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FOREWARD 

On the tenth anniversary of the successful completion of the NOS Long Island Sound Oceanography 
Project (1988-1994) to further stimulate and encourage research in residual circulation in Long Island 
Sound a summary paper on this topic is presented here. The paper summarizes the NOS Long Island 
Sound Project with a focus on residual circulation determination for water quality management. The 
paper identifies the following areas for further research: 

1) development of a revised gyral current sampling scheme, 
2) construction of a higher (0.1-1.0 km horizontal with order 20 sigma level vertical) 
resolution curvilinear coordinate hydrodynamic model, 
3) development of a two-dimensional vertically integrated and companion three­
dimensional vorticity analysis package, and 
4) incorporation ofthe residual circulation computation within the NOS nowcast/forecast 
system methodology. 

To further investigate the gyral circulation, satellite SST and chlorophyt-a structures should be 
studied. In addition, CODAR and SAR imaging techniques should also be considered. 





The Residual Circulation in Long Island Sound: 
Gyral Structure in the Central and Western Basins 

Richard A. Schmalz, Jr. and Michael F. Devine 
NOAA/National Ocean Service, N/CS13, 1315 East-West Highway, Silver Spring, 
MD, 20910 

The nature of the gyral circulation in the central and western Sound is investigated 
through observations and a three-dimensional numerical model. The National 
Oceanic and Atmospheric Administration's (NOAA) National Ocean Service 
(NOS), the State University of New York at Stony Brook (SUNY) and the 
University of Connecticut (UCONN) observations are used to depict the residual 
circulation on monthly-averaged time scales. The numerical model provides details 
of the circulation and its response to external parameters to an extent not 
previously available. Effects of tides, density fields, winds, and sea level gradients 
are investigated separately via the numerical model and their contributions to the 
total residual circulation are presented. Seasonal variations are discussed in terms 
of an eighteen month simulation and compared with residual currents derived from 
observations. The gyral structure emerges as a result of the interaction of a 
stratified tidal estuary with topography. Wind stress modifies the gyral structure 
considerably, and in six of the eighteen months eliminates it entirely. 
Recommendations for additional measurement and modeling studies are advanced 
to further investigate these gyral structures. 

INTRODUCTION 

Long Island Sound (LIS) has many of the features of a partially mixed estuary. It is about 185 

km long and, except near its constricted eastern and western ends, about 15 to 30 km wide. It 

is divided into eastern (90m maximum depth), central ( 40m maximum depth) and western ( 40m 

maximum depth) basins by a series of irregular sills, as shown in Figure 1. It is distinct from 

most other estuaries, however, in being connected to the open sea at both ends (through Block 

Island Sound to the east and the East River and lower Hudson River estuary to the west), and in 



having most of its fresh water enter near its eastern, higher salinity end, through the Connecticut 

and Thames Rivers. 

Associated with this structure are some unanswered questions about the residual circulation. In 

addition to a general eastward flow in the upper layer and westward flow in the lower layer, it has 

been hypothesized from temperature, salinity and scattered current meter records (Riley, 1952; 

Paskausky, 1977) that there are mesoscale, horizontal gyral circulations in the western and central 

Sound. Their nature and permanence, however, have not been extensively observed or analyzed. 

Because of these and other uncertainties, and their implications for pollutant loading and transport 

in Long Island Sound, the National Oceanic and Atmospheric Administration's (NOAA's) 

National Ocean Service (NOS), the State University of New York at Stony Brook (SUNY), and 

the University of Connecticut (UCONN) made extensive physical measurements in the Sound in 

1988 and 1989. NOS made additional observations (NOS, 1990) and developed a three­

dimensional numerical model, which was completed in 1993. The model produced three­

dimensional fields of velocity, temperature and salinity at 2.5-minute intervals for the 18-month 

period from April 1988 through September 1989. Results were used in the Environmental 

Protection Agency's water quality study of low dissolved oxygen in the western Sound. 

Physical oceanographic characteristics of the Sound 

The most prominent feature of the water movement in LIS is the tidal current, resulting from a 

co-oscillating tide wave moving through the Sound. The strongly semi-diurnal tide is primarily 

progressive as it moves westward through Block Island Sound, but is modified by the bottom 

topography of LIS in such a way as to gradually change to a primarily standing wave. In the 

Western Narrows, the dynamics are further complicated by interference from a second tide wave 

moving up the East River from New York Harbor. The mean tidal range increases from about 

0.7 mat The Race to 2.2 min the Western Narrows. Mean tidal currents are over 200 cm/s in 

The Race and decrease to less than 25 cm/s in parts of the Western Narrows. 

Average surface salinity at Throgs Neck (the western boundary of the Sound) ranges from around 

22 psu in the spring to 27 psu in the fall, increasing eastward to 30 to 31 psu at The Race. 

Bottom salinities are 0.5 to 2 psu higher. A 2 to 4m thick lens of much lower salinity water has 

been observed to penetrate into the Sound from the Connecticut River during high discharge 

conditions (Riley, 1956; Garvine, 1986). Thermal stratification develops in the spring and breaks 

down in the fall. The surface temperatures in the open Sound range from 2 to 5°C in the winter 
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summer of 1989 was different than that in 1988 in that net winds were much weaker; the reduced 

gyre persisted through July. 

