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 GEOGRAPHIC AND HYDRODYNAMIC CHARACTERISTICS OF SHALLOW COASTAL LAGOONS*
 BJORN KJERFVE** and K.E. MAGILL
 Belle W. Baruch Institute for Marine Biology and Coastal Research, Marine Science Program and Department of Geological Sciences, University of South Carolina, Columbia, SC 29208 (U.S.A.)
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 Abstract
 Kjerfve, B. and Magill, K.E., 1989. Geographic and hydrodynamic characteristics of shallow coastal lagoons. In: L.G. Ward and G.M. Ashley (Editors), Physical Processes and Sedimentology of Siliciclastic-Dominated Lagoonal Systems. Mar. Geol., 88: 187-199.
 Coastal lagoons can be conveniently separated based on geomorphology into leaky, restricted or choked systems. This subdivision orders coastal lagoons hydrodynamically according to water exchange with the coastal ocean. Leaky systems have the shortest turnover time, restricted lagoons have a longer turnover time, and choked lagoons have the longest turnover time. In leaky coastal lagoons, oscillating tidal currents account for most of the flow variance and mask residual currents due to wind- and freshwater-induced density gradients. In restricted lagoons, tides, winds, and freshwater runoff drive components of the circulation. Winds are usually dominant in causing circulation and mixing in choked lagoons, and water exchange with the coastal ocean largely depends on the hydrologic cycle. Coastal lagoons are usually well mixed, but can exhibit significant horizontal gradients due to freshwater runoff and vertical gradients due to solar radiation or surface cooling. In general, river inflow and heat balance induce stratification in coastal lagoons, whereas winds and tides cause mixing. Coastal lagoons usually trap inorganic sediment and organic matter, thus serving as material sinks. On a geologic time scale, they are short-lived landscape features, with an existence intrinsically linked to filtering efficiency and relative sea-level change as a result of glacioeustatic cycles and local tectonic activity.
 Introduction
 Coastal lagoons are common landforms along the borders of most continents. They have restricted connections to the ocean, are poorly flushed, exhibit long residence times, and are ephemeral on a geologic time scale. They owe their origin largely to eustatic sea- level rise. With the onset of an interglacial stage near the end of the Pleistocene 15,000 yrs
 *Contribution No. 745 from the Belle W. Baruch Institute for Marine Biology and Coastal Research. **Also of the Departamento de Geoquimica, Universidade Federal Fluminense, CEP-24.210 Niter&, RJ (Brazil).
 ago, sea level rose 130 m at a rapid but variable rate (Nichols and Biggs, 1985) and flooded river valleys and low-lying coastal depressions. Sea level reached its approximate present eleva- tion 5000 yrs ago (Fairbridge, 1980), but has undergone fluctuations of a few meters since then. As a result of coastal processes, barriers formed that now constitute the margins of coastal lagoons (Lankford, 1976). The com- bined action of marine and fluvial processes caused trapping and infilling of semi-enclosed coastal systems, including coastal lagoons, and the reshaping of seaward boundaries (Meade, 1969). Coastal lagoons also formed in marginal depressions behind barriers of reworked del-
 0025-3227/89/$03.50 0 1989 Elsevier Science Publishers B.V.
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taic sediments (Nichols and Allen, 1981) in active river delta systems. Such lagoons are often oriented normal rather than parallel to the coast, as in the case of Lake Calcasieu, Louisiana, and Lagoa Feira, Brazil.
 Coastal lagoons usually act as net material sinks, although mature systems can serve as a source of organic materials to the adjacent ocean. They are often subject to rapid sedimen- tation, and will eventually evolve into other types of environments through sediment infill- ing, tectonic activity, eustatic change in sea level, and land-use activities. The time scale of this environmental transition is geologically rapid and can be expected to occur within decades to centuries.
 Coastal lagoons experience the same forcing functions as coastal plain estuaries, yet differ from these in many respects. Estuaries and coastal lagoons are driven by tides, river input, wind stress, and heat balance at the surface, but respond unequally to these forcing func- tions because of differences in geomorphology. Whereas circulation, mixing and exchange have been studied extensively in coastal plain estuaries, these processes have been less well synthesized for coastal lagoons. However, the dependence of water quality and eutrophica- tion on flushing, hydrodynamic turnover and physical dynamics is of prime importance for planning and implementation of coastal man- agement strategies in coastal lagoons. It is our purpose to provide a qualitative synth'esis of the salient hydrodynamic characteristics of shallow coastal lagoons. Because systematic studies of lagoons are few, some processes will have to be inferred from the literature on estuaries.
