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Introduction

A comprehensive understanding of estuarine systems requires the utilization of
detailed observations in conjunction with numerical models. While technological
advances are improving our ability to monitor estuarine systems, the three-dimensional
and time-dependent nature of estuarine processes will always limit our ability to fully
characterize this complex environment. Thus, successful management will rely on state-
of-the-art observational techniques used in close conjunction with numerical simulations.
Numerical models are becoming increasingly sophisticated in their ability to not only
simulate the physical characteristics of an estuary, but also to characterize the complex
biological components as well. With scientists and resource managers relying on
numerical models more and more, it is becoming increasingly important to test these
models, and study the detailed processes that they numerically parameterize.

During the past 18 months as a post-doctoral scholar, my research has focused
both on utilizing numerical models to simulate estuarine processes, as well as making
field observations that will be used to test and calibrate these models. My modeling
efforts have focused on examining the processes that drive circulation in the Hudson
River. Thiswork, in collaboration with other scientists at WHOI, has helped to clearly
illustrate the mechanismsthat drive circulation in the Hudson River and lends support to
simple relationships that can be used to predict both the strength of the circulation, as
well as the salinity distribution in the estuary. These modeling studies have aso provided
insights into how and where fresh and salt water mix in the estuary. The results from
these modeling studies were used to help design afield study, funded by the Beacon
Institute, to make detailed observations of turbulent mixing in the Hudson River. Prior to
this, few, if any, direct measurements of this kind have been made in the estuarine
environment. While thiswork is still ongoing, the initial results validate this new method
of measurement and demonstrate the potential for this innovative new technology. Inthe
remainder of the document, | summarize the progress | have made on this topic over the
past 18 months.

Numerical Modeling

A primary focus of my research at WHOI has been the utilization of the Regional
Ocean Modeling System (ROMYS) to study estuarine processes. ROMS is a state-of-the-
art numerical model used to simulate flows in the coastal ocean. More specifically,
ROMS has been successfully applied to predict the circulation and salinity distribution in
the Hudson River estuary. Over the past year, | have collaborated with John Warner at
the United States Geological Survey (USGS), utilizing his model of the Hudson River to
conduct a detailed study of the physica mechanisms that drive the circulation. Because
this model has already been shown to faithfully predict the circulation and salinity
distribution in the Hudson, it provides an excellent tool for conducting this study. One of
the goals of estuarine science is to develop simple predictive parameterizations for the
strength of the tidally-averaged residual circulation.
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Traditionaly, the strength of circulation is estimated based on the ratio of the
strength of the pressure gradient driven by the along-channel salinity gradient to the
frictional resistance. While numerous studies have suggested that this approach does not
adequately describe the physics of the problem, it has been applied with remarkable
success. One of the main processes often neglected in simple parameterizationsis the
role of lateral circulations (Figure 1). These flows, which are perpendicular to the
channel axis, often are not considered in studies of estuarine circulation; however, they
play asignificant rolein the redistribution of momentum. This redistribution of
momentum plays a fundamental role in controlling the along-estuary residual circulation.
In fact, one of the primary findings of my research has been to demonstrate that the
redistribution of momentum by lateral flowsis equally asimportant as the along-channel
pressure gradient in driving the residua flow (Figure 2).

Despite the fact that simple parameterizations do not account for the role of lateral
circulation, they have shown predictive skill in a number of estuarine systemsincluding
the Hudson River. This presents something of a paradox, as these simple representations
do not include processes that play afundamental role in driving the circulation. My work
utilizing the ROM S model helps to explain this apparent paradox. Another key process
in controlling the tidally-averaged residual circulation is the suppression of turbulent
mixing due to the presence of stratification. Under stratified conditions, thereisless
frictional resistance, so the circulation is enhanced. While increased stratification
enhances the along-estuary circulation, it acts to retard the strength of laterd circulation
at thetidal timescale. Thus, because both the lateral circulation and the suppression of
turbulent mixing increase the along-channel circulation but have an opposite dependence
on the degree of density stratification, these two processes largely offset each other. Asa
result, simple parameterization can effectively predict the residua circulation even
though they are poor representations of the actual physical processes.

The parameterization of turbulent mixing isimportant to understanding estuarine
processes. Not only does it impact the overall estuarine circulation, but it greatly impacts
the transport of salt and other biologically important materials. Processes such as
contaminant exchange between the water column and benthos (bottom), modul ation of
dissolved oxygen, nutrient availability, sediment transport and larval dispersal are all
strongly impacted by turbulent mixing. Understanding when and where mixing occursis
of fundamental importance to any number of important processes.

Another aspect of my research has been examining the spatial and temporal
patterns of mixing in the Hudson River utilizing the ROMS model. Previous work in the
Hudson River estuary has suggested that mixing is more intense during the flood tide
(Chant et al., in press). However, the modeling results demonstrate the spatial and
tempora complexity of mixing. In particular, the model results highlight the importance
of mixing during the ebb tide, particularly over the regions flanking the main channel
(Figure 3). These patterns of mixing are largely the result of lateral circulations. The
superposition of the Ekman forcing and the lateral baroclinic pressure gradient during the
flood tide leads to consistently stronger lateral flows as compared to ebb. These strong
lateral flows act to increase thedensity stratification throughout the flood tide, with the
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maximum stratification occurring at the end of flood. Much of this stratification is then
mixed away during the subsequent ebb, resulting in significant buoyancy flux. Because
the presence of stratification acts to reduce lateral circulation, the strength of the lateral
flows is maximal during the spring tides when the overall density stratification is
reduced. Contrary to previous findings, intense mixing continues during the spring tide,
because of the persistent creation of stratification at tidal time scales by lateral flows.

Observations of Turbulent Mixing

The results from these modeling studies have been used in collaboration with
direct field measurement of turbulent mixing. Despite understanding that turbulent
mixingis of fundamental importance to estuarine research, few if any studies that directly
measure mixing rates have been conducted in the estuarine environment. Making such
measurements is technologically challenging, and the necessary instrumentation has only
become available over the past decade.

The other primary focus of my postdoctoral research has been to contribute to the
development and implementation of a new oceanographic sensor designed to directly
measure turbulent mixing. The Mobile Array for Sensing Turbulence (MAST) was
developed by Rocky Geyer and John Trowbridge at WHOI and is a state-of-the-art sensor
designed to directly measure the turbulent characteristics of coastal and estuarine flows.
It consists of a 10-meter pole that is deployed vertically in the water from aresearch
vessdl (Figured). It contains an array of instruments that can measure both the velocity
and salinity of the water at extremely high sampling rates. During the past year, we have
conducted several test cruises as part of the development of this new sensor. Using
funding from the Beacon Institute, we were able to conduct another field experiment
using the MAST in the Hudson River in October 2006. The experiment spanned 6 days
and focused on a stretch of the river near Spuyten Duyvil. In addition to deploying the
MAST to make direct measurements of the turbulent characteristics of the flow,
additional instrumentation was deployed to provide a more general description of the
currents and salinity variationsin the estuary.

Guided by the results of our modeling studies, we chose to examine lateral
variations in turbulent mixing during severa tidal cycles. Consistent with the model
results, we observe strong lateral flows, particularly during the flood tide. These lateral
flows significantly impact the amount of vertical density stratification. In contrast to the
conventional view of stratification, but consistent with our modeling results, we observe
the greatest density stratification over the shoal region at the end of the flood tide
(Figures 5b and 5¢). This stratification isthen largely destroyed during the ensuing ebb.
Utilizing the MAST, we were able to quantify the intensity of mixing over thetidal cycle.
The near-bed turbulent energy dissipation was significantly greater during the ebb tide, as
compared to the flood (Figures 5d and 5e). Using these estimates of turbulent
dissipation, combined with the detailed measurements of the salinity, we can infer that
significantly greater salt flux occurred during the ebb tide. These results provide
additional validation in our numerical modeling results.
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Summary

My experience as the WHOI/Beacon Institute for Rivers and Estuaries
Postdoctoral Fellow has been an extremely rewarding opportunity that | am sure will play
an important role in my professional career development. In addition to participating in
the development of a state-of-the-art turbulence sensor, | became proficient in the
application and utilization of advanced numerical modeling techniques. Much of the
work outlined above continues to be a primary focus of my ongoing research. | am
currently preparing several manuscripts detailing these results, which should be
submitted for publication this summer and early thisfall. Two abstracts from expected
publications are included in the appendix of thisreport. In addition to utilizing numerical
modelsin my research, | hope to continue to be involved in the development and
utilization of new observational platforms, such asthe MAST. The integration of
innovative observational technologies with advanced numerical models should
significantly advance our understanding of estuarine systems, vastly improving our
ability to manage these valuable resources.
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Figurel Contours of salinity stratification with lateral velocity vectors averaged over
flood and ebb for spring and neap tidal conditions, for a cross-section of the Hudson
River roughly 45 km upstream from the Battery, from ROMS model. Theserelatively
strong lateral flows interact with the local density gradients and significantly impact the
transfer of momentum, altering the along-channel residual circulation.
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Figure 2. Forcesdriving the residual circulation in the Hudson River model simulations
using ROMS, from layer-averaged momentum balance for river discharges of 150, 300,
600, 1200 m*/s. Momentum terms are tidally-averaged and presented as difference
between surface (out flowing) and bottom (inflowing) layers. Traditionally the balanceis
assumed to be between baroclinic pressure gradient (red line) and stress divergence

(black line). However, these results demonstrate the importance of the advective

acceleration terms (blue line), driven by lateral circulations.
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