The model depiction in May 1988, the only month with mean westward wind (except for the weaker 

mean wind in September 1989, when stratification was also much less), was distinctive in that it 

was the only month in which a near-surface gyre was present in the western basin. The westward 

wind generated the same qualitative gyral pattern as tide and density, and in fact the central basin 

gyre was larger and better developed than in any other month. The 10 m fields substantiate 

changes to the gyral structure with depth in all three major components of the residual circulation 

whether seasonal stratification is present or not. 

In most months, the model near-bottom flow resembled that of the simulated current examples 

(Figs. 11 and 12), with westward flow through the central basin in the Thalweg, and cyclonic flow 

to the north, with eastward flow near Connecticut. The major departure from this pattern was in 

April and May 1989, when modeled bottom flow was much more irregular. 

Overall, the model shows the profound alteration that moderate net wind stress makes to the 

baroclinic circulation pattern in a complex three-dimensional estuary. This is in contrast to the 

situation in a laterally homogeneous estuary (Hansen and Rattray, 1965), where moderate wind 

stress alters the magnitude of the gravitational circulation, but does not change its basic character, 

while a stronger wind against the direction of the upper-layer gravitational circulation alters the 

direction of flow only very near the surface. 

Based on the present hydrodynamic model, minimum gyre scales are estimated to range from 4 

to 10 km. These features can only be approximately resolved using the present grid, since at least 

10 grid cells necessitating grid spacings from 0.4 to 1 km would be required to fully resolve these 

features. These spacings are two to five times the resolution of the present numerical grid. Thus, 

only the general characteristics of the gyres may be inferred from Table 1. Additional numerical 

experiments with a curvilinear grid of order 0.4 to 1 km grid spacing, are recommended to further 

elucidate the gyral circulation. A longer modelling period, perhaps several years or more, might 

further clarify the relationship between wind and gyral structure. On the other hand, detailed 

observations are needed to substantiate the gyral structure and its variation. Using the present 

model as a guide, the following ADCP current meter distribution with 10 minute sampling 

interval is suggested. To study the western basin gyre, two 10 km transects (one north-south and 

one east-west intersecting at their mid-points at 41 °N and 73° 25'W) with station spacing of 

approximately 5 km would be required. To investigate the central basin gyre one east-west 

transect extending from (41° 5'N, 72° 40'W) to (41 °5'N, 73 W) and five 10 km north-south 

26 



transects intersecting the east west transect at their mid-points at 5 km intervals with station 

spacing of approximately 5 km would be required. 

Additional process studies in which the degree of nonlinearity of momentum equation terms are 

studied along with alternative density circulation representations appear to be warranted. The 

development of a vorticity analysis package to complement the Blumberg-Mellor (1980) model 

should be explored to allow for the identification of the dominant terms in the k component 

vorticity balance for real estuarine systems under a variety of forcing conditions . In conclusion, 

continued development of real-time physical oceanographic measurement systems to support 

operational nowcasting and forecasting of estuarine circulation in conjunction with the above 

development work holds great promise for the study of residual circulation on a long term basis . 
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Figure 3. Long Island Sound Hydrodynamic Model Bathymetry: Western and Central Basins 
(Contour Interval 5m) 
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Figure 4a. Simulated Astronomical Tide Eulerian Residual Currents (cm/s) 
(2m below surface) Aprill988 
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Figure 4b. Simulated Astronomical Tide Eulerian Residual Currents (cm/s) 
(2m above the bottom) April 1988 
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Note broad streamlines are hand-drawn to indicate the general circulation pattern. 
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Note broad streamlines are hand-drawn to indicate the general circulation pattern. 
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Figure 9b. Simulated Astronomical Tide Plus Density Eulerian Residual Currents (crnls) 
(2m above the bottom) April 1988 

Note broad streamlines are hand-drawn to indicate the general circulation pattern. 
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Figure lOb. Simulated Eulerian Residual Currents (crnls) (2m above the bottom) 
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Note broad streamlines are hand-drawn to indicate the general circulation pattern. 
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Figure lla. Simulated Eulerian Residual Currents (crnls) (2m below surface) 
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Note broad streamlines are hand-drawn to indicate the general circulation pattern. 
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Figure 12b. Simulated Eulerian Residual Currents (crnls) (2m above the bottom) 
January 1989 

Note broad streamlines are hand-drawn to indicate the general circulation pattern. 
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The length of the arrows represents a one day translation. The depth of the current in 
meters is indicated at the head of the arrow. Current strength at 32m at NOS ADCP 
Station 9 corresponds to 5 cm/s. 

Figure 13. Central Basin Residnal Currents at NOS ADCP and SUNY Stations 
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CONCLUDING REMARKS 

The NOS Long Island Sound Oceanography Project provided EPA with three-dimensional residual 
circulation fields (hourly averaged) over an eighteen month period for use in water quality modeling. 
A monitoring program was also established by EPA to monitor the impact on dissolved oxygen of 
management decisions. A Long Island Sound Office was established in cooperation with the New 
York Sea Grant Office to promote interest and further involve the public in the improvement ofthe 
Long Island Sound resource (www.epa.gov/regionOlleco/lis). On March 5, 2001 the Long Island 
Sound Office released a new Long Island Study Report entitled: Sound Health 2001 : Status and 
Trends in the Health of Long Island Sound. The report concludes that while great progress has been 
made in pollutant load reduction and habitat restoration, much remains to be accomplished. 
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