 Definition of coastal lagoons and other inland systems
 Coastal lagoons are shallow inland marine waters, usually oriented parallel to the coast, separated from the ocean by a barrier, and connected to the ocean by one or more re- stricted inlets (Fig.1) (Phleger, 1969). Estuaries, on the other hand, are defined as semi-enclosed
 1. ESTUARY
 3. C LAG
 Fig.1. Sketches illustrating how estuaries are oriented more-or-less normal to the coast, coastal lagoons are oriented shore-parallel, and how fjord orientation varies widely as a result of glacial advance. Typical water depths in coastal plain estuaries are in the order of 10m, in lagoons in the order of 1 m, and in fjords vary from 100 to 200 m.
 bodies of water with a free connection to the ocean with sea water measurably diluted by land drainage (Cameron and Pritchard, 1963; Pritchard, 1967). Because these definitions are not mutually exclusive, we propose a new classification of inland waters that are con- nected to the sea into six categories based on a combination of geomorphology and physical processes:
 (1) Estuary: An inland river valley or section of the coastal plain, drowned as the sea invaded the lower course of a river during the Holocene sea-level rise, containing sea water measurably diluted by land drainage, affected by tides, and usually shallower than 20 m. This definition is consistent with the definition by Cameron and Pritchard (1963) and Pritchard (1967). Charleston Harbor-Cooper River, South Carolina, is an example of an estuary.
 (2) Lagoon or coastal lagoon: An inland water body, usually oriented parallel to the coast, separated from the ocean by a barrier, con- nected to the ocean by one or more restricted inlets, and having depths that seldom exceed a couple of meters. A lagoon may or may not be subject to tidal mixing, and salinity can vary
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from that of a coastal freshwater lake to a hypersaline lagoon, depending on the hydro- logic balance. Lagoons formed as a result of rising sea level during the Holocene and the building of coastal barriers by marine pro- cesses. Laguna de Terminos, Mexico, is an example of a coastal lagoon.
 (3) Fjord: A glacially scoured inland marine area with sea water measurably diluted by land drainage in the surface layer, consisting of high-salinity waters in deep basins, affected by tides, and usually measuring several hundred meters in depth. Oslofjorden in Norway is an example of a fjord.
 (4) Bay: A coastal indentation, usually the result of faulting or other tectonic or regional geological processes, affected by tides, and exhibiting salinities ranging from oceanic to brackish, depending on the amount of land drainage relative to oceanic exchange. San Francisco Bay, California, is an example of a bay.
 (5) Tidal River: An inland river valley, drowned as the sea invaded the lower river course during the Holocene sea-level rise, containing only freshwater, and subject to tidal sea-level variations and sometimes re- versing tidal currents in the downstream sec- tion. As energy propagates more readily than salt is transported upstream, most estuaries have an associated tidal river. The tidal river begins at the upstream limit of measurable ocean salinity and ends at the upstream limit of measurable ocean tide effects. Several hundred kilometers of the lower Amazon River, Brazil, are an example of a tidal river.
 (6) Strait: An inland marine waterway, connecting two oceans or seas. Characteristics of circulation, salinity distribution, tidal pro- cesses and water depth vary widely between straits. The Strait of Magellan, Chile, is an example of a strait.
 As with all classification schemes, there exists the occasional system that could equally well be grouped into at least two of the above categories. Lagoons and estuaries are both shallow inland waters connected to the ocean, but they differ with respect to (1) processes of
 formation, (2) tidal characteristics and (3) salinity regimes. Both lagoons and estuaries owe their existence to the Holocene sea-level rise, although the construction of the coastal barrier that encloses a coastal lagoon also requires action by coastal processes and an ample sediment source. "Estuary" is derived from the Latin "aestus", meaning the tide (American Geological Institute, 1960), and implying that tidal mixing is a pronounced process in estuarine environments. Lagoons can also be tidal, but are not necessarily so because in many lagoons there is attenuation or elimination of tidal effects within the entrance canal. Whereas an estuary is always the inland mixing zone between oceanic and terrestrial waters and is defined by the ocean- to-freshwater salinity gradient, a coastal la- goon can vary from being a coastal freshwater lake in connection with the sea (e.g., Lagoa de Marich, Brazil) to being a hypersaline lagoon (e.g., the Coorong, Australia), depending on the regional hydrologic balance.
 Based on geomorphology, Pritchard (1952) classified estuaries into (1) coastal plain or drowned river valley estuaries, (2) fjord es- tuaries, (3) bar-built estuaries and (4) tectoni- cally formed estuaries. We propose that only drowned river valley systems should be re- ferred to as estuaries, which is the practice in most of Latin America. Such common inland marine systems as (1) tidal rivers, (2) lagoons that are hypersaline and (3) bays and straits where evaporation balances runoff, are not included in the Pritchard (1952) classification and were not intended to be. Nevertheless, these systems represent frequently occurring inland water systems in connection with the ocean and must often be dealt with. This justifies the need for our proposed classifica- tion.
 Kjerfve (1986) subdivided coastal lagoons into three geomorphic types according to water exchange with the coastal ocean (Fig.2). The rate and magnitude of oceanic exchange reflects both the dominant forcing function(s) and the time scale of hydrologic variability. Choked lagoons are usually found
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COASTAL LAGOONS
 . RESTRICTED
 Fig.2. Coastal lagoons can be conveniently subdivided into choked, restricted and leaky systems based on the degree of water exchange with the adjacent coastal ocean (after Kjerfve, 1986).
 along coasts with high wave energy and significant littoral drift. They are character- ized by one or more long and narrow entrance channels, long residence times, and dominant wind forcing. Intense solar radiation coupled with inflow events can cause intermittent vertical stratification. Restricted lagoons usu- ally exhibit two or more entrance channels or inlets, have a well-defined tidal circulation, are strongly influenced by winds, and are usually vertically mixed. Leaky lagoons occupy the opposite end of the spectrum from choked lagoons and are typically found along coasts where tidal currents are more significant in sediment transport than wind waves. Leaky lagoons often stretch along coastlines for more than 100 km, but exhibit widths of no more than a few kilometers. They are characterized by wide tidal passes, unimpaired water ex- change with the ocean, strong tidal currents, and the existence of sharp salinity and turbid- ity fronts. Mississippi Sound is an example of a leaky lagoon.
 Circulation, dispersion and stratification
 Water motions in coastal lagoons occur over many time and space scales. Water flow,
 mixing and material transport occur as a result of tides, runbff, weather, episodic storms, wind waves, density gradients, sea-level oscillations and changes in heat and water balances. Local responses to the forcing functions vary signifi- cantly, and it is often not practical to analyze sequential, instantaneous velocity fields; rather, the circulation or temporally averaged spatial water flow is analyzed. Dispersion refers to the transport of waterborne charac- teristics by advection and eddy diffusion (spreading) processes over the same time scale for which the circulation is calculated, usually one or more complete tidal cycles. Material transport is neither in the same direction nor occurs at the same rate as the local circulation because time-averaged (advective) flow is only responsible for a portion of the material transport over one or more tidal cycles. Mech- anisms such as vertical and lateral shear, tidal oscillations and trapping contribute to the overall dispersion (cf. Fischer et al., 1979).
 Transport of water and materials in coastal lagoons is usually both advective and diffusive. In general, advective transport between two points does not allow for spreading of the water mass, whereas diffusive transport im- plies mixing of the water mass as it moves from point to point. Distinguishing between advec- tive and diffusive transport depends on time and the distance between the points. The dimensionless Peclet number, P, (Vogel, 1981) is the ratio of advective to diffusive transports:
 where advective transport time is scaled as distance/velocity, DIU, and diffusive transport time is scaled as D2 divided by a horizontal effective diffusivity, K,, which typically varies from 10 to 1000 m2 s- ' in coastal lagoons (Zimmerman, 1981). The Peclet number is a measure of the effectiveness of advective or diffusive transports in flushing a lagoon. For small Peclet numbers, diffusive transport domi- nates over advective transport. Choked la- goons usually have the smallest P, value, restricted lagoons an intermediate value, and
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leaky lagoons a larger value, when comparing systems of the same size and using the same averaging time.
 Mixing of water masses with different salin- ity and temperature characteristics gives rise to density gradients. These drive baroclinic currents as a result of non-parallel isopycnal and isobaric surfaces. Baroclinic currents will result in the redistribution of the density field. The density and velocity fields are dynamically coupled through a set of non-linear hydro- dynamic and mass balance equations (cf. Gill, 1982).
 Gravity forces the densest water towards the bottom, resulting in vertical stratification. With intense mixing in shallow water, the water column becomes homogeneous. Never- theless, horizontal density gradients can drive a density-induced circulation, and this is a significant circulation process in many choked and restricted coastal lagoons.
 Tidal currents coupled with mixing of ocean and river waters incline density surfaces, yielding both vertical and horizontal density stratification. In shallow coastal lagoons, hori- zontal density gradients normally dominate, especially during periods of wind mixing (Fig.3). However, during occasional periods of quiescence and low freshwater inflow, strong vertical density gradients can form in choked and restricted lagoons as a result of surface heat exchange. In contrast, estuaries consis- tently exhibit inclined density gradients (Fig.3).
 Coastal lagoons can be conveniently clas- sified according to circulation and stratifica- tion, where density stratification is largely due to salinity differences rather than temperature differences. Pritchard (1955) proposed a divi- sion into (1) highly stratified, (2) partially mixed and (3) well-mixed estuaries, where each type exhibits unique circulation character- istics. Hansen and Rattray (1966) developed this further by devising a classification dia- gram (Fig.4) based on non-dimensional circula- tion and stratification parameters. The circula- tion parameter is the residual surface velocity, Us, divided by the residual cross-sectional
 STRATIFICATION
 LAKE
 THERMOCLlN
 COASTAL LAGOON
 ISOPLETHS
 Fig.3. Stratification in water bodies varies as a function of the system. Coastal lagoons are most often well mixed vertically by winds, but exhibit strong horizontal stratifi- cation because of longitudinal salt gradients. Because estuaries are deeper, they are less well mixed vertically by tides and winds and exhibit inclined isopycnals. In contrast, lakes are usually driven by surface heating and cooling and primarily exhibit vertical density stratification as a result of the temperature distribution.
 CIRCULATION us/uf Fig.4. Classification diagram based on non-dimensional time-averaged circulation and stratification parameters (after Hansen and Rattray, 1966). Type 1 corresponds to coastal lagoons: VE - Vellar Lagoon, India; NI - North Inlet, USA; MS - Mississippi Sound, USA. Type 2 corresponds to coastal plain estuaries: SM - Sungai Merbok, Malaysia; SS - South Santee River, USA; JR - James River, USA; NM - Narrows of the Mersey, UK. Type 3 corresponds to sea straits and fjords: HF - Himmerfjarden, Sweden; JF - Strait of Juan de Fuca, USA; SB - Silver Bay, USA. Type 4 corresponds to highly stratified systems: MR - Mississippi River, USA.
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velocity, U,, where U,= &/A is the ratio between freshwater discharge and average cross-sectional area. Thus, the circulation parameter is a measure of the circulation induced by density differences but does not include residual tide and wind circulation. The stratification parameter is the ratio of the net salinity difference between bottom and sur- face, AS, and net cross-sectional salinity, So.
 The non-dimensional circulation-stratifica- tion diagram can also be applied to hypersaline lagoons, where the gravitational circulation is inverse, i.e., net inflow takes place in a surface layer, and net outflow in a bottom layer. The inverse gravitational circulation is a result of saltier and denser waters within a hypersaline lagoon as compared to the adjacent ocean. The diagram may be used as a measure of the strength of the inverse gravitational circula- tion, where the ratio UJU, is the absolute value of the ratio of residual surface velocity and depth-averaged or cross-sectionally aver- aged velocity in the entrance to hypersaline lagoons.
 Coastal lagoons occupy the extreme left- hand area of the diagram (Fig.4), where a circulation parameter value of 1.0-1.5 indi- cates minimal density-driven flow. Lagoons can be either well mixed (la) or vertically stratified (lb) (Fig.4). The separation between the two stratification categories is usually taken to be AS/So=O.l for the stratification parameter. Both circulation and stratification in a lagoon system are likely to change with time, especially on a seasonal basis.
 Tidal characteristics
 Tides in coastal lagoons are driven by tides in the coastal ocean and give rise to non-linear flow dynamics within the entrance channel(s) (Aubrey and Speer, 1985; Speer and Aubrey, 1985; Kjerfve et al., in press). In restricted and leaky lagoons, flow variability is mostly due to oscillating tidal currents. In choked lagoons, however, the entrance channel serves as a dynamic filter that alternates or eliminates currents and tidal water-level fluctuations
 (Kjerfve, 1986). Tidal water-level oscillations in choked lagoons are often reduced to 1% or less as compared to the adjacent coastal tide, as in the case of Lagoa de Guarapina, Brazil (Kjerfve et al., in press). The coefficient of repletion, K, is a numerical measure of filter- ing characteristics of entrance channels with relatively small local accelerations and cross- sectional velocity variations. It is defined as:
 K = (T/2nao) (AJA,) [2ga,/(l+ 2gLn2rp4'3)]f (2)
 (Keulegan, 1967; King, 1974) where the tidal range in the adjacent ocean is 2ao, L is the length of the entrance channel, A, is the cross- sectional channel area, A, is the surface area of the lagoon,T is the tidal period, r is the hydraulic radius of the channel, channel fric- tion is expressed- by Manning's n (0.01-0.10 s mp1I3), and g is gravity. Reduction of tidal amplitude in the lagoon, phase shifts between ocean and lagoon tides, non-sinusoidal varia- tion of the lagoon tide, and flow exchange between lagoon and ocean all depend on the coefficient of repletion.
 Whereas in many instances lagoon and channel water levels oscillate sinusoidally, associated currents often exhibit asymmetry over a tidal cycle. This reflects non-linear flow dynamics due to changing depth or width and non-linear friction effects (Aubrey and Speer, 1985; Speer and Aubrey, 1985). Such asymmetry can give rise to residual tidal circulation (cf. Tee, 1976; Aubrey and Speer, 1985), which is usually one or two orders of magnitude smaller than instantaneous peak tidal currents. The greater the instantaneous peak currents, the stronger the residual tidal circulation (Kjerfve and Proehl, 1979). Residual tidal currents locally reach speeds in the order of 0.1 m/s. In lagoon inlets on meso- and macrotidal coasts, residual tidal circulation is sometimes mani- fested as lateral circulation (Fig.5) with cores of oppositely directed flow along each side of the channel (Kjerfve and Proehl, 1979). In some lagoon systems, tidal exchange occurs as a diffusion-type process, whereas in leaky coastal lagoons, residual tidal currents can be
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CIRCULATION
 VERTICAL
 LATERAL
 Fig.5. Schematic circulation types, where the white arrows indicate freshwater input and the black arrows indicate the water circulation. Vertical circulation, also referred to as gravitational circulation, is due to mixing of fresh and salt waters. Lateral circulation is a manifestation of residual tidal circulation.
 the primary mechanism for net water, pollu- tant, nutrient, sediment and larval transport to and from adjacent coastal waters (Kjerfve and Proehl, 1979). The landward transport of marine sands in lagoons is probably due, in part, to residual tidal currents (Meade, 1969) and tidal asymmetries (Aubrey and Speer, 1985), rather than only landward bottom trans- port by estuarine circulation.
 As tidal currents increase, the residual circulation becomes more pronounced, and bottom friction effects increase and cause vertical mixing. The extent of vertical mixing varies with the phase of the fortnightly tide (Haas, 1977) (Fig.6). During spring tides, cur- rents and mixing intensity are stronger and vertical stratification breaks down, sometimes resulting in a homogeneous water column. During neap tides, however, currents are weaker, mixing intensity decreases, and verti- cal stratification becomes more pronounced. This fortnightly stratification-destratification cycle affects vertical fluxes of nutrients and dissolved oxygen, water quality and the forma- tion of anoxic bottom waters, which influence
 FORTNIGHTLY ESTUARINE STRATIFICATION-DESTRATlFlCATlON I HpuTE " NEW FULL
 MOON SPRING-TIDE WELL-MIXED
 QUARTER NEAP TIDE STRATIFIED
 Fig.6. The periodic variation of stratification with the spring-neap fortnightly tidal cycle. At times of new and full moons, spring tide currents destroy vertical stratifica- tion and cause effective mixing of the water column, which in turn can enhance productivity. The first and last quarters of the moon correspond to neap tides, when decreased tidal mixing encourages river water to remain near the surface and promotes vertical stratification.
 the functioning of lagoon ecosystems (D'Elia et al., 1981).
 Choked coastal lagoons lacking significant freshwater input are often well mixed due to tide and wind stirring. In choked lagoons, the Peclet number is in the order of 0.01-0.10, indicating that transport processes are diffu- sive (Zimmerman, 1981). The Peclet number can, however, measure 1-100 within entrance channels to choked lagoons, indicating that advective processes dominate (Kjerfve et al., in press). As a result, ebb currents in the entrance channel are largely uniform in salinity, but flood currents often exhibit sharp temporal and horizontal salt gradients as stratified water masses from the adjacent ocean invade the lagoon before becoming mixed (Kjerfve et al., in press).
 River discharge characteristics
 Freshwater input is an important physical and ecologic forcing function in coastal la- goons. Freshwater enters lagoons through river discharge, groundwater seepage and rain- fall, and is lost via gravitational and tidal exchange between lagoon and ocean and evaporation. Seasonal pulses of freshwater input have a profound impact on the ecologic viability of coastal lagoons by increasing the
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lagoon water level and opening the entrance channel, which in many lagoons intermittently closes and isolates the lagoon from the sea because of active littoral processes during periods of low runoff (Mandelli, 1981).
 Rivers and streams are usually the dominant source of material input into coastal lagoons, transporting dissolved and suspended par- ticulate materials, flotsam and bedload from the drainage basin. In moderation, inputs of nutrients and sediments enhance lagoon pro- ductivity, but in excess, such inputs cause eutrophication and shoaling. A variety of detrimental substances, e.g., heavy metals, organic chemicals and pesticides, are also carried by river discharge from human, agri- cultural and industrial sources, causing pollu- tion of lagoons.
 Mixing of freshwater with denser saline ocean water results in inclined isopycnals and isobaric surfaces along the axis of the estuary. Residual or time-averaged surfaces of constant pressure slope down towards the ocean in the surface layer and drive a residual seaward current. In the bottom layer, residual isobaric surfaces are reversed and drive a residual flow into the system. Saline ocean water mixes upward as a result of turbulent mixing and residual vertical flow, and more fresh surface waters mix downward. These processes sustain vertical salinity gradients in the order of 10O-10-~ pptlm and horizontal salinity gra- dients in the order of 10-2-10-4 pptlm within the mixing zone, as measured in Lagoa de Guarapina, Brazil. The longitudinal-vertical circulation maintained by the continued inflow and mixing of river and ocean waters is referred to as gravitational circulation (Fig.5) (Pritchard, 1955; Rattray and Hansen, 1962; Hansen and Rattray, 1965, 1966).
 Although the velocity of gravitational cur- rents in lagoons is less than 0.10 m/s and these currents are considerably smaller than instan- taneous tidal currents in inlets, they are still the main cause of water exchange in many systems. The residual circulation in restricted and leaky lagoons resembles the estuary situa- tion, where the residual outflow can be up to
 10-40 times larger than the river discharge (Schubel and Pritchard, 1972). On average, this outflow is balanced by the combined inflow of river water and residual inward transport in the bottom layer of the inlet. Thus, even low river discharge can drive residual gravita- tional circulation an order of magnitude greater than the river discharge (Schubel and Pritchard, 1972). This is an effective mecha- nism in maintaining good water quality be- cause turnover time is inversely proportional to the rate of water exchange. Gravitational circulation also maintains the salinity distri- bution, which controls the distribution of flora and fauna in brackish and saline habitats. Furthermore, Meade (1969) concluded that near-bottom gravitational flow in estuaries is one mechanism for landward transport of marine sands. It is also likely that gravita- tional circulation plays a role in larval recruit- ment into estuaries. Gravitational circulation is the dominant circulation mode in coastal plain estuaries as well as in inlets to coastal lagoons, especially in deep entrance channels such as in Mississippi Sound and Laguna de Terminos (Kjerfve, 1983, 1986). On the other hand, gravitational circulation is usually ab- sent in shallow lagoons lacking significant freshwater input.
 In arid coastal regions, choked lagoons are often hypersaline, at least seasonally, because of greater evaporation than runoff. For exam- ple, the interior reaches of Laguna Madre, Texas, exhibit salinities of 90 ppt during the late summer (Collier and Hedgepeth, 1950). At such times, inverse gravitational circulation with surface inflow and bottom outflow in the inlet areas can develop, although the actual circulation is difficult to discern because of discharges due to tides, as well as meteorologi- cal events, which often mask the inverse gravitational circulation.
 Gravitational circulation is by no means steady or persistent. Classical or gravitational circulation has been found to occur only 43% of the time, with each occurrence generally lasting for no more than five tidal cycles (Elliott, 1976). Surprisingly, freshwater inflow

Page 9
                        

and mixing processes drive other modes of circulation more than half of the time, includ- ing (1) infilling circulation, (2) reversed estuar- ine circulation and (3) other modes (Elliott, 1976). Infilling circulation is characterized by residual currents into the estuary at all depths and a simultaneous increase in mean sea level. Elliott (1976) found this mode to occur 22% of the time and to persist for three tidal cycles. Reverse estuarine circulation, characterized by inflow in a surface layer and outflow in a bottom layer, was found to occur 21% of the time and again to persist for three tidal cycles. The reasons for changes in circulation modes include variations in river discharge, wind forcing and coastal ocean effects (Elliott, 1976; Wang and Elliott, 1978). Although these con- clusions were based on measurements in a coastal plain estuary for a 1-yr period, similar unsteady variations in circulation modes can also be expected to exist in coastal lagoons, based on data from Mississippi Sound (Kjerfve, 1983) and Lagoa de Guarapina (Kjerfve et al., in press).
 Extensive rainfall and freshwater runoff have profound impacts on coastal lagoons. During freshets, the water level can increase rapidly and cause extensive flooding of adja- cent lands. This effect is most pronounced in choked lagoons, where the water level can rise one or more meters seasonally or in response to storms (Kjerfve et al., in press). In restricted and leaky lagoons, water-level response is less drastic, with the main effect being increased seaward transport and flushing of brackish and salt waters from the systems. As a result, the turbidity in the adjacent coastal waters increases because of sediment-laden runoff. Density-driven circulation then takes place within the coastal boundary layer, a commonly occurring nearshore water mass and mixing zone that exhibits characteristics of the lagoon or estuary environment, rather than of the continental shelf waters (Kjerfve, 1984). As the freshwater discharge rate increases, so does the total load of sediment washed into the ocean and the size of the coastal boundary layer plume. As an example, during two brief
 flood events caused by Tropical Storm Agnes in 1972 and Hurricane Eloise in 1975, the Susque- hanna River (USA) discharged 40 million tonnes of suspended sediment into Chesapeake Bay, a coastal plain estuary (Gross et al., 1978). This is twenty times greater than the average annual sediment discharge of the Susquehanna (Officer et al., 1984).
 Flooding also causes large shifts in salinity, particularly in choked and restricted lagoon systems. As the runoff from the drainage basin peaks in the lagoon, the resident water mass is rapidly advected out of the system. When the peak in runoff has receded, the salinity in the lagoon returns a t an exponential rate to previous levels, proportional to exp(- D2t/Kx), where t is time and D2/Kx is a measure of the rate of lagoonward dispersion of saline coastal waters. As an example, Lake Pontchartrain, a 1630 km2 shallow, restricted lagoon in Louisi- ana, became totally fresh within two days of the opening of the Bonnet Cam6 spillway during the May-July 1973 flood on the Missis- sippi River (Sikora and Kjerfve, 1985). After the flood receded and the spillway structure was closed, i t took three months for salinity to return to the lagoon-averaged 5 ppt pre-flood level.
 Wind-effect characteristics
 Wind forcing affects each lagoon type. In restricted and leaky lagoons, the wind-influ- enced continental shelf response propagates readily into the system and causes large changes with respect to water level and currents. In contrast, the wind effect in choked lagoons is most often due to local winds. Wind effects on coastal lagoons can be separated into local forcing and far-field forcing. Both play important roles. Local effects include (1) wind-driven currents, (2) setup and setdown, (3) formation of Langmuir cells and (4) genera- tion of short-period wind waves. Far-field wind effects are manifested by oscillations in coastal sea level with a period of 2-20 days in response to synoptic wind stress. Responses to wind stress are well correlated with changes in
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atmospheric pressure and are often difficult to separate from synoptic pressure effects.
 The main response to far-field forcing in lagoons is low-frequency coastal water-level variations that result in water surface slopes and lagoon water infilling or discharge. During times of infilling, extensive areas bordering the lagoon may become inundated as water level increases.
 Persistent local wind stress can both en- hance and retard gravitational circulation, depending on the direction of the wind (Rat- tray and Hansen, 1962). Wind stress causes current flow, but because of fluctuations in both wind speed and direction, the resultant currents are usually variable and intermit- tent. If the wind persists for long periods, however, a surface current will develop and cause a setup at the downwind end of the lagoon (Fig.7) (Van Dorn, 1953). Locally, the setup can cause extensive flooding of adjacent low-lying lands. The surface slope due to wind setup can range from to Water will sink at the downwind end of the system, and a return flow will develop at depth to satisfy continuity. The upwind end of the lagoon will experience a water surface setdown with associated weak upwelling. Rapidly moving meteorological fronts often cause seiches along the axis of coastal lagoons (Copeland et al., 1968), although the seiche motion in shallow lagoons is quickly retarded due to friction.
 In choked coastal lagoons, persistent winds can regulate the longitudinal salt distribution
 WIND DRIFT IN LAGOONS
 Fig.7. Sketch of wind-driven circulation in choked coastal lagoons, showing the setup of water along the downwind end. A bottom return flow towards the upwind end of the lagoon satisfies continuity.
 by driving oceanic waters into or out of the systems, as in the case of Lagoa dos Patos, a 10,200 km2 shallow, choked coastal lagoon in southern Brazil. It becomes a freshwater sys- tem within a few kilometers of the ocean entrance during times of persistent winds from the north (Kjerfve, 1986). On the other hand, when southerly winds blow, brackish waters push northward and the 5 ppt isohaline can sometimes extend to the innermost reach of the lagoon, more than 250 km from the ocean entrance (Delaney, 1963).
 Wind stress also induces mixing in coastal lagoons through the formation of Langmuir circulation cells, wind waves and variable currents. The exact role of Langmuir cir- culation is unclear, and the process poorly understood. Langmuir circulation cells are linear, evenly spaced roll vortices aligned with the wind. They are most likely due to interaction between wind waves and wind drift when the two effects operate at an angle to each other. Their presence is indicated by parallel rows of foam and flotsam that mark surface convergences and indicate the loca- tion of sinking currents. The foamlines are oriented in the direction of the wind and usually appear soon after the wind speed exceeds 3 m/s. Each circulation cell usually extends vertically to the bottom in the ab- sence of vertical stratification. Thus, the foam- lines can be expected to be evenly spaced at a distance equal to twice the depth of the water column.
 Time scales and filtering efficiency
 The three geomorphic types of coastal la- goons represent a sequence of systems that can be ordered hydrodynamically (cf. Hatcher et al., 1987). The observation that coastal lagoons experience limited water exchange can be used to scale and order lagoons according to hydro- dynamic turnover time. Unimpaired oceanic exchange implies a short turnover time, and restricted exchange implies a longer turnover time. For a lagoon in quasi-steady state, hydrodynamic turnover time, TH (often incor-
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rectly called the "residence time" (Takeoka, 1984)), is defined as:
 where V is the volume of the lagoon, and d V/dt is the rate of water exchange. The hydro- dynamic turnover time is equal to the average transit time and is a measure of the time i t takes to replace 63% (l/e) of the volume in a control volume that is completely mixed on a time scale shorter than the turnover time. The rate of exchange, dV/dt, varies from one system to another and can variously be ex- pressed as (1) the tidal prism per half a tidal cycle, (2) the transport rate in the surface layer due to gravitational circulation, (3) the river discharge or (4) the volume loss due to evaporation. Which denominator to choose in calculating a turnover time depends on the question asked. Calculation of turnover time for a number of coastal lagoons using both tidal prism and river discharge as the rate of water exchange yields a lagoon turnover time of between 10 and 100 days for most systems.
 Whereas the hydrodynamic turnover time is often used as a comparative measure of the time scale of water and particle residence times, this approach is not very useful in evaluating water quality problems. Lagoons are generally non-homogeneously mixed on time scales that are short relative to the turnover time. Three time scales of water exchange or flushing (Zimmerman, 1981; Tak- eoka, 1984) should prove useful in water quality studies: (1) The age is the elapsed time since a water parcel entered the system, (2) the transit time is the age of a parcel leaving the system, and (3) the residence time is the time i t will take for an individual parcel to exit the system from an arbitrary starting time. Dronkers and Zimmerman (1982) used a similar definition in constructing isopleths of residence times in a Dutch coastal lagoon. The average residence time, defined as an average residence frequency distribution func- tion, is in general different from the hydro- dynamic turnover time but can be calculated
 for a lagoon from the dispersion equation (Takeoka, 1984).
 Coastal lagoon water quality, eutrophica- tion and sediment infilling are major concerns related to restricted water exchange and long turnover times. Dissolved materials and partic- ulates typically have turnover times that differ substantially from the hydrodynamic turnover time, which only considers water exchanges rather than material exchange. Lagoons function as filters in a manner similar to coastal plain estuaries by trapping materials supplied by rivers and sometimes supplied from the coastal ocean via gravitational circula- tion. The filtering efficiency,FE, is a measure of the lagoon mass balance of a particular constituent:
 F,= (RI- NF)/RI (4)
 (Schubel and Carter, 1984), where R I is the rate of input from river sources (always positive) and N F is the net flux of the constituent through the entrance channel. N F can either be positive (export) or negative (import). When FE=O, the river inputs the constituent a t the same rate that i t is transported to the ocean through the entrance channel, when 0 < FE < 1, a portion of the river input is trapped in the lagoon, when F E = l , the lagoon retains all river inputs and there is no net oceanic exchange, and when FE > 1, the lagoon traps all river inputs as well as inputs from the ocean. Datasets that allow computation of FE in lagoons are scarce. Considering suspended sediments, lagoons with well-developed gravi- tational circulation are likely to have F E > 1 (Schubel and Carter, 1984). The filtering effi- ciency in trapping inorganic sediments and organic particulates relates directly to the rate of infilling and the rate of maturation of the lagoon. However, a lagoon may filter one constituent efficiently but others differently, depending on the extent to which dispersion and biogeochemical processes affect particular constituents. For non-conservative constitu- ents, pertinent biogeochemical rate constants must be used to adjust the way in which the filtering efficiency is calculated.
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Conclusions
 Coastal lagoons are common but ephemeral coastal landscape features. Based on geo- morphology, they can be classified into choked, restricted and leaky lagoons. They are mