Island’s south coast,
and Montauk Point Lighthouse on the eastern tip of Long Island. Each site provides maps of the
radial component (the component towards or away from the site) of the surface current field, and
the measurements from 2 or more sites, in regions of overlapping coverage, are combined to
provide estimates of the surface current vector field. Further details on the operation of this
system can be found in Ullman and Codiga (2004). The radial combination step was performed
using the least-squares methodology of Lipa and Barrick (1983) with an averaging radius of 2
km. The least squares estimation of the vector velocity components also provides scaled

estimates of the uncertainty in the velocity components (e, e,). These were used to form a
mapping error, e, = se+ ef , which is related to the Geometric Dilution of Precision (Gurgel

1994). Current vectors with mapping error greater than 1.25 were deemed highly uncertain and

excluded from the analysis.

For the analysis presented here, surface current data from June 2000 through September 2008
were used. Over this time interval, there were a number of relatively short periods during which
data were not available because of equipment problems at one or more of the radar sites.
However, for this report, where we present long-term or seasonal averages, this was not
considered to be a problem and is ignored. Variability in the effective range of an individual
CODAR site arises due to changes in the local surface wave field and the level of external radio
frequency noise, which results in corresponding variability in the region covered by the vector
current map. We limit the subsequent analysis to those areas in the coverage region where valid

current vectors (passing the mapping error criterion) are available at least 50% of the time.
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In order to focus on the non-tidal surface currents, the tidal component of the current field was
removed by application of a low-pass filter (4™ order Butterworth filter with cutoff period of 36
hours) to the multi-year time series at each CODAR gridpoint. The resulting timeseries are
composed of a mean component plus variability at timescales ranging from several days to
seasonal and interannual periods. Figure 37 displays the overall mean surface current field as
well as a measure of the variability at all subtidal frequencies, while Figures 38 to 41 show the
same quantities averaged by season. The ellipses centered on the mean vector tips in the figures
represent | standard deviation of variability. This means that 66% of the time, the tip of the non-
tidal velocity vector will lie within the ellipse. If the ellipse encloses the vector origin, the
variability is large enough that the non-tidal current flows in a direction opposite to the mean at a

significant number of observation times.

The overall mean current vectors (Figure 37) show generally southeastward flow in BIS
consistent with the mean surface outflow from LIS. Between Montauk and Block Island, surface
currents veer southward and over the inner shelf currents are southwestward. This
southwestward flow appears to originate to the east of Block Island, where the flow is
southward. The overall pattern thus appears to be the merging of the LIS estuarine outflow,
which exits BIS between Montauk and Block Island, with a southwestward current on the inner
shelf. Subtidal variability, which in the case of the overall mean contains seasonal variability, is
generally large relative to the mean over most of BIS and in the southeast part of the coverage
region over the inner shelf. Western BIS and the inner shelf just south of the Montauk-Block

Island line are the only places where the mean flow is large compared to the variability.

The seasonal cycle of the non-tidal surface currents is shown in Figures 38 to 41 which
present averages over the winter (Jan.-Mar.), spring (Apr.-Jun.), summer (Jul.-Sep.), and autumn
(Oct.-Dec.) periods of the entire 2000-2008 time series respectively. During all seasons, the
general pattern of LIS outflow through BIS, exiting southward between Montauk and Block
Island is present. This outflow is strongest in spring and summer and weakest in winter. The
southwestward inner shelf flow is strong in spring and summer and weak during autumn and
winter. During winter, and to a lesser extent in autumn, the flow over the inner shelf has a
significant offshore (southeastward) component that is driven by strong westward winds in
winter (Ullman and Codiga 2004). Subtidal variability is stronger over the inner shelf than within

BIS and the variability increases in autumn and winter in response to increased wind variability
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during those seasons. The subtidal ellipses are generally elongated in the east-west direction,

which is roughly the alongshelf direction along this portion of the coast.

A harmonic tidal analysis, using the T TIDE MATLAB package (Pawlowicz et al. 2002),
was performed on CODAR-derived surface currents over the entire 2005 year, a period when
data return was excellent. The five most energetic constituents are the principal lunar M, the
larger lunar elliptic N, the principal solar S,, the luni-solar diurnal K, and the principal lunar
diurnal O;. The M, (Figure 42) is by far the most important (note the different scales for the
ellipses in Figures 42 to 46) with maximum amplitude of approximately 1 m/s. Tidal ellipses are
highly elongated with the major axis generally oriented north-south on the inner shelf, rotating to
be roughly east-west within BIS. Amplitudes increase from the inner shelf to BIS consistent with
amplification associated with tidal resonance of Long Island Sound at the semi-diurnal period
(see, e.g., Codiga and Rear 2004). Some increase in amplitude is also seen in the area between
Montauk Point and Block Island, presumably caused by the presence of a relatively shallow sill
there. M, tidal currents generally rotate clockwise in time (the few counterclockwise-rotation
ellipses in Figure 42 are very elongated, indicating nearly rectilinear motion). The other
semidiurnal tidal constituents, N, (Figure 43) and S, (Figure 44) have amplitudes of less than 20
cm/s throughout the coverage region and approximately rectilinear currents. As with My, a
similar increase in amplitude moving from the inner shelf towards BIS is observed for these
constituents. The K; (Figure 45) is the most energetic of the diurnal tidal constituents with
maximum amplitude of approximately 10 cm/s, while O; amplitudes are generally less than 5
cm/s (Figure 46). Little amplification towards BIS and LIS is observed for the diurnal
constituents, consistent with the fact that LIS is far from resonance at diurnal frequencies.

Currents at the diurnal frequencies generally are clockwise rotating.

4  Characterization Based on Hydrodynamic Simulation

As is abundantly clear from the previous section there are large areas of the OSAMP domain,
particularly in central and eastern RIS, in which very few if any observations have ever been
collected. This is particularly true with respect to the circulation, to processes that occur at
frequencies higher than tidal, and to mixing and dispersion. Hydrodynamic model simulations
can therefore play an important role, not only in providing a view of what water properties and
circulation characteristics may be in the most poorly sampled areas, but also in enhancing
temporal and spatial resolution of processes in locales where there may be adequate

measurements. This section begins with a literature review focused on hydrodynamic modeling
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studies that have addressed portions of the OSAMP domain. Next, the configuration and forcing
functions of a representative model simulation are described in detail. Finally, the hydrographic

and circulation fields of the model output are presented and discussed.
4.1 Literature Review

Modern methods of hydrodynamic modeling developed in the late 1970s and focused initially
on tidal elevations and tidal currents (e.g., URI 1979). Spaulding and Gordon (1982) reviewed all
earlier modeling and observational studies, then presented results of a barotropic simulation of
tidal flow that incorporated realistic coastline and bathymetry spanning the OSAMP domain and
surrounding estuaries. Horizontal resolution was 1.8 km and an offshore area of the shelf was
included to improve handling of the open boundary condition. The amplification of the
semidiurnal component towards and within LIS due to its near-resonance was captured, and good
agreement was found with sea level observations. Tidal currents were noted to be mostly
rectilinear in LIS, BIS, BB, and VS while more rotary in RIS. Although modeling techniques
advanced substantially in the years that followed, and were applied to nearby systems (e.g.
Signell (1987) in BB, Spaulding et al. (1996) in NB, Signell et al. (2000) in LIS), it was more
than two decades later when the next modeling simulations were published that included analysis

focused on a sizable portion of the OSAMP area.

An investigation of LIS outflow dynamics was carried out by Edwards et al. (2004a; 2004b)
using the MIT general circulation model MITgem (Marshall et al. 1997), a finite-volume c-grid
Navier-Stokes solver, in hydrostatic mode with a length-scale turbulence closure scheme and a
linear equation of state. The model was configured to include eastern LIS, BIS, RIS, and the
surrounding shelf areas with horizontal resolution ranging from 0.5 km near BIS to 2-3 km along
the open boundary; z-level grid spacing was 2 to 5 m in the vertical. Realistic tidal forcing was
applied along the open boundary and estuarine buoyancy inputs were incorporated through
relaxation toward climatological temperature and salinity observations. In Edwards et al.
(2004a), wind forcing was omitted and the focus was on understanding dynamics of the front
south of Block Island during the springtime 2000 period. A front having characteristics in
agreement with available measurements occurred in the model at the location where it is
observed, and a diagnosis of its dynamics demonstrated that tidal mixing in BIS, advection by
the LIS outflow and inner shelf currents, and a tidally-driven residual flow headland eddy each
played important roles. The h/U’ theoretical boundary of tidally-mixed waters (Simpson and

Hunter 1974) was shown to run approximately north-south through eastern central BIS then
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eastward to Block Island, and from there along an arc extending southward by up to about 10 km
and leading to the south shore of Montauk Point. In Edwards et al. (2004b) the focus was on
capturing the subtidal weather-band variability in currents that are prominent in observations.
Wind forcing and, more importantly, a barotropic inverse method using local moored ADCP
records, were applied and shown to improve the model skill due to their representation of

offshore processes otherwise not captured by the tide-only open boundary condition forcing.

Eastern RIS, though not addressed in any detail by Edwards et al., was within the area of
interest in model simulations by He and Wilkin (2006) and Wilkin (2006) using the Regional
Ocean Modeling System ROMS (e.g., Shchepetkin and McWilliams 2005). ROMS is a free-
surface, finite difference, hydrostatic c-grid primitive equation solver with a terrain-following
vertical coordinate, and the turbulence closure of Mellor and Yamada (1982) level 2.5 (MY2.5)
was applied. Their domain was centered on Nantucket shoals and extended to eastern RIS, Cape
Cod, and mid-shelf, with 1 km horizontal resolution. Data assimilation methods were applied by
He and Wilkin (2006) and the focus was limited to barotropic tidal dynamics, which were shown
to be shaped by interactions with the complicated coastlines and bathymetry of the area and
consist of a complex response that has significant propagating and standing wave components. In
eastern RIS, the dominant M, constituent had northwest-southeast oriented rotary ellipses with
major and minor axes of up to 15-25 cm/s; magnitudes were similar in BB but amplified to 50
cm/s or more in VS. The theoretical h/U? tidal mixing front boundary was shown to lie east of
the OSAMP domain boundaries. Tidally-induced residual circulation of about 5 cm/s flowed
northwestward in to the eastern half of RIS from south of Martha’s Vineyard. In Wilkin (2006),
fine vertical resolution was included and realistic atmospheric, tidal, and open boundary forcing
was applied in order to investigate the heat budget during summer 2002. Different dynamical
balances controlled the heat budget in Nantucket Sound, Nantucket Shoals, and the area south of
Martha’s Vineyard. The eastern RIS area is most similar to the latter, where surface waters warm

steadily through July and August because of relatively weak advection and tidally-driven mixing.

Mau et al. (2007a; 2008) investigated the circulation and hydrography of BIS and the LIS
outflow using the Princeton Ocean Model (POM: e.g., Blumberg and Mellor 1987) configured to
include LIS, the OSAMP domain, and portions of the surrounding shelf. POM is a c-grid
primitive equation model with terrain-following vertical coordinate and it was run using MY2.5
turbulence closure with 1-2 km horizontal resolution and 16 equally-spaced vertical layers, for a

year-long period. In Mau et al. (2007a) the focus was tidal currents and detailed comparisons of
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model output with HF radar and moored ADCP observations showed the model captured aspects
of the horizontal and vertical structure of tidal ellipses (described above) well. In contrast, Mau
et al. (2008) examined dynamics of LIS outflow in year-long model simulations with realistic
tidal forcing, observed winds applied uniformly over the domain, relaxation to a seasonal
hydrographic climatology, and an open boundary condition that incorporated the ambient coastal
current. Comparisons to a number of observational datasets were very favorable, with one main
exception being a more pronounced Montauk Point headland eddy than seen in the HF radar
measurements. From a series of runs suppressing individual processes, it was concluded that the
surface plume strength is limited by tidal and wind mixing and enhanced by the presence of the

ambient coastal current.

Finally, Cowles et al. (2008) investigated the low-frequency circulation and hydrography of
the entire Gulf of Maine and New England shelf region using data-assimilative simulations with
the Finite Volume Coastal Ocean Model (FVCOM). FVCOM (described in the next section) was
forced with spatially-resolved meteorological model output for winds and air-sea fluxes, realistic
tides, and freshwater inflows from major rivers, and used the MY2.5 turbulence closure. Across
the OSAMP domain the horizontal resolution was about 8-10 km, substantially lower than in the
simulations described above. Dynamics of the OSAMP region were not investigated in detail,
since most of the analysis was centered on demonstrating that model skill was high with respect
to a comprehensive set of observations from a 70 m deep mid-shelf site south of Martha’s
Vineyard. A discrepancy between model and observations was mid-shelf near-surface salinities
that were not as fresh in the model as observed during May 1997. It was concluded that the LIS
outflow plume in the model did not extend as far offshore as observed due to advection by a

westward model current near that location which was stronger than the actual flow.
4.2 A Representative Simulation: FVCOM During 2006

In keeping with the scope of this report, output from a model simulation was sought in order
to facilitate an investigation of hydrographic and circulation attributes across the OSAMP
domain, with emphasis on geographic, vertical, and seasonal variations. The simulation needed
to be representative of current modeling practices, including assimilation of observations (see
previous section); have adequate horizontal and vertical resolution across the entire OSAMP
domain; incorporate realistic bathymetry and coastline; be driven by realistic meteorological,
river runoff, tidal, and open boundary forcing; have duration of at least a full year; and be

available to us for purposes of this analysis. The model output selected is a simulation of the year
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2006 using FVCOM (Chen et al. 2006) for a similar Gulf of Maine and southern New England
shelf regional domain and model configuration as that of Cowles et al. (2008), but with a higher
grid resolution (about 0.25 — 2.5 km) across the OSAMP domain. Different models have
differing strengths and weaknesses with respect to various analysis objectives; use of this model
output is not intended as endorsement of it as the best-performing, rather it was selected because

it met the requirements listed above in the most complete way.

FVCOM is a prognostic, unstructured-grid, finite-volume, free-surface, 3-D primitive
equation model consisting of momentum, continuity, temperature, salinity and density equations
with parameterization of turbulence closure. The grid used (“Gulf of Maine generation two”)
extends from Nova Scotia to New Jersey and offshore past the shelf break. The horizontal grid is
unstructured triangular cells with increased resolution near the coastline and the shelf break, and
the vertical coordinate is terrain-following with 30 layers. The numerical solver uses a second-
order accurate discrete flux calculation in the integral form of the governing equations. Wind
stress and air-sea flux forcing were from the fifth-generation mesoscale meteorological model
(MMS, Grell et al. 1994). The MY2.5 turbulence closure scheme and quadratic bottom friction
were applied. The largest 7 rivers, including the Connecticut River, were forced (in contrast to
the 29 rivers in Cowles et al. (2008)) using United States Geological Survey data uncorrected for
ungauged areas. Along the open boundary, tidal elevations were forced and temperature and
salinity were nudged toward hydrographic climatology observations. Inner shelf sea level setup
near the northern limits of the domain, far from the OSAMP area, was handled following Pringle

(2006). Sea surface temperatures were nudged to post-processed satellite SST.

The model bathymetry in the OSAMP area (smoothed relative to upper frame of Figure 8),
the horizontal model grid, and the vertical sections along which model fields are plotted (the
same as for the hydrographic climatology in sections 3.1.3 to 3.1.6 above) are shown in Figure
47. Simulation fields were analyzed at the free surface, constant-depth levels spaced 5 m apart,
and a seafloor layer. Tidal elevation and current constituents were computed using the t-tide
package (Pawlowicz et al. 2002) using the entire simulation year. Subtidal currents were
computed using a low pass 5™ order Butterworth filter with 30-hour cutoff. Seasonal-averaged
quantities were computed using the same seasonal intervals as used in prior sections (Jan.-Mar,
Apr.-Jun., Jul.-Sep., and Nov.-Dec. for winter, spring, summer, and fall respectively). Model
outputs, referred to as “the simulation” from here forward, are described in detail in the next

section.
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The simulation period is the year 2006 only, so the fields presented are not representative of
long-term average conditions, nor can the analysis address inter-annual variability. This should
be borne in mind when comparisons are made to measurements taken in years other than 2006,
and to multi-year mean fields such as the hydrographic climatology presented above. The year
2006 had an anomalously wet late spring period and a summer with relatively weak winds. In
surrounding estuaries such as NB, this led to stronger than average stratification during the
spring and summer periods, and similar conditions could be expected to have occurred in the
OSAMP domain. On the other hand, influences of estuarine freshwater delivery on the model
hydrography and circulation in the OSAMP area may be underestimated because the simulation
was forced by only the 7 largest rivers, among many more that exist across the Nova Scotia to
New Jersey domain, and river flows were uncorrected for ungauged area. Despite the potential
difficulties of interpretation that these aspects of the analysis may cause, the insight gained
through the model analysis is a constructive complement to the spatially and temporally sparse

observational analyses presented earlier.
4.3  Simulation Seasonal Means and Subtidal Variability
4.3.1 Hydrography: Seasonal Means and Standard Deviations

The spatial structures and seasonal cycles of temperature (Figures 48 to 54), salinity (Figures
55 to 61), sigma-t (Figures 62 to 68), and stratification (Figures 69 to 74) in the simulation share
most of the gross features of satellite SST (described in section 3.1.2) and the hydrographic
climatology from archived CTD casts (described in sections 3.1.3 to 3.1.6). The simulation
differs from the hydrographic climatology in its finer spatial detail due to its higher horizontal
and vertical resolution, and in its span of the entire OSAMP domain and surrounding areas,
including, importantly, all of BIS. In the following discussion, the emphasis is on differences
from, and extensions relative to, the results from earlier analyses of satellite SST and the

hydrographic climatology.

Simulation surface temperatures agree well with the range of values and geographic patterns
in the multi-year mean satellite SST observations on scales of 10s of km. On smaller scales there
are differences, notably within a several km of the shoreline, where the satellite data shows more
substantial spring/summer cooling in areas such as the western end of VS. Given that the
simulation assimilates satellite SST, this is most likely due to real differences between 2006 SST
and the multiyear mean of the climatology, but it may reflect an inaccurate balance in the

simulation between vertical mixing and arrival of estuarine water.
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With few exceptions the simulation temperatures agree with the seasonal evolution in the
range of values, the geographic patterns, and the sense of the inshore-offshore gradients of the
hydrographic climatology. The primary difference is that the simulation does not have warmer
temperatures at depth during the winter, as in the climatology. The reason for this is not clear but
potential explanations include: the model portrays 2006 conditions well but warm water did not
occur at depth that year; warm water at depth occurred in the simulation but persisted for a short
enough duration that it is not apparent in the season-length means; or that in the simulation the
balance between vertical mixing and fall/winter surface cooling does not result in the needed

enhancement of temperature reduction at the surface relative to at depth.

The fine temporal resolution of the simulation supports calculation of subtidal standard
deviations, as were computed for satellite SST but not for the hydrographic climatology due to
its sparse underlying sampling. Standard deviations (shown for surface and seafloor depths) are
based on 30-hour low-pass timeseries and thus are an indication of both weather-band variability
and the trend of the seasonal cycle that occurs during a given season (most pronounced for spring
and fall). Comparison between simulation surface temperature standard deviation (lower, Figure
48) and that of satellite observations (section 3.1.2) shows substantial differences in geographic
patterns and magnitudes. As noted above, this is probably due to real differences between 2006
conditions and the multi-year climatology. At the seafloor, simulation temperature standard
deviations (lower, Figure 50) are smallest during winter, when they decrease across the OSAMP
domain towards the north and east where the coldest temperatures occur. Temperature standard
deviations are largest in spring and fall, when they peak in western BIS and BB, due to seasonal
warming/cooling, and decrease towards the central south OSAMP area. In summer, there is a
region of western RIS, oriented roughly north-south, where maximum seafloor temperature
standard deviations occur. Given the weak overall warming/cooling during this season, a likely
cause for it is weather-band variability. The summer region of high seafloor temperature standard
deviation occurs near where a strong southward summer current flows (e.g., section 3.2.1, and
upper frame of Figure 6) and may be the signature of weather-band meandering of the current
and an associated hydrographic front that intersects the seafloor. There summer seafloor salinity
standard deviation (Figure 57, lower) is also enhanced in this region, which is consistent with
this interpretation since such fronts are typically characterized by both salinity and temperature

gradients.
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Simulation BIS temperatures are warmer in summer and colder in winter, compared to central
RIS. Temperature gradients across BIS are not as extreme as in RIS; in the horizontal this may
be because its shallow sills mean that deeper shelf water affect it more weakly, while in the
vertical it is likely due at least in part to the enhanced influence of tidal mixing in BIS associated

with shallower water depths and stronger tidal currents.

While the general sense and magnitude of horizontal gradients in simulation salinities
(Figures 55 to 61) agree with those of the hydrographic climatology, there are more substantial
differences between them, particularly as regards salinity magnitudes, than for temperatures. The
most prominent example is that in the simulation the freshest waters (about 29.6 PSS) are seen in
western BIS in fall, and to a lesser extent summer; in the climatology they occur in spring and
summer, though also at the most western locales (eastern BIS for the climatology). Simulation
vertical salinity gradients are substantially weaker than in the hydrographic climatology. It is
possible these differences reflect real differences between 2006 conditions and the multi-year
climatology; this would be consistent with the fact that many observations suggest the seasonal
cycle in salinity is not strongly more pronounced than inter-annual variability. Alternatively, the
budget for fresh water in the simulation may be inaccurate, due to the way river forcing has been
implemented (mentioned in the previous section), given that 2006 had more spring river runoff
than a typical year. Simulation salinity standard deviations (lower frames, Figures 55 and 57) are
most pronounced near the surface, as expected given the strong influence buoyant estuarine
outflow have on them; during spring and summer they are strongest and peak in offshore areas,
during winter they peak in western BIS, and during fall they are weakest. At the seafloor the
pattern of standard deviations is similar to that at the surface in winter, but weaker in spring and
summer, and there is pronounced peak during fall in the offshore area south of Block Island, and
including the area west of Block Island where seafloor temperature standard deviations also peak

as discussed earlier in this section.

The simulation sigma-t field (sigma-t; Figures 62 to 68) reflects the combined contributions of
temperatures and salinities just described, and differs from the hydrographic climatology in
corresponding ways. As in the climatology, the overall seasonal cycle in simulated densities
reflects mainly the influence of temperature. However, salinity makes an important contribution
to density stratification in all seasons, while that of temperature is becomes important mainly in
spring and summer. As expected given its higher vertical resolution, in the simulation the

stratification (Figures 69 to 74; note different scale for each season) tends to be concentrated in a
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pycnocline that spans a narrower range of depths than in the climatology. Simulation buoyancy
frequency squared is lowest in winter, when there is a weak pycnocline only in deeper RIS and
the offshore area, centered at about 30 m deep and strengthening offshore. In fall the pattern is
similar to winter but with higher buoyancy frequencies, and also a thin strongly stratified layer
very near the surface in the northern half of BIS occurs. In spring and summer a sharp
pycnocline occurs in central RIS and the offshore areas, at about 10 m deep or less, and
strengthens considerably in the offshore direction. Relative to the hydrographic climatology, the
simulation stratification does not occur as uniformly across the OSAMP region; this is probably
due to the limited ability of the spatially coarse climatology to capture geographic variations. In
the simulation, BIS remains unstratified or very weakly stratified in all seasons; the stratification
seen in the portions of BIS included in the climatology clearly differs, but is based on very few
data so may be more representative of the individual years they were collected than it is of long-

term average conditions.
4.3.2 Sea Level: Seasonal Means and Standard Deviations

Results of this subsection are based on analysis of the non-tidal low-passed filtered simulation
sea level. The seasonal-mean sea level takes maximum overall values in spring, and minima in
fall (Figure 75, upper). The main spatial features consist of a peak offshore gradient of up to
several cm across the OSAMP domain, due to high values in inshore areas, during spring and
summer, but a weaker oppositely-directed gradient in winter and fall. The spring/summer
offshore gradient is associated with the strongest alongshore southwestward currents in the
offshore area, as discussed by Ullman and Codiga (2004) in interpreting sea level observations.
They concluded that the steric effect of freshwater outflow is likely responsible for peak values
in inshore areas during spring, and the inshore set-down during winter is consistent with the
influence of upwelling-favorable winds and weakening of the alongshore flow. The simulation
sea level in the vicinity of Montauk Point is persistly low year-round, which could be associated
with tidally-driven headland eddy dynamics there, as discussed by Edwards et al. (2004a) and
Mau et al. (2008); the latter analysis concluded a headland eddy was more pronounced in their
model than in HF radar observations, which may also be true for this simulation. The standard
deviation of simulation sea level (Figure 75, lower) is minimal in summer, modest in spring, and
strongest in fall and winter with values increasing across the domain from about 5-6 cm towards
their peaks of about 10-12 cm in BIS. This is consistent with the seasonality of wind fluctuations

and probably represents wind-driven variability in the circulation. Tidal sea level variations are
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generally substantially larger than these seasonal and subtidal fluctuations, and are discussed in

detail in section 4.4.1.
4.3.3 Currents: Seasonal Means and Subtidal Principal Component Ellipses

Seasonal means, and principal axes components of subtidal flow, were calculated (Figures 76
to 87) from simulation horizontal currents as for HF radar currents (section 3.2.2), using the non-
tidal low-passed model output for each season at several depths. The ellipses (see section 3.2.2
for a more complete explanation of their meaning) thus primarily reflect weather-band
variability. The results are presented as vectors (seasonal-means) and ellipses (subtidal principal
axes) on maps (Figures 76 to 79), east-west vertical sections (Figures 80 to 83), and north-south
vertical sections (Figures 84 to 87). In all figures, including the vertical sections, the vectors and
ellipses appear in plan view showing eastward and northward flow upward and rightward on the
page, respectively; no vertical velocities are shown. Only Eulerian means are considered and no
particle-tracking nor Lagrangian-mean analysis in included. In this section, the seasonal-mean

vectors (red arrows in figures) are described first, followed by the subtidal ellipses.

In southern and central BIS, including the area just north of Block Island, changes in flow
from season to season are modest. Seasonal-mean currents near the surface range from about 5-
15 cm/s, with a persistently eastward component and peak values during the summer. This can
be identified as the outward component of the LIS estuarine exchange flow, which Codiga and
Aurin (2007) observed to peak during summer in eastern LIS. With increasing depth the
eastward flow weakens in magnitude, and becomes directed more northward in the east near
Block Island. In northern BIS, currents are generally weaker (about 1-5 cm/s) and have a
westward component except in winter when flow is mostly southeast as driven by strong
southeastward winds; an exception is the very shallow, northwest-most location, adjacent to
shore in BIS, where flow is strongly westward. These westward movements are likely part of the
inward return component of the exchange with LIS. In the north-south oriented gap between
Point Judith and Block Island, flow in the northern half is westward and weaker than the
eastward flow just described in the southern half. The two-way nature of flow in this gap is likely

influenced by the LIS estuarine exchange flow (see Table 1).

In the vicinity of the east-west oriented southern opening of BIS, there is eastward flow of
about 10-15 cm/s that persists in all seasons along the shoal immediately south and east of
Montauk Point. Together with southward and southwestward flow to the east and south of there,

this is likely a portion of a tidally-driven headland eddy (discussed by Edwards et al. (2004a) and
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Mau et al. (2008)). The southward/southwestward current over the canyon outside southern BIS
strengthens sharply in spring and summer, reaching speeds of 20 cm/s or more, the strongest
anywhere across the domain. It is a combination of LIS outflow and a southward current to the
east of Block Island that also intensifies strongly in spring/summer, reaching up to 20 cm/s while
typically 5 cm/s or less in fall and winter. The western RIS spring/summer intensified southward
current in the simulation, identified as a jet by Ullman and Codiga (2004) in HF radar
observations and described in section 3.2.2 above, flows westward along the southern edge of
Block Island, and together with the eastward flow off Montauk causes a strongly convergent
pattern on the inner shelf just outside the southern opening of BIS. Some of this water moves
through the jet then northward along the western side of Block Island, particularly at depth, so
that in all seasons the flow between Montauk Point and Block Island has both a southward and
northward component, another signature likely associated with the LIS estuarine exchange flow.
There is evidence that mean flow very near to Block Island circulates around all of its sides in

the clockwise sense.

There are pronounced season-to-season changes in the offshore portion of the OSAMP
domain. In winter and fall this offshore region, as well as most of RIS, are characterized by weak
mean flow, a few cm/s, in the south and east direction offshore in the upper water column, and
onshore north and east at depth. This is consistent with an upwelling circulation driven by the
strong winds in those seasons, which are southeastward and hence have an offshore component
as well as a component in the upwelling alongshore direction. In spring and summer this flow
pattern changes, in the offshore areas, to a stronger (about 10 cm/s) east-southeastward directed
current along the southern boundary of RIS. This current is strongest at the surface in spring and
just beneath the surface in summer, and weakens modestly with depth but extends throughout the
water column with only minor changes in orientation. This current likely originates on Nantucket
Shoals and only a fraction of it enters RIS, most instead moving from south of Martha’s

Vineyard directly along the southern boundary of RIS to the area south of Block Island.

Within RIS, where seasonal mean currents are generally the weakest, the near-surface
offshore winter flow becomes westward and northward in spring, apparently driven by the inflow
from Nantucket Shoals. Summer mean flow is very weak, except for the far eastern and northern
portions of RIS where a narrow current of up to 5-10 cm/s moves counterclockwise around its
edges and ultimately feeds the southward jet in western RIS. This system of flow is similar to the

“cyclonic eddy” described by Cook (1966), except that in the simulation it does not close on
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itself because flow at the southern edge of RIS is westward not eastward. It seems likely that the
counterclockwise flow along the western, northern, and eastern edges of RIS is associated with
the hydrographic boundary between stratified and unstratified waters, marked by the tidal mixing
front. In fall and winter the stratification in RIS is diminished, hence the hydrographic front

weakened, as is the current along it.

A prominent attribute of simulation subtidal currents (blue ellipses in figures) is that, over
most of the OSAMP domain and during much of the year, they have semi-major and semi-minor
axes of about 5-15 cm/s, and are thus stronger than the seasonal mean flow. This is evidenced by
vectors for which the head and tail both lie within the ellipse. It is most pronounced near the
surface, the most directly responsive to wind forcing. This feature underscores the strong
relationship between the currents at a given time, which are commonly oriented toward a
substantially different direction than they were a few days earlier, and the strength and direction
of the wind over the past several days. Subtidal ellipses larger than seasonal-mean flow vectors
are seen in all four seasons over all of central RIS and most of eastern RIS, as well as in the
central and eastern offshore region in winter and fall. Areas where seasonal-mean current vectors
are larger than subtidal ellipses, indicative that changes in direction of flow are much less
common, include the system of stronger currents just described, and BIS, which is not as

exposed to wind influences and hence generally has slightly weaker weather-band variability.

Subtidal ellipses are larger in winter and fall than in spring and summer, which is consistent
with fluctuations that are predominantly wind-driven, given that the strongest wind stress
variability occurs in fall and winter. In the open areas outside BIS that are less constrained by
bathymetry and coastline geometry, the increased ellipse size in winter and fall is mostly in the
east-west component; nearly round spring/summer ellipses become elongated in the east-west
direction during winter and spring. This is indicative that a major component of variability is
upwelling/downwelling circulation oriented along the larger-scale east-souteastward/west-

northwestward regional coastline orientation.

Subtidal ellipses diminish with depth in all seasons, to half of their surface amplitudes or less
at the seafloor. In winter and fall, the decay in depth is quite uniform over the water column. In
summer and spring, in locations where stratification is strong such as in central RIS, the ellipse
amplitudes diminish sharply just deeper than the pycnocline, and are weak everywhere deeper,
relative to the 10-20 m deep surface layer. This characteristic of the simulation is in very good

agreement with the early observations of Shonting (1969).
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4.4 Simulation Tidal Processes
4.4.1 Tidal heights

The most energetic constituents in harmonic fits to simulation sea level are My, Ny, S,, Kj,
and Oy, the same five included in the above HF radar currents analysis (section 3.2.2). The
amplitude and Greenwich phase lag of each constituent is presented (Figures 88 to 92). The tidal
response in the area is complicated, as discussed by He and Wilkin (2006) for eastern RIS, by
reflection and refraction by the complex coastline and bathymetry, in addition to the influence of

resonances in nearby semi-enclosed water bodies.

Collectively, the resultant of the five constituents leads to tidal height amplitudes of about 1
m, with pronounced spring-neap variability, across much of the OSAMP domain. A figure that
visually captures the nature of the spring-neap variability is presented and briefly described in
Ullman and Codiga (2010). The M; constituent (Figure 88) amplitude is in the range of 35-65 cm
across the OSAMP domain, while the amplitudes of N, (Figure 89) and S, (Figure 90) are in the
range of about 8-13 cm each. These three semidiurnal constituents have very similar spatial
patterns in amplitude and Greenwich phase lag. Amplitudes are maximal in northern RIS and
towards BB and decrease from there offshore and towards BIS, where they take their minima in
central southwestern BIS near Montauk Point. Modest Greenwich phase lag variations of about
30-40° occur across the domain, with maxima in western BIS, decreases eastward across BIS
from there, and relatively uniform values across the rest of the domain. The nearly quarter-wave
resonance response of LIS to semidiurnal frequencies plays a large role in these patterns, since

eastern LIS has characteristics of a node.

The two diurnal constituents K; (Figure 91) and O; (Figure 92) each have amplitudes in the
range of about 5-7 cm, and similar spatial patterns of amplitude and Greenwich phase lag to each
other. Amplitudes are maximal in western BIS and decay across BIS eastward. For Kj,
amplitudes decrease relatively uniformly toward BB, and for O, they are relatively uniform
across the rest of the domain. Greenwich phase lags only vary by about 15°, with peak values
near Montauk Point and decreases across the domain toward minima along the eastern and
northern edges of RIS. Unlike the semidiurnal constituents, these diurnal constituents are not
near the resonance frequency of LIS, which therefore influences their spatial patterns much less

strongly.
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4.4.2 Tidal currents

In harmonic analysis of simulation currents, in addition to the above five constituents the
currents of the main quarter-diurnal non-linear M4 and the smaller solar elliptic L, are energetic.
While the M4 and L, components of sea level variability were not significant, their currents were
stronger than the diurnal constituents over much of the region, so are included in this analysis. It
is likely their generation is through nonlinear interactions. HF radar in BIS and surroundings, as
well as moored ADCP records on the inner shelf south of BIS, do not show a level of M4 and L,
energy as high as in the model output. Additional measurements are needed from areas further
east, including RIS, to assess whether this aspect of the simulation agrees with observations

there.

The relative importance of tidal currents to the total (tidal and non-tidal) flow field can be
quantified as the ratio (expressed as a percentage, Figure 93) between the variances of the tidal
currents and the total currents. This percentage is very high (> 90%) throughout BIS, except in a
small area adjacent the western shore of Block Island, as well as areas extending about 5-10 km
outside of BIS southward on the inner shelf and eastward in western RIS. It is also very high
(>80%) within 5-10 km of the mouths of NB, BB, and VS. These areas are associated with
amplification due to coastline constrictions and/or resonant responses of adjacent water bodies.
In contrast, the percentage is lower (40-60%), in northern RIS very near to Sakonnet passage, in
the open-water area extending from southeast of Block Island toward south-central RIS, and over
the western offshore area. This results from relatively weak tidal currents or stronger weather-
band variability (discussed above). Over most of central eastern RIS and the offshore area to its

south, tidal current variance is about 60-80% of total current variance.

Spatial structure of tidal flow for each constituent is revealed by maps of tidal current ellipses,
with instantaneous flow vectors, at the surface and seafloor (Figures 94 to 100). For the most
energetic M, constituent (Figure 94), the ellipses are presented with a scale such that their size
corresponds to the distance a passive particle would be advected during one tidal period by that
constituent alone, in order to emphasize the tidal advection length and how it varies across the
domain. Surface M, ellipses are elongated towards LIS throughout BIS and the areas southeast
and northeast of Block Island; generally rotate clockwise in time; and reach maximum semi-
major axes of up to 80-90 cm/s in southern BIS then decay over 10-20 km southward to about
10-20 cm/s. These features are consistent with the HF radar observations described above. In

offshore areas and most of RIS, simulation ellipses also rotate clockwise in time and are more
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round; semi-major axes over much of this area are 5-10 cm/s and increase gradually eastward to
more than 50 cm/s within a few km of BB and VS. Similar amplification is not seen at the mouth
of NB, where, in the area east of Point Judith, currents rotate counterclockwise in time. The M,
ellipses at the seafloor are about half as large as those at the surface but share most of their
general characteristics, with the exception of an amplified counterclockwise-in-time component;
over most of the domain, this results in more narrow ellipses that still rotate clockwise in time,
while in contrast across much of BIS and an expanded area east of Point Judith they become
counterclockwise in time. The amplification of the counterclockwise component as the seafloor
is approached is a fundamental feature of frictional tidal boundary layers (e.g., Soulsby 1990)
and has been observed on the inner shelf south of BIS (Codiga and Rear 2004); an alternative
explanation could be superposition of incident and reflected/refracted waves causes by
interaction with the complex coastal boundaries, although it is not obvious how this would lead
to enhancement of counterclockwise-in-time rotation near the seafloor. For the N, (Figure 95)
and S, (Figure 96) constituents, ellipse amplitudes are lower (see scale in figures; amplification
factor relative to advection is also noted in captions), but all the ellipse characteristics just

described for M, are very similar.

The diurnal constituents K; and O; (Figures 97 and 98) have very similar amplitudes and
geographic patterns to each other. They are much weaker than the semi-diurnal constituents (note
different scales in figures) and much more uniform spatially across the region, with relatively
round ellipses and rotation in time clockwise. Moderate amplification occurs in eastern RIS, and

in BIS where there is a tendency for deep ellipses to rotate counterclockwise in time.

The My constituent is relatively uniform across the domain, with nearly round ellipses and
rotation counterclockwise in time. Amplification occurs in the mouth of VS, and in BIS where

ellipses are amplified and rotate clockwise in time. Variations with depth are modest.

For the L2 constituent over areas outside of BIS, ellipses are elongated northeast-southwest
and rotate clockwise in time at the surface but counterclockwise in time at the seafloor. In BIS

amplitudes are amplified and rotation is clockwise in time at both the surface and seafloor.

Additional information about the vertical variation of tidal current amplitudes within the
water column is seen in vertical section plots of the RMS semi-major and semi-minor axes of the
tidal current ellipses along the transects in Figure 47. The pattern for semi-diurnal constituents is
represented by that of M, (Figure 101 upper; Figure 102 left) and consists of modest decreases

uniformly from surface to seafloor across most of the domain, but sharper decay in the vertical

December 20, 2010 Technical Report #2 Page 60 of 170



Ocean Special Area Management Plan

within BIS where enhanced frictional influences due to bed-driven turbulence are expected due
to the amplified currents there. In contrast, the pattern for diurnal constituents, represented by K;
(Figure 101 lower; Figure 102 right), consists of moderate vertical gradients that are more
uniform over the domain, since amplification in BIS and eastern RIS is so much more modest.
For My and L, the vertical amplitude variations (Figures 103 and 104) over most the domain are
relatively weak, with sharp vertical decay occurring only in small areas of BIS, and to a lesser

extent eastern RIS, where amplification is significant.

5 Summary

A stylized schematic depiction of prominent seasonal-mean hydrographic and circulation
features of the OSAMP domain and immediate surroundings has been constructed (Figure 105)
in order to concisely summarize the main aspects of geographic variations, vertical structure, and
the seasonal cycle. This section gives a detailed explanation of the schematic, which was
prepared based on all aspects of the above analysis including the literature review, observations,
and hydrodynamic model output. It is important to note that the schematic does not include 1-10
day timescale weather-band currents, nor tidal currents, which are both typically stronger than
the seasonal-mean currents presented. However, most of the important features of weather-band
and tidal current variations are seen in Figure 80 and Figure 94 respectively; thus a reasonably
complete view of the characteristics of OSAMP domain hydrography and circulation can be

ascertained using three key graphics (Figures 80, 94, and Figure 105).

The schematic (Figure 105) includes gray bathymetric contours at 10 m intervals (starting
from 20 m) and depicts hydrographic properties at five representative sites (BIS, south of Block
Island, central RIS, south of RIS, and northeastern RIS) using a set of three colored bars for
temperature, salinity, and sigma-t (see legend, upper right frame). The height of the colored bars
represents the water depth at each site. Each colored bar includes shallow and deep portions,
divided by the pycnocline, which varies in depth from site to site and season to season as shown.
The scales for temperature, salinity, and sigma-t are presented in the color legends in the lower
right frame. Density stratification is depicted using the difference Ao between deep and shallow
sigma-t values, and shown in a bar plot immediately above each set of three color bars; in the bar
plot, the left-most and middle bars (white) are Ao, due to temperature and salinity respectively,

and the right-most (black) bar is the total Ac:.
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As described in detail in prior sections, the schematic presents the following features of the

hydrographic fields:

Temperature changes from season to season that far exceed geographic variations during
a given season: the dominant influences are the combined effects of air-sea heat exchange

and solar radiative forcing, which have modest spatial variations

Geographic variations in salinity during a given season that have magnitude comparable
to that of the seasonal cycle; inshore areas are generally fresher, by an extent determined

through mixing between estuarine waters and saltier shelf waters

BIS salinities generally freshest relative to other areas, owing to the dominance of
volume transports to and from OSAMP waters by LIS exchange flow which carries

outflow from the Connecticut River, the largest river in the region

Temperatures that are slightly cooler in shallow inshore areas in winter, and warmer in
summer, reflecting interplay there between enhanced tidal mixing and stronger influence

of temperature extremes associated with estuarine waters

Minimal temperature differences between shallow and deep layers during winter and fall,

owing to cooling of surface waters and enhanced wind mixing

Shallow temperatures higher than deep temperatures by about 4-6 °C in spring and up to

11 °C in summer due to surface solar heating

Salinity differences between shallow and deep layers of about 0.2 to 0.9 PSS year-round,

maintained by arrival of freshened estuarine waters from surrounding water bodies

Density stratification that is minimal in winter and fall, when temperature contributes
little to stratification (or, in some areas, is destabilizing due to cooling of the shallow
layer), and the weak pycnocline is about 30-40 m deep due to effective wind mixing at

shallower depths

Density stratification, in terms of Ao, reaching about 1.5 kg m™ in spring, when the
temperature influence is comparable to that of salinity, and about 2.5 kg m™ in summer
when the temperature influence is more important than salinity; a sharp pycnocline about

10-20 m deep during these seasons
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Seasonal cycle of density stratification that is more pronounced in RIS than in BIS, with
BIS more weakly stratified than RIS in summer as limited by tidal mixing, but more

strongly stratified in winter due to LIS exchange flow

An estuarine outflow front (sharp horizontal gradient) to the south of Block Island that
bounds fresher inshore water from saltier offshore water, and lies farther from land in

spring and summer, when it extends northward to the east of Block Island

In summer and to a lesser extent spring, a tidal mixing front that divides the more
homogenous inshore water column from more strongly stratified deeper water: along the
northern and eastern boundaries of RIS, and along an arc between the southern sides of

Montauk Point and Block Island

Seasonal-mean velocities of the shallow and deep layers are depicted in the schematic using

green and blue arrows respectively. Some key circulation features, which for clarity are only

labeled in a single frame of the figure, are nonetheless present year-round:

LIS exchange flow, in western BIS: eastward flow in the southern portion, most strongly
in the shallow layer, and westward flow in the northern portion in both deep and shallow

layers

Eastern BIS exchange flow, in the gap between Point Judith and Block Island: eastward
flow nearest Block Island and strongest in the shallow layer, with westward flow in both

layers near Point Judith

Southern BIS exchange flow, in the gap between Montauk Point and Block Island:
southward flow in the shallow layer, strongest toward the west, and northward flow at

depth in the eastern portion
Weak westward and southward flow outside the mouth of NB

LIS outflow, east and south of Montauk Point, that is directed southward then westward
with increasing distance offshore, is bounded on its offshore edge by the outflow front,

and is likely bounded on its inshore edge by a tidally-driven clockwise headland eddy
A southward current in western RIS along the eastern side of Block Island

A coastal current westward along the southern Long Island shore to the south and west of

Montauk Point
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Seasonal shifts in the seasonal-mean flow in and near BIS are modest compared to the rest of
the domain, and consist of a strengthening in spring and summer of the exchange circulations,
LIS outflow, southward flow east of Block Island. The latter three currents are most closely
associated with a horizontal gradient in density, from less dense to more dense in the offshore
direction, with a dominantly geostrophic dynamical balance such that the current is stronger
when the gradient is sharper. The gradient sharpens in summer because, while the salinity
distribution maintains the density gradient year-round due to the continual freshening influence
of estuaries on inshore areas, inshore-offshore temperature differences act to weaken the density

gradient in the winter and strengthen it in summer.

Across RIS and the offshore portion of the OSAMP domain, there are substantial changes in

the direction and strength of seasonal-mean currents, as follows:

* In winter and fall, flow shows only weak geographic variations and is consistent with a
wind-driven upwelling circulation: shallow flow is weakly offshore toward the southeast,

while deep flow is slightly slower in essentially in the opposite direction

* In spring the inshore edge of the southern New England shelf flow, a strong current in
both shallow and deep layers, flows along the offshore OSAMP area directed just south

of westward; in RIS, flow is weak and generally westward in both layers

* In summer the southern New England shelf flow is slightly weaker than in spring and
bifurcates at the eastern end of the domain, with a significant component moving
northward as the RIS current, a narrow flow likely linked to the horizontal density
gradient associated with the tidal mixing front and moving counterclockwise around the

strongly stratified interior of RIS in both shallow and deep layers

* In spring and summer the southward-flowing western RIS portion of the RIS current
strengthens considerably and occupies both shallow and deep layers; south of Block
Island it merges with the southern New England shelf flow and the LIS outflow, all of

which ultimately feed in to the coastal current along the southern shore of Long Island

6 Knowledge Gaps

It is apparent that there are numerous important gaps in knowledge of physical oceanography
of the OSAMP waters. First and foremost is probably the lack of measurements, using modern
instrumentation, of even baseline conditions over most of central and eastern RIS. However,

even in the better-sampled areas where enough measurements are available to piece together the
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seasonal patterns that have been described above, there is a pronounced need for more
observations with dense spatial coverage in the horizontal and vertical and finer temporal
sampling. This applies to both hydrographic and circulation fields. The need arises due to the
sampling demands of the highly variable conditions, which result from complex interactions of
wind, tidal, and buoyancy forcing on timescales as short as hours to days and as long as the
seasonal cycle and inter-annual variability. For example, our ability to estimate transports of
water and water properties between the OSAMP domain and surrounding areas, and transports
passing through key constrictions such as the gaps from Block Island to Point Judith and
Montauk Point, is severely constrained by the lack of measurements with sufficient coverage and
resolution in the space and time. Two topic areas seem worthy of designation as having had the
most inadequate attention to date. The first is turbulence characteristics and processes, including
horizontal and vertical rates of mixing and dispersion. The second is the potential importance of
processes occurring on timescales shorter than tidal, such as the nonlinear internal waves that are

known to be energetic in other inshore shelf seas.
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Appendix A. Catalogue of Observational Studies

Below is a compilation of published studies that report on observations of hydrographic fields
(temperature, salinity) or currents from locations within Rhode Island Sound and Block Island
Sound, listed in chronological order by publication year. While this listing may not be absolutely
comprehensive, to the best of our knowledge the primary content of any references that do not

appear is represented well by one of the references listed.
The following is a key to abbreviations in the table:

Measurements: U = currents; T = temperature; S= salinity; FR = flushing rates; KED =

kinetic energy dissipation

Where: sh = shallow or near-surface; dp = deep or near-bottom; N/S/E/W =
North/South/East/West; BIS = Block Island Sound; RIS = Rhode Island Sound; MP = Shelf off
Montauk Point

Method: CTD = vessel-based hydrographic casts or surface sampling using bottles,
bathythermograph, or CTD sensors; MT/MS = moored thermistor/salinity sensor; CM = moored
current meters; SD = surface drifters; BD = seabed drifters; VC = vessel-based current sampling;
TB = towed-body sampling; SAT = satellite radiometer; HFR = high-frequency radar; AUV =

autonomous underwater vehicle

Table Al. Catalogue of published observational studies.

Citation Msmt | Where When Method
LeLacheur & Sammons 1932 U BIS Pre-1930s VC
Haight, 1938 U E RIS 1930s & before | VC
Riley 1952 TS, U | BIS, RIS 1946-47 CTD, CM
Hicks and Campbell 1952 TS BIS, RIS 1952 CTD
Powers, 1953 TS BIS, RIS 1951 CTD
Bumpus 1965 U RIS, BIS 1961-64 BD
Cook 1966 U RIS 1962-63 SD, BD
Shonting et al 1966 TS RIS 1963-64 CTD
Ichiye 1967 TS BIS Aug 1965 CTD
Shonting 1969 U RIS Aug 1967,13d | CM
Williams 1969 U BIS May 1965 CM
Hardy 1970 TS BIS Jan-Apr 1970 CTD
Shonting and Cook, 1970 TS RIS 1963-64 CTD
Meguire 1971 U BIS, sh 1965-67 VC
Hollman & Sandberg 1972 U BIS 1970-71 SD, BD
Saila et al 1972 U E RIS, dp Jul 1970,4 d CM
Collins 1974 U N/W RIS Feb 1973 BD
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Citation Msmt | Where When Method

Hollman 1974 TS BIS 1972-73 CTD

Pratt et al 1975 U E RIS, dp May/Jun 1974 | CM

Raytheon, 1975 TS, U | BIS 1974-75 CTD, CM,

MT/MS, SD

Griscom 1977 U E RIS, dp Sep-Oct 1976 CM

Krabach & Snooks 1977 FR NE BIS Aug 1974 Dye

Snooks et al 1977 TS NE BIS 1975-76 CTD

Long, 1978 U BIS 1965-67 VC,CM

Snooks and Jacobsen 1979 U NE BIS Feb-Dec 1977 CM, SD, BD

Bowman and Esais, 1981 TS BIS 1978 CTD

Armstrong 1998 T RIS 1974-83 CTD

Fox et al 2000 T RIS, BIS 1997 SAT

Ullman & Cornillon, 1999, 2001 | TS RIS, BIS 1985-96 SAT

Kincaid et al 2003 U, TS | NRIS 1998-99 VC, CTD

Codiga and Rear 2004 U, TS | MP 2001-02 CM, MT/MS

Ullman and Codiga 2004 U, TS | BIS, WRIS, MP | 2000-01 HFR, CM

Codiga 2005 U MP 1999-2002 CM

Kirincich & Hebert 2005 U, TS | MP Apr 2002, 2 d TB-CTD, VC

SAIC 2005 U, TS | RIS 2004 VC, CTD

Ullman et al. 2006 U BIS 2002 & 03;3d | SD

Mau et al. 2006, 2007 U BIS, W RIS 2001 HFR

Kincaid et al 2008 U N RIS 2000-01 CM

O’Donnell & Houk, 2009 TS BIS, MP 2000-2001 CTD

Levine et al 2009 TS,U, | MP 2000-01 CTD, VC,
KED AUV
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Appendix B. Catalogue of Modeling Studies

This is a compilation of published, modern numerical/computational hydrodynamic model
studies that focus on hydrodynamic fields (temperature, salinity) and/or currents and are
configured with the aim of realistic simulation of at least some of the RI Ocean SAMP region,
presented in chronological order. Spaulding and Gordon (1982) includes a table listing previous

(1970s) modeling studies. The site abbreviations are the same as in Appendix A.

Table B1. Catalogue of published modeling studies.

Citation Where Period modeled | Emphasis

URI, 1979 BIS, RIS -- Barotropic tidal flow

Spaulding and Gordon, | BIS, RIS -- Barotropic tidal flow

1982

Edwards et al 2004a,b | BIS, W RIS, MP 2000 Frontogenesis, MP area

He and Wilkin 2006 E RIS -- Barotropic tidal flow

Wilkin 2006 E RIS 2001-2003 Summer heat budget

Mau et al, 2007, 2008 | BIS, RIS, MP 2001 Tidal flow (2007), MP
outflow (2008)

Cowles et al, 2008 BIS, RIS, MP 1996-1997 Low-frequency flow and
hydrography
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Appendix C. Catalogue of GIS Layers

The following is a list of GIS layers that have been produced. Each layer has been assigned a
name, based on the appropriate combination of the following abbreviations for its source,

parameter, depth, and season (plus “mean” or StdDev” as appropriate):
Source
SST = Satellite sea surface temperature
HC = Hydrographic climatology
HFR = High-frequency radar surface currents
SIM = FVCOM hydrodynamic model simulation of the year 2006
Parameter
T = Temperature
S = Salinity
D = Density (sigma-t)
N = Stratification (buoyancy frequency squared)
MPA = (vector/ellipse) Mean and subtidal principal axes
SSL = Subtidal sea level
TE[-CC] = (ellipse/vector) Tidal current ellipse with instantaneous velocity vector
[ CC = Tidal constituent: My, N, S,, K, O1, My, or L, ]
TH = Tidal heights
THA-CC = Tidal height amplitude
THP-CC = Tidal height phase
Depth
Xm = X meters
XpYm = X.Y meters
Bot = Seafloor

NrBot = Near-seafloor

December 20, 2010 Technical Report #2 Page 70 of 170



Ocean Special Area Management Plan

Season
Ann = All seasons
WI, SP, SU, FA = Winter, Spring, Summer, Fall

Each layer is listed with the number of the figure in which it is presented in this report, together

with an abbreviation for the frame within the figure, as follows:
UHP = upper half page
LHP = lower half page
TLF = top left frame
TRF = top right frame
BLF = bottom left frame
BRF = bottom right frame
Table C1. List of GIS layers.

Figure number,

GIS layer abbrev Frame
SCALARS

SST-Ann-Mean 3UHP
SST-Ann-Stdev 3LHP
SST-WI-Mean 4UHP
SST-WI-Stdev 4LHP
SST-SP-Mean 5UHP
SST-SP-Stdev 5LHP
SST-SU-Mean 6UHP
SST-SU-Stdev 6LHP
SST-FA-Mean 7UHP
SST-FA-Stdev 7LHP
HC-T-Om-WI 9UHP/TLF
HC-T-Om-SP 9UHP/TRF
HC-T-Om-SU 9UHP/BLF
HC-T-Om-FA 9UHP/BRF
HC-T-Bot-WI 11LHP/TLF
HC-T-Bot-SP 11LHP/TRF
HC-T-Bot-SU 11LHP/BLF
HC-T-Bot-FA 11LHP/BRF
HC-S-0m-WI 16UHP/TLF
HC-S-0m-SP 16UHP/TRF
HC-S-0m-SU 16UHP/BLF
HC-S-0m-FA 16UHP/BRF
HC-S-Bot-WI 18LHP/TLF
HC-S-Bot-SP 18LHP/TRF

December 20, 2010

Technical Report #2

Page 71 of 170



Ocean Special Area Management Plan

HC-S-Bot-SU 18LHP/BLF
HC-S-Bot-FA 18LHP/BRF
HC-D-0m-WI 23UHP/TLF
HC-D-0m-SP 23UHP/TRF
HC-D-Om-SU 23UHP/BLF
HC-D-Om-FA 23UHP/BRF
HC-D-Bot-WI 25LHP/TLF
HC-D-Bot-SP 25LHP/TRF
HC-D-Bot-SU 25LHP/BLF
HC-D-Bot-FA 25LHP/BRF
SIM-THA-M2 88UHP
SIM-THP-M2 88LHP
VECTORS/ELLIPSES
HFR-MPA-AII 37
HFR-MPA-WI 38
HFR-MPA-SP 39
HFR-MPA-SU 40
HFR-MPA-FA 41
HFR-TE-M2 42
SIM-MPA-Om-WI 76TLF
SIM-MPA-Om-SP 76TRF
SIM-MPA-Om-SU 76BLF
SIM-MPA-Om-FA 76BRF
SIM-MPA-Bot-WI 79TLF
SIM-MPA-Bot-SP 79TRF
SIM-MPA-Bot-SU 79BLF
SIM-MPA-Bot-FA 79BRF
SIM-TE-M2-Om 94UHP
SIM-TE-M2-Bot 94LHP
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Figure 1. Map of OSAMP domain, boundary marked by dashed magenta line.
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Figure 21. Hydrographic climatology. Salinity. NS. (left) Winter. (right) Spring.

December 20, 2010 Technical Report #2

Page 99 of 170



Ocean Special Area Management Plan

FALL

3 37 33
Ealinity [FSS]

Dapt [m]
o B (=)
o | E o
e 4
-3

Depth jm]  Depeh [m]
o E

HE

Cpth [m]

gﬂhf——;—*,.-:h M4 a5 f . 4
gm E H_h“‘—l-—-—h.l_,_‘__l

Depth (m)
=
i

2 k=
Die=pth [mi) Dpth [mi] Dugpah Jmee] Daepah [m] Depth [m]
ey g g

L) L
_ Dg
E
§ﬂ I L HE | v i HEE
[+ - =] . r T T
£ “ E ‘ —
§ i ] i i F i i i i NER g m- . 1 1 L i 1 NE3, .
o 5 10 1% vl Fia] 30 3 40 a 3 n 1= 20 ol 2 s 40
ilong-section disfancy Nowand [Rm] Acegrapchen distance Merthward [km]

Figure 22. Hydrographic climatology. Salinity. NS. (left) Summer. (right) Fall.
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December 20, 2010 Technical Report #2 Page 106 of 170



Ocean Special Area Management Plan

_ o = SUMMER

1 |

§ I - 2 M W
il ME1 sigma-t [kg m™
&

Depth [m]
I
1l
|

Capth [m]

|

Coesgth [fm] Depahim]  Depthiim]

Depth [m]  Depthim]  Cepth[m)

=
®

“] I

D=pth [m]
: @
| | |
|
I

5
=
]

Depth [m]  (Depts [m]

(

=
ﬂ.

=
5 8

o 5 10 T = 25 30
Along-section distance Northward (]

= O ' ' FALL
E L
5 = — -
§ a2 & mW
e HEt | Sigmad kg
gt |}. S— -1 — ar -
E | = e
£ -
5% | HE2
o G- ’ - - .
E|  — ]
g | -1——'-'-'-.'
1 I — HE3
QI- - = LE = B - T "
| —— -
b‘-ﬂ"—'—; _:_ o

Cieprth [mi] Depth [m]

Depth [m]

&

i i i i Hm. -2
1= =0 o a0 s 40
Mcrg-sechen distance Merthward [km]

a
<8
-
=
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Figure 37. HF radar currents. All seasons mean flow and subtidal principal component ellipses.
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Figure 38. HF radar currents. Winter mean flow and subtidal principal axes ellipses.
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Figure 39. HF radar currents. Spring mean flow and subtidal principal axes ellipses.
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Figure 40. HF radar currents. Summer mean flow and subtidal principal axes ellipses.
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Figure 41. HF radar currents. Fall mean flow and subtidal principal axes ellipses.
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Figure 42. HF radar currents: M, tidal ellipses.
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Figure 43. HF radar currents. N, tidal ellipses.
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Figure 44. HF radar currents. S, tidal ellipses.
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Figure 45. HF radar currents. K, tidal ellipses.
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Figure 46. HF radar currents. O, tidal ellipses.
Technical Report #2 Page 124 of 170

December 20, 2010



Ocean Special Area Management Plan

H15- Simulation:
Bathymetry and Section Lines

-T18 -TE -1 4 132 - -7
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Figure 53. Simulation: Temperature, seasonal-mean, NS. (left) Winter. (right) Spring.
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Figure 54. Simulation: Temperature, seasonal-mean, NS. (left) Summer. (right) Fall.
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Figure 55. Simulation: Salinity, four seasons, surface. (upper) Mean. (lower) Std. dev.
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Figure 60. Simulation: Salinity, seasonal-mean, NS. (left) Winter. (right) Spring.
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Figure 61. Simulation: Salinity, seasonal-mean, NS. (left) Summer. (right) Fall.
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Figure 62. Simulation: Sigma-t, four seasons, surface. (upper) Mean. (lower) Std. dev.
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Figure 63. Simulation: Sigma-t, seasonal mean. (upper) 10 m deep. (lower) 25 m deep.

December 20, 2010 Technical Report #2 Page 141 of 170



Ocean Special Area Management Plan

Spring. Maan, seafloor
[ R

& 2 4
ﬂ lSlgmn-:Engm"‘]
ollg

Winter, Mean, sealloar

|
2 ¥ M I

I Sigma [kg m™

i
=

N

Fail, Mean_ sasafsar

Hummar, Mean, soallcar
u'_,-'d .

_— .
005 o1 QB

I Sigma-4 [kg m""]

W

Summar, S0 Dew | seaflasr

— -;ﬂ T

az o4 e = '_\ - | oz D&

I Sigma-z [kg m™Y] ) B I Sigma-t [kg m™]
) ] o :ﬂ ™

=
=

Figure 64. Simulation: Sigma-t, four seasons, seafloor. (upper) Mean. (lower) Std. dev.
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Figure 65. Simulation: Sigma-t, seasonal-mean, EW. (upper) Winter. (lower) Spring.
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Figure 66. Simulation: Sigma-t, seasonal-mean, EW. (upper) Summer. (Lower) Fall.
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Figure 67. Simulation: Sigma-t, seasonal-mean, NS. (left) Winter. (right) Spring.
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Figure 68. Simulation: Sigma-t, seasonal-mean, NS. (left) Summer. (right) Fall.
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Figure 69. Simulation: Stratification, seasonal-mean. (upper) 2.5 m deep. (lower) 12.5 m deep.
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Figure 70. Simulation: Stratification, seasonal-mean. (upper) 27.5 m deep. (lower) near seafloor.
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Figure 71. Simulation: Stratification, seasonal-mean, EW. (upper) Winter. (lower) Spring.
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Figure 72. Simulation: Stratification, seasonal-mean, EW. (upper) Summer. (lower) Fall.
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Figure 73. Simulation: Stratification, seasonal-mean, NS. (left) Winter. (right) Spring.
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Figure 74. Simulation: Stratification, seasonal-mean, NS. (left) Summer. (right) Fall.
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Figure 75. Simulation: Subtidal sea level, four seasons. (upper) Mean. (lower) Std. dev.
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Figure 76. Simulation: Currents, seasonal-mean & subtidal ellipses. Surface.
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Figure 77. Simulation: Currents, seasonal-mean & subtidal ellipses. Depth 10 m.
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Figure 78. Simulation: Currents, seasonal-mean & subtidal ellipses. Depth 25 m.
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Figure 79. Simulation: Currents, seasonal-mean & subtidal ellipses. Seafloor.
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Figure 84. Simulation: Currents, plan view seas. mean & subtid. ellipses. NS sections, winter.
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Figure 85. Simulation: Currents, plan view seas. mean & subtid. ellipses. NS sections, spring.
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Figure 86. Simulation: Currents, plan view seas. mean & subtid. ellipses. NS sections, summer.
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Figure 87. Simulation: Currents, plan view seas. mean & subtid. ellipses. NS sections, fall.

Technical Report #2 Page 165 of 170

December 20, 2010



Ocean Special Area Management Plan

4.5

41.4

41.3

41.2

411

M

40.9

4.5

4.4

4.3

41.2

41.1

4

40.9

T T
- Sea Level: I\:‘I2 Amplitude

[ DN
40 50
[cm]

60

) S,

T

0

BN T [ .

20

Rel. mean 341.7 [ded]

T

40

| |

-71.8

-71.6 -711.4 -71.2 -71 -70.8

Figure 88. Simulation: Tidal height, M, constituent. (upper) Amplitude. (lower) Phase.

December 20, 2010

Technical Report #2 Page 166 of 170



Ocean Special Area Management Plan

41.5

41.4

1.3

41.2

M1

41

40.9

4M.5

4.4

41.3

4.2

M1

4

40.9

L Sea Level: N2 Amplitude .

T
10 12
[cm]

e )

| | 1
-71.8 -71.6 -71.4 -71.2 -71 -70.8

Figure 89. Simulation: Tidal height, N, constituent. (upper) Amplitude. (lower) Phase.

December 20, 2010 Technical Report #2 Page 167 of 170



Ocean Special Area Management Plan

41.5

41.4

41.3

41.2

M1

4

40.9

41.5

4.4

M3

41.2

41.1

4

40.9

T T
- Sea Level: S2 Amplitude

[ EEEEEe |
8 10 12
[em]

I [ | | 1

[ | e |
-10 0 10 20 30
Rel. mean 12.3 [ded]

| |

-71.8 -71.6 -711.4 -71.2 -71 -70.8

Figure 90. Simulation: Tidal height, S, constituent. (upper) Amplitude. (lower) Phase.

December 20, 2010 Technical Report #2 Page 168 of 170



Ocean Special Area Management Plan

T T
41.5- SeaLevel: K1 Amplitude

| INEEEEEENENC
5 55 6 65
[cm]

AL

4.4

4.3

41.2

411

Tye i

409

[ 1

41.5- SealLevel: K1 Greenwich Phase

[ P EEEEEEEEE
0 5 10

414 Rel. mean 146.6 [deg]

4.3

-
iy «
5%

M-

409 .

I I 1 | 1 1
-71.8 -71.6 -71.4 -71.2 -71 -70.8
Figure 91. Simulation: Tidal height, K, constituent. (upper) Amplitude. (lower) Phase.

December 20, 2010 Technical Report #2 Page 169 of 170



Ocean Special Area Management Plan

41.5

4.4

4.3

41.2

M1

M

40.9

4.5

4.4

4.3

41.2

4.1

4

40.9

T T
L Sea Level: 01 Amplitude

T . |
56 58 6 6.2 64
- [em]

L Sea Level: O1 Greenwich Phase

T T 7 [ [ [ [ i
0 5 10
Rel. mean 182.5 [deg]

| | 1
-71.8 -71.6 -71.4 -71.2 -1 -70.8

Figure 92. Simulation: Tidal height, O1 constituent. (upper) Amplitude. (lower) Phase.

December 20, 2010 Technical Report #2 Page 170 of 170



Ocean Special Area Management Plan

T T T ' ‘”ﬁ'
_ Simulation: Tidal Current Yariance o é ’ j 'E JM:E;F"J
' as Percent of Total Current Variance }L _ i

(] 20 af] (214 20 1C0
L] : -
I r
fpra

¥

i e ———
| | |

Figure 93. Simulation: Tidal current KE variance, pct. of total current variance.

December 20, 2010 Technical Report #2 Page 171 of 170



Ocean Special Area Management Plan

; — .
. . at Pagad
o5 M2 Tidal Current Ellipses i1 =Ny, P
7 Burface e ! "
e comtn II .
L‘Illn! L, 45 g
Clockwise i lime TH ) \ -':_ R
a1 4 oiarteevioc e im Timss - '.,‘ g
o ik ¥
. 7 Tt o :
[ b oo o ._. "*"J‘ = - F B - {
iy '.-'.':_"'-l i oy v
a1l i ! = = i - - o o ¥
- - o " - . : 5 . i .
812 - % 1 " : , {
%, : ‘
1 “ . . .
TR 2 5
=
1
L} " B
i
! 1 1 ] ' ' ' r .
205G
72 =718 -.":Ij F1d Ji2 T -.'L;I:.
- — : s ——
P M2Z Tidal Current Ellipses ; i
- | or 5
Seafloor r—
LTPE II
Ll-lm i ok f i FY
i 5 Ix,
lf'.-l..-r.k-m..r- n hme o e e -
414 Countenlpeioaiss in B n 8
. _;-:':-'-
F, F] iy . x
By o _,‘.-H"' S ¥ : : E /
.l.:ll;l 1 "H: = J-l { IF\-
oy -
Y, o
TR . - = - = -
- = o -— %, " N
) - - . 2 " : :
e, F %
L [ K
411 b " .
|- -
] = 3
&l
402
T .'.'1-.!- -TI‘E. .?1..1 7 |' 5 _.-.'-I _7{-'”,.

Figure 94. Simulation: Tidal currents, M, size 1X advection. (upper) Surface. (lower) Bottom.

December 20, 2010 Technical Report #2

Page 172 of 170



Ocean Special Area Management Plan

; : S st -~ -
45 N2 Tidal Current Ellipses E oy ] ! I i, o .
° Surace ; ih |
et .! ]
Eaxi ch, Lot ' ’ . L |
Clackwise in lime 'II ' 5 - .__..-'f
a4 Courderclockwise in bme X ;‘-. ' ’ ) ’ i}
} | RS
i d B ""F? - - 5 - = i
A N -
41% 1 —— - —_ -— -
—— - — - b - r
i - ™ . ' " s .
. #
. 5 .
; 4
a1 b . ¥
o
1 ' ) . .
ay !
408
-T2 -T18 1A -T1.& -T1.2 -1 -8

N2 Tidal Current Ellipses p A6 g gt el e _
Seafloor werm ¢ 14 1

H ¢ .
Eaxi iy, i =
-
Chackwise in lime # o e -
i Counderclockwise in bme & IE ’
| . A s
Ut d ,..qa" d : i
o i A ¥ R T - T
i, &
413 : » - - =
i
- - = . .
412 - o, . -
-
RS 3 %
.1 %
i L1
=
I " .
ut
" . .
04
-T2 -Fi8 e ] -T1& -T12 =71 -TixA

Figure 95. Simulation: Tidal currents, N,, size 3X advection. (upper) Surface. (lower) Bottom.

December 20, 2010 Technical Report #2 Page 173 of 170



Ocean Special Area Management Plan

L it o

2 Tidal Current Ellipses p ] oss ] A Ttk em

45 |
Surface g4 {

.
Clockwise in lime i i .
{ anrchoch e o i = -
ad AUNGETT I EWSE 1N Drme -
- R BaE
i . i )
L | i { ] I a— sy W i {
fah .
.-"-\.;\- o ity ¥ o J
I’ L .-\.'.
415 ' — — = - . :
i
- il - F 7 = & ' A .
417 . - " . - : y ) i ) ) )
A
", % “
—= % ! .
41,1 k . .
LS L v o]
i
i
I 9 L L L -
g
i i [ 1 - &
' . .
404
-T2 -T18 TiE Tid ETE 71 g
: et S . . . -

' P 5 Vel
£2 Tidal Current Ellipses P Fan - =), _
Sealloor | o {

Clockwise in fime =3 B
A4 Courterclockwiss in brme . %
i £
b, ' .o }
. - '
il T - T S h
auk, T g, s, LB
e ;
o] AL -
i -._"
413 ! - - - .
- - iy -
a2 a - \ s -
-
™ % A . -~
1.1
\ i
.
¥-c
# ' (] -~ !
&1
e [

0.3

72 18 T18 1A 2 -1 T8
Figure 96. Simulation: Tidal currents, S,, size 3X advection. (upper) Surface. (lower) Bottom.

December 20, 2010 Technical Report #2 Page 174 of 170



Ocean Special Area Management Plan

: o R
K1 Tidal Current Ellipsesios ¢ At oa

Surface mh ! ! -

Bl e 3 "
; ol e
Clockaisa in bme H . i
4] ; ' _ i " c ;
414 onin e el oeskieerss iy iR nof A% - — -
4 i N s b
K '\.- . - L
A Y owe A o - s - - - - P L
'." rI e ] '\.I ’ ':ﬁ_ ‘: .
L} F . i
a1 j . - " . - - - - s
3 . = - = = K
i
=
L ] |
z - T . £ g - - g G . .

T / - . - i {
- K .i r - r - - -\.' '
o - - & - i L s - - = - T i
. - F [
411 {
| " ¥ - = o - - ‘ = s - o b s il
i L | [ - ' a 4 L o L (o # i # |
&
g £ g 'y g £ e g . g - 2 ’ # =
£ s g £ = = e & - g ’ ; i #
ana
T2 T 718 Ti4 Tig Er 708

KA Tidal Gurrant Ellipsesheth M emia i } . a2

45 - h |
" Seafloar | i i {
} = ' b
Guxi i ol ¥ ¥
Chocaresa in fifmse ‘-':, : r_x:.?
3 il : . = F * #
a4 Counterciockwise n ime = 3
§ P/ A=l T |
g L] L =
& oy 4 B ., (2 - : . . - ‘ F ; i
o T R s T a
i, 3
413 ’ - - ; — - ~ - - . i L - x Y
%
. . » 3 ; g i

: 2 z 3
r.
ki ¥ - & - - - -
FTR]
= ! F * F : = . - =
i = - s . - - "
8-
L ¥ - = - = = v =
A4

72 1B T1E 714 1.2 71 T8
Figure 97. Simulation: Tidal currents, K,, size 5X advection. (upper) Surface. (lower) Bottom.

December 20, 2010 Technical Report #2 Page 175 of 170



Ocean Special Area Management Plan

) R oy e
415 01 Tidal Current Ellipses™™ e | kb,
Surface | 0
Eawl [ 4 i
Clocioiisn in S H . B
a4 Plsrcloconkie b i . %
] 3 o -'. ;
2o
i : iy
413 ) . s .
412 L : 'y ! -
- W 1 ] ¥ . # . . y
411
L i L |
11
Hp
T2 Tia 7.6 T4 7.2 ™ 0.8
E T ’
i 01 Tidal Current Ellipses*) ™ ALTTEY i ekl
Seallo=sr J‘I Ty
|
Eawi M " o
Loy in s W .__-.-..
FIE muntErclnckatnn @ hme I
| : =
il | 7 . - . 4
i15
na ) !
#
FIR |
- L
i
1
i !
40.5

T2 Tid Ti6 K | T2 Tl ThH

Figure 98. Simulation: Tidal currents, O, size 5X advection. (upper) Surface. (lower) Bottom.

December 20, 2010 Technical Report #2 Page 176 of 170



Ocean Special Area Management Plan

M4 Tidal Current Ellipses

a5 : i
Surface | T
5 M .I - ¥ L 4 4 '
Llul o o L L I
Clackwise in irme ™ p - PR r sy
1.4 e o hOAsE |1 Rl e .... ; 4 x
M. .4 A
L I' il L .d_'..t\-"L .y A
S b e i F -
M- i :
q1.3 % o I
by b #
N i =
411
i i |
r
&1
404
-T2 -71a -Ti.8 71 4 =712 -7l =ThB
: : e et A x

M4 Tidal Current Ellipses bl as TR, ea

1.5 o 5 |
Seafloor y
Fcma | F, 3 > 7
Eaxi 1 7 I
- ;] s
Chockwise in ime r'] o :
414 PR R i Sl 0 B " _:-' k ! J E i
o,
i g "‘II o Ta
A ot 4 = i i
TPy o i L€ .
I3 '
&=
413} . -
i19 | I
"
L L] o
411
i I
&1
406

72 T8 T16 T4 T12 71 T8
Figure 99. Simulation: Tidal currents, My, size 10X advection. (upper) Surface. (lower) Bottom.

December 20, 2010 Technical Report #2 Page 177 of 170



Ocean Special Area Management Plan

kL Calt

L2 Tidal Current Ellipses A i Jith, e

Surface — J ; 1 I {

hem = L1
L o 4 et & L i g
Eani h, : "
. ) > |
Clackwase in ime o . L e |
ad Counderclockwiss in bme o i ¢ 2 - - - e e
] j L. A i
{ N P
A wd III 1 i -..-.-ﬂ= - - e - e - o & & 5 i
U - ; 3
43 =L - & - - i 2 4 = - . - ; fi
i
- - - - - & - r o 4 F y = .
a2
i X - L | - - - F - e - L & . :
- .
b - iy ¥ o 2 L - s ' # a F
a1 -
¥ Ly - - - " - - r & - o r - o
I = = S - B - u r e ' # #
a1 |
- - - " = [t r o, & r o # r
= = * - - 1S L &
a0a
<72 T8 T E Tid 17 T T

L2 Tidal Current Ellipses Folong § i Tkl
Sealloor Heeth

H 14 1
hem = i
e o Lol 1 : " | i
-
Clackwise in lime 'II o
a4 Courderclockwise in bme 5 1 . ) . . " * - ¥
j L. A RE
LA
by A o i - - - - - y i
PN g e -,
{3 - ™
L .
413 ! - " - - - - . . - ’ E r - 4
i
. — = — =, - = = = = - fr #
e
4t - o [} - - - - a: F. -
3
“ 5, K . i g i ¥ ) 2 ; 2
41,1 : . : : = : 3 ) :
(2%
] . & - e & ar
&t y
§ 1 . S E . . e
a0a
-T2 -Fi18 -T1E -7 .71 2 =71 -TikA

Figure 100. Simulation: Tidal currents, L,, size 10X advection. (upper) Surface. (lower) Bottom.
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Executive Summary

This report, Part 2 of the physical oceanography characterization, complements Part 1 by
presenting new field observations to improve understanding of under-sampled system attributes.
Vessel-based surveys spanning the region (Block Island Sound (BIS), Rhode Island Sound (RIS),
and offshore) each season capture three-dimensional structure of water properties (temperature,
salinity, oxygen, chlorophyll, turbidity) and geographic variations in euphotic depth. Moored
instruments reveal temporal variability in water column temperature, salinity, and velocity on
timescales from hours to months at four sites: south and southeast of Block Island, on the
offshore portion of Cox Ledge at the southern RIS boundary, and in central RIS. A suite of wave

parameters measured at those sites, and a fifth site farther offshore, quantifies wave conditions.

Temperature and salinity surveys corroborate the main seasonal and geographic patterns
deduced in Part 1. Central RIS stratification undergoes the widest seasonal swings: a sharp mid-
depth thermocline due to solar insolation in summer, and homogenous conditions in winter due
to surface cooling and wind mixing. In central BIS stronger tidal currents limit peak stratification
in the summer, but during winter and spring estuarine exchange with Long Island Sound sustains
stronger stratification than in RIS. Shallow areas of BIS and eastern RIS with strong tidal
currents remained well mixed. During December 2009 both the survey and moorings revealed a
deep intrusion of anomalously warm salty water normally found near the shelf break 100km
south. Energetic weather-band currents included strong deep flow advecting the intrusion toward
central RIS through the channel between Block Island and Cox Ledge. The intrusion vividly

demonstrated a significant deviation from climatological average salinity/temperature ranges.

Monthly-mean currents at the mooring sites provided important additional support for the
system-wide circulation patterns put forth in Part 1; observed tidal currents were in very good
agreement with earlier findings. Oxygen concentrations were lowest (5-6 mg 1"") in deep north
central RIS during periods of stronger stratification, June and September. Chlorophyll levels
were highest during September, in BIS and eastern RIS, with maxima typically in subsurface
layers. In summer and fall the euphotic depth varied sharply, from ~10 m or less to the north and
west of the BIS estuarine outflow water mass boundary to ~40 m offshore of it, and was reduced
by high turbidity in December. Waves showed modest geographic variations, with typical
significant wave heights of 0.5-2.5 m, typical peak wave periods of 5-10 seconds, and a

generally persistent northward component of peak wave direction.
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Abstract

This report, Part 2 of the physical oceanography characterization, complements Part 1 by
presenting new field observations to improve understanding of under-sampled system attributes.
Vessel-based surveys spanning the region (Block Island Sound (BIS), Rhode Island Sound (RIS),
and offshore) each season capture three-dimensional structure of water properties (temperature,
salinity, oxygen, chlorophyll, turbidity) and geographic variations in euphotic depth. Moored
instruments reveal temporal variability in water column temperature, salinity, and velocity on
timescales from hours to months at four sites: south and southeast of Block Island, on the
offshore portion of Cox Ledge at the southern RIS boundary, and in central RIS. A suite of wave

parameters measured at those sites, and a fifth site farther offshore, quantifies wave conditions.

Temperature and salinity surveys corroborate the main seasonal and geographic patterns
deduced in Part 1. Central RIS stratification undergoes the widest seasonal swings: a sharp mid-
depth thermocline due to solar insolation in summer, and homogenous conditions in winter due
to surface cooling and wind mixing. In central BIS stronger tidal currents limit peak stratification
in the summer, but during winter and spring estuarine exchange with Long Island Sound sustains
stronger stratification than in RIS. Shallow areas of BIS and eastern RIS with strong tidal
currents remained well mixed. During December 2009 both the survey and moorings revealed a
deep intrusion of anomalously warm salty water normally found near the shelf break 100km
south. Energetic weather-band currents included strong deep flow advecting the intrusion toward
central RIS through the channel between Block Island and Cox Ledge. The intrusion vividly

demonstrated a significant deviation from climatological average salinity/temperature ranges.

Monthly-mean currents at the mooring sites provided important additional support for the
system-wide circulation patterns put forth in Part 1; observed tidal currents were in very good
agreement with earlier findings. Oxygen concentrations were lowest (5-6 mg 1"") in deep north
central RIS during periods of stronger stratification, June and September. Chlorophyll levels
were highest during September, in BIS and eastern RIS, with maxima typically in subsurface
layers. In summer and fall the euphotic depth varied sharply, from ~10 m or less to the north and
west of the BIS estuarine outflow water mass boundary to ~40 m offshore of it, and was reduced
by high turbidity in December. Waves showed modest geographic variations, with typical
significant wave heights of 0.5-2.5 m, typical peak wave periods of 5-10 seconds, and a

generally persistent northward component of peak wave direction.
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1  Purpose and Scope

The purpose of this report is to present new observations collected to characterize water
properties, currents, and waves in the Rhode Island Special Area Management Plan (OSAMP)
region. This is Part 2 in a two-part series and complements the review of previously gathered
information in Part 1 (Codiga and Ullman 2010). These new observations expand on prior
investigations through use of modern measurement techniques and by exploring geographic
areas that have, as described in Part 1, received almost no previous attention. For water
properties, the emphasis is on geographic (Figure 1) and vertical structure, and seasonal changes.
For currents, the emphasis is on descriptions of tidal fluctuations, weather-band variability
(changes on timescales of about 1 to 10 days), as well as monthly means and longer-term means.
The analysis examines and compares time series of vertical profiles of water properties and
currents from four locations (Figure 2), chosen to be representative of the range (across the
SAMP region and its important bounding water bodies) of water depths, tidal currents, distance
from shore, and distance from freshwater input. Surface wave parameters are described from
those sites, and one site farther offshore (Figure 2). The reader is referred to Part 1 (see, in
particular, Figures 1 and 2 of Codiga and Ullman 2010) for overall context, including
descriptions of the geographic and bathymetric setting, and a map with geographic place names

labeled.

In addition to temperature, salinity, and density, the water properties analysis includes
measurements of dissolved oxygen, Chlorophyll fluorescence, turbidity, and euphotic zone depth
based on vertical profiles of photosynthetically active radiation measurements; while the latter
four quantities are described briefly here, for more complete discussion of their implications to
biological and sediment transport processes the relevant companion OSAMP reports should be
consulted. Similarly, while our analysis presents wind measurements, it does so solely for
context in interpreting currents; for a comprehensive description of winds reference should be
made to the OSAMP studies dedicated to winds. Tidal and weather-band fluctuations in sea level
are addressed here but the durations of the observations do not permit us to address climatic
change in sea level, which is taken up in a separate OSAMP document. Finally, it should be
noted that the treatment of wave observations here is cursory because a companion OSAMP
report includes a more thorough investigation of wave processes based on both these

observations and an intensive modeling effort.
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2  Introduction

Temperature and salinity characteristics across sizable portions of the OSAMP domain,
particularly eastern Rhode Island Sound (RIS), are historically severely under-sampled. This was
made clear by the review of available observations in Part 1, and was a primary motivation for
the seasonal series of vessel-based conductivity-temperature-depth (CTD) surveys completed
and described here. In order to capture vertical structure and geographic patterns, the surveys
include profiles spanning the water column at stations covering the entire OSAMP domain with
nominal spacing of 8-12 km (Figure 1). The station grid is nearly identical to that used in Part 1
for explorations of historical observations and model outputs, so facilitates direct comparisons.
The goal of the surveys was to characterize the seasonal cycle, so one 2-3 day survey was
completed in each of September 2009, December 2009, March 2010, and June 2010. In addition
to temperature and salinity the surveys measured water properties relevant to biological and
sediment transport processes: dissolved oxygen, Chlorophyll fluorescence, turbidity, and
photosynthetically active radiation. The maps and sections presented here using these quantities

are a considerable advance over previously available observations.

A series of deployments of moored instrumentation captured temporal variability of
temperature, salinity, currents and waves on timescales from hours to seasons, in order to
complement the broad geographic coverage but minimal temporal resolution and of the vessel-

based water property surveys. Moored instruments sampled five sites (Figure 2, Table 1).

At two sites, moorings instrumented with a suite of water-column sensors (temperature,
salinity, currents), accelerometers to measure wave properties, and meteorological sensors
(winds, temperature, pressure) were maintained continuously year-round starting in October
2009. The deployments were carried out by University of Maine under subcontract, as part of the
Northeastern Regional Association of Coastal Ocean Observing Systems (NERACOOS), and
data were delivered and distributed in real time. These two moorings are denoted MD-S and
MD-F; MD indicates Multi-Disciplinary (both oceanographic and meteorological parameters
were sampled), S indicates the site is in RI state waters south of Block Island, and F indicates the
site is in federal waters in southeastern RIS. The MD-S site was south of Block Island by about 8
km; the MD-F site was south of eastern RIS at a latitude similar to that of MD-S.

To provide improved understanding of geographic variations of temporal evolution of in
water-column structure of physical oceanographic characteristics (temperature, salinity, currents,

wave attributes), moored instruments were deployed at two additional sites that complement
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MD-S and MD-F. One site was located about 10 km southeast of MD-S, to help characterize the

transition toward deeper water. The second site was located about 15 km north-northwest of
MD-F, to help understand how properties change inshore of MD-F towards central RIS. At these
complementary sites, only physical oceanographic parameters were sampled, hence they are
referred to as PO-S and PO-F respectively. Note that, despite its name, the PO-S site is not in
state waters. The PO-S and PO-F moorings were maintained for two deployments, one in late
Fall 2009 (denoted FA09) and one in late Spring 2010 (denoted SP10), since year-round
sampling was not possible given budgetary and logistical constraints. As these instruments were

not intended for real time sampling, they recorded and stored data internally.

At a fifth site the Army Corps of Engineers established a Datawell directional wave buoy,
denoted the Block Island Wave Buoy (BIWB) although it is located offshore from central RIS. It
has operated continuously since October 2009 and its real-time data stream is managed by the

Coastal Data Information Program (CDIP) at Scripps Institution of Oceanography.

3 Methods
3.1 Vessel-Based Water Properties Surveys

Four vessel-based surveys, at approximately 3-month intervals covering the seasonal cycle,
were carried out from the University of Rhode Island’s research vessel Hope Hudner. The station
grid (Figure 1) extends across eastern Block Island Sound (BIS), RIS, and the offshore area to
the south. Surveys took 2-3 days to complete (see Table 2 for the survey dates) and were made
without regard to tidal phase. During the December 2009 survey, not all stations were occupied

due to weather conditions; the omitted stations are clear in the maps presented below.

At each station, vertical profiles of electrical conductivity (C), temperature (T), pressure (P),
oxygen concentration (O), chlorophyll fluorescence, turbidity, and photosynthetic active
radiation (PAR) were obtained using a hand-lowered package. The sensors included a SeaBird
Electronics SBE 19plus CTD, with T, C, and O, (SBE 43) sensors located within a pumped duct;
a Turner Designs 2-channel SCUFA 2000-007 Fluorometer measuring chlorophyll and turbidity;
and a BioSpherical QSP2300 PAR sensor.

The data were processed using SeaBird’s data processing software (SBE Data Processing),
including corrections for sensor alignment, conductivity cell thermal mass, and the response time
of the O, sensor. Salinity was computed from the measured C, T, and P data, and all variables

were averaged into 1 dbar (~1m) vertical bins. Chlorophyll fluorescence measurements were
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converted to chlorophyll concentrations using a generic calibration. Turbidity, a measure of the
scattering of light by suspended particles in the water, was estimated from measurements of the
90° scattering of light from the fluorometer’s light source using the manufacturer’s calibration.
The vertical profiles of PAR were used to estimate the light extinction coefficient by fitting the

observed data to an exponential function: 1(z) = I,e™™, where I(z) is light intensity at depth z, I,

is the intensity at the surface (z=0), and k is the extinction coefficient (units m™). For profiles
where the CTD was not shaded by the survey vessel at the surface, the fits were performed using
observations from the surface down to a depth at which the sensor response was observed to roll
off. When the CTD was shaded near the surface, the upper 5-10 m of the profile was omitted
from the fit. The depth of the euphotic zone was estimated as the depth at which the light

intensity was 1% of the surface value (/y).
3.2 MD-S and MD-F Moored Instrumentation

On the MD-S and MD-F moorings the subsurface instrumentation (Table 1) included three
CTDs, a 2m-deep Aanderaa 3429 current/temperature sensor recording once per hour, and a
downward-looking Teledyne RD Instruments 600 kHz acoustic Doppler current profiler (ADCP)
that sampled each meter from 5 m deep to within 3-4 m of the seafloor using 6-second ping
interval for 8 minutes once an hour. The CTDs were SeaBird Electronics 37 Series; one mounted
on the buoy sampling each 30 minutes, one on the mooring wire in the upper water column, and
one on the wire nearest the seafloor, the latter two sampling each 60 minutes and sending their
data inductively to a coupler at the top of the wire rope. Wave parameters were measured by a
Summit 34103A accelerometer package on the buoy operating at 2 Hz for a 17-minute interval
each 30 minutes. The meteorological package included redundant Gill WindSonic wind sensors
at 4m above sea level, and a Campbell 107L temperature sensor and Setra 270 barometric

pressure sensor both at 3m above sea level.
3.3 PO-S and PO-F Moored Instrumentation

During each period (FA09 and SP10) a mooring instrumented with 7 CTD sensors distributed
through the water column was deployed at each of the two sites, with an upward-looking ADCP
in a bottom frame deployed close nearby (within nominally 200 m). The CTDs, measuring
pressure as well as temperature and conductivity, consisted of a Falmouth Scientific Instruments
NXIC bracketed to the buoy, sampling at 6 Hz for about 10 seconds each 90 seconds, and six

SBE-37SM Microcats on the wire rope below sampling once each 16 seconds. After passing the
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data through a 3 point running median filter to remove spurious values, the CTD data were

averaged into 4-minute ensembles.

Each ADCP was a Teledyne RD Instruments 600 kHz deployed and recovered in a Mooring
Systems Incorporated bottom frame. They measured currents each meter from about 2-3 m off
the seafloor to about 3-4 m below the surface, with pings each 6 seconds and 20-minute
ensemble averaging interval. The ADCP measured wave orbital motions and computed
significant wave height, peak wave period, and peak wave direction, using a 20-minute burst of 1

Hz sampling each 2 hours.

Sea level perturbations 1 [units: m] were estimated using bottom pressure p,, [units: dbar]
measured by the ADCPs, under the assumption of a water column with constant density p
[units: kg m™], as n = Do /(pg) for gravitational acceleration g = 9.8 m s”. For the analysis of

subtidal sea level the raw bottom pressures were adjusted, by adding 0.01 X pum meters to
account for the inverse barometer effect, using the average of the atmospheric pressure pam
[units: mbar] measured by the MD-S and MD-F buoys. Subtidal bottom pressure and

atmospheric pressure were each treated as deviations relative to their respective record mean.
3.4 BIWB Moored Instrumentation

The BIWB is a Datawell directional buoy measuring significant wave height, peak wave
period, and peak wave direction, based on 17-minute bursts of sampling each 30 minutes. Details

of the processing are provided at the CDIP website (cdip.ucsd.edu).
3.5 Analysis techniques

Tidal analysis was carried out using the t-tide software package (Pawlowicz et al. 2002) and
methods as described in Codiga and Rear (2004). Sub-tidal currents, sea level from bottom
pressure, winds, and wave directions were calculated by sub-sampling to 12-hourly values after

applying a 25-hour half-width triangle-weight low-pass filter.
4  Results: Water Properties

4.1 Maps and Sections of Water Properties from Vessel-Based Surveys

We present the observations in two forms: (1) maps showing variables at a given depth below
the water surface or height above the bottom, and (2) vertical sections along the approximately

north-south and east-west lines shown in Figure 1. Although the data are treated as if the stations
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were sampled synoptically, it should be borne in mind that 2-3 days were required to complete
the surveys. Therefore during the course of the sampling some unresolved changes in water
properties occurred due to temporal evolution of the processes controlling them, including

advection by tidal and subtidal currents.
4.1.1 Temperature

During the late summer (September) hydrographic survey (Figures 3, 4, and 6), near-surface
horizontal temperature gradients are generally small. This is in contrast to the observation of a
moderately strong temperature front (AT ~ 1-2 °C) separating cooler BIS waters from warmer
RIS and offshore waters in the satellite-derived sea surface temperature (SST) climatology
developed in Part 1 using all available observations from 2002-2007 (Codiga and Ullman, 2010).
The reason for this lack of gradient in the survey data is not clear, but it is possible that the
survey period (which was calm, sunny, and hot) was unrepresentative of typical conditions
whereby vertical mixing is strong enough to mix heat downwards, thus cooling the surface
nearer to BIS. Strong near-bottom horizontal gradients occur generally aligned with the 40 m
isobath on the south side of Cox Ledge (southern end of lines NS6 and NS7) and the 30 m and
40 m isobaths south of Block Island. A deep thermocline (~30 m or deeper) is observed in
central RIS and in the areas offshore of RIS and BIS, whereas in BIS and north-central RIS there
is little vertical temperature structure. Vertical temperature differences range from less than 1.5
°C along the northern edge of the survey region to around 7 °C in the offshore region south of
RIS. At the offshore end of line NS7, a thin layer of warm (18-19 °C) water is observed just
above the thermocline (~30 m depth). Examination of the corresponding salinity section (Figure
9) shows that this water is saltier than the water above and below, suggesting that this feature is
an intrusion of outer shelf water similar to those observed in earlier surveys (e.g. Churchill

1985).

Whereas the late summer survey observed warmer surface water temperatures than deep
temperatures, during the early winter (December) survey (Figures 3, 4, and 6), the temperature
gradient is reversed with coolest water near the surface and warmest water at depth. Vertical
temperature differences range from near zero in BIS and the shallower northern and eastern parts
of RIS to 4-5 °C at the offshore end of line NS3 south of Block Island. Near-surface
temperatures generally decrease towards the north and east where the shallow water column
tends to cool most rapidly in late fall. However, as during summer, near-surface horizontal

temperature gradients are weaker than those at depth. Near the bottom, highest gradients occur in
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the region south of Block Island and in central RIS associated with the edges of a warm patch
centered on the deep channel extending northeast into central RIS. Water temperatures at depth
in this patch, which appears to be contiguous with offshore deep waters south of Block Island ,
are greater than 15 °C. Temperatures in this region are anomalously high compared to
temperatures during fall (<13 °C) and winter (<6 °C) at the seafloor in the hydrographic
climatology and the model output examined by Codiga and Ullman (2010). As will be discussed

in the next section, this water is also anomalously salty, suggesting outer shelf origin.

During the late winter (March) survey (Figures 3, 5, and 7), the range of observed temperature
over the whole region is quite small (range of 2-4 °C over the entire region at all depths)
reflecting the homogenization of temperature due to strong surface cooling in winter (and
possibly the offshore retreat of the anomalously warm deep water observed in late autumn).
Coldest water during this survey was located near the bottom in northeast RIS while warmest
temperatures were observed near the surface in the western half of the survey region. The
relatively warm surface layer in BIS and western RIS was less than 10 m thick and likely

associated with outflow from Long Island Sound (LIS).

The late spring hydrographic survey in June (Figures 3, 5, and 7) shows the re-emergence of
strong thermal stratification in the region. Vertical surface to bottom temperature differences
range from 2-3 °C in BIS and northeastern RIS to ~10 °C at the offshore edge of the survey
region. Surface temperatures in BIS are ~2 °C cooler than surface waters offshore and in RIS,
consistent with the SST climatology of Codiga and Ullman (2010). As was seen in the
September survey, large gradients in near-bottom temperature occur, but during this survey the
high-gradient region is shifted to shallower areas (roughly the 30 m isobath). This shift is
probably explained by the shallower surface mixed layer during the June survey compared to
September. In this interpretation, the high near-bottom gradients are found where the thermocline

intersects the bottom.
4.1.2 Salinity

The salinity field during the September survey (Figures 8, 9, and 11) is dominated by the low-
salinity outflow from LIS. Near-surface salinities increase from less than 31 PSU in
central/western BIS to greater than 31.5 PSU in central RIS and greater than 32 PSU in offshore
areas. Near-bottom salinities increase by roughly the same amount (~1.5 PSU) over the same

areas with some indication that the horizontal gradient steepens in the southwest corner of the
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survey region where the coastal current associated with the LIS outflow onto the continental
shelf is known to lie (Ullman and Codiga 2004). Vertical salinity stratification is strongest in
northwest BIS where surface to bottom differences of up to 2 PSU occur, and weakest to the east
and offshore (except for the westernmost portion of the offshore zone which is influenced by the
aforementioned coastal outflow). The shallow area east of Montauk Point, station 31 along line
NS1 (Figure 1), is vertically well-mixed during this survey (and appears to be so during the later
ones as well). Although salinity generally increases with depth (and distance eastward), the
highest salinities in the entire region occur in the thin intrusive feature identified in the
temperature data (see section 4.1.1) at about 30 m depth at the offshore end of line NS7. The
maximum observed salinity in this intrusion (which is also warmer than water above and below)
is approximately 33.5 PSU, which according to the shelfbreak front climatology of Linder and
Gawarkiewicz (1998) is outer shelf water found on average on the inshore side of the shelfbreak

front, about 100 km offshore.

In the December survey (Figures 8, 9, and 11), observed near-bottom salinities in areas of the
survey region with water depth greater than about 35 m are extremely high. Salinity in the deep
channel north and west of Cox Ledge is greater than 34 PSU and the peak salinity of greater than
34.5 is observed at the offshore end of line NS3. Note that the offshore station of line NS4 was
not sampled during this survey and it is possible that the high salinity core is larger than it
appears in Figure 8. Nonetheless, the deep water observed in the December survey is clearly
anomalous (compare with peak near-bottom salinities of 33.25 PSU in the fall and winter
hydrographic climatology; Codiga and Ullman, 2010). In fact the shelf break front climatology
of Linder and Gawarkiewicz (1998) puts the 34.5 isohaline in the center of the front over the
shelf break, intersecting the bottom on average at approximately the 100 m isobath. Minimum
surface salinity of less than 31 PSU was observed in the December 2009 survey in west/central
BIS. This value is approximately the same as the minimum value observed in the September
survey, although the areal extent of the low salinity region appears to be somewhat reduced.
Examination of the hydrographic climatology surface salinity in west/central BIS (Codiga and
Ullman 2010) shows that the observed December values are approximately equal to the

climatological values in fall and fresher (by several tenths of a PSU) than the winter values.

Strongest near-surface horizontal salinity gradients in the December survey are observed on
the shelf southwest of Block Island (as in September) and also in northeastern RIS. In northeast

RIS, on lines NS7 and NS8, a surface-layer front with cross-frontal salinity difference of
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approximately 0.5 PSU over 10 km is observed (Figure 9). The front weakens slightly in the RIS
sections to the west (NS4 — NS6). Vertical surface-bottom salinity differences during the
December survey ranges from several tenths of a PSU in BIS (and nearly zero at the station east
of Montauk) to ~3 PSU in the offshore regions influenced by the high salinity intrusion
discussed above. There is a suggestion, in the upward bowing of deep isohalines in sections EW3
and EW4 (Figure 11), that the deep saline water mass over the northwest corner of Cox Ledge

and in the channel to the northwest is being modified by vertical mixing.

The March survey found the deep salinity in the deep central RIS and offshore regions to be
greatly reduced from the December values (Figures 8, 10, and 12) indicating the presumed outer
shelf water has retreated offshore or been advected alongshore out of the survey region.
Maximum salinity during the March survey was ~32.5 PSU while the freshest water, at the
surface in west/central BIS, was less than 29.5 PSU, reflecting the increased river inflows during
late winter. Near-surface salinities increase rapidly towards eastern BIS and the front between
the freshest water and RIS and shelf surface water extends from eastern BIS southwest onto the
shelf to the southwest of Block Island. The sloping front on the shelf south of BIS intersects the
bottom roughly between the 30 m and 40 m isobaths, consistent with findings of Codiga (2005)
based on the sharp front in velocity. Vertical salinity stratification in BIS is much stronger during
March 2010 than during the previous surveys, with surface-bottom salinity differences of ~2
PSU there. Salinity stratification weakens towards the east, with surface-bottom differences of
less than 1 PSU in eastern RIS. However, even in eastern RIS, there is evidence of a slightly
freshened (S ~ 31 PSU) lens of relatively low salinity water at the northern edge of the survey

region.

During the June survey (Figures 8, 10, and 12), the observed salinity range is slightly reduced
from that encountered in the March survey. Minimum observed salinity in west/central BIS was
about 0.5 PSU saltier (~30 PSU), while maximum salinity at depth offshore is approximately the
same (32-32.5 PSU). Eastern BIS and central RIS are fresher (by ~0.5 PSU) in June as compared
with March, suggesting an expansion of the region influenced by the outflow from LIS.
Horizontal as well as vertical gradients of salinity are somewhat reduced in June compared to
March. There is a weak signal of freshening along the edge of the survey region in northeast RIS.
As was observed in prior surveys, the shoals east of Montauk are well-mixed, but during the June

survey, the mixed area extends all the way to Block Island.
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4.1.3 Density stratification

Vertical stratification in water density is an important dynamical characteristic of the water
column in the sense that vertical mixing is influenced by the degree of stratification present
(conversely, vertical mixing impacts the stratification in the sense that increased mixing
produces, over time, a less stratified water column). Vertical stratification was computed for each
CTD cast by differencing the deepest (typically 1-3 m above the bottom) and shallowest (I m
depth) density values. This definition of stratification is the most straightforward, however, it
should be borne in mind that there is some tendency for this quantity to be higher for deeper

CTD casts. Figure 13 shows maps of the density difference for each of the 4 CTD surveys.

Stratification during the September survey was strongest in the deep offshore region,
especially in the area south of BIS where density differences of 2-3 kg m~ were observed.
Weakest stratification (< 1 kg m™) occurred in the northeast portion of RIS, in northern and
western BIS, and southeast of Block Island. A zone of rapid spatial variation in the vertical
stratification was found just south of the entrance to BIS, the area where the LIS/BIS outflow
front is observed in surface temperature and current data (Ullman and Codiga 2004; Codiga
2005). In general, during September, vertical stratification is influenced by both salinity and
temperature in the western portion of the OSAMP region, with the influence of salinity

decreasing towards the east.

In December, stratification was generally weak, with density differences everywhere less than
1.25 kg m™. Highest values occurred in the deeper offshore region and lowest values (essentially
zero) were observed around the periphery of BIS and RIS as well as on Cox Ledge. Vertical
density differences during December were dominated by salinity variations, as the vertical
temperature gradient (Figure 4) during this period was destabilizing (warmer water at depth). As
discussed in Section 4.1.2, the near-bottom salinity at depth at the deep offshore stations was
anomalously high during this particular December, suggesting that the vertical stratification in

this survey may not be typical.

Stratification during the March survey remained negligible in the southeast part of the
OSAMP region (Cox Ledge). Relatively high stratification (1.5-2 kg m™) was detected at two
stations in BIS. This results primarily from decreased near-surface salinity (see Figure 10)
presumably due to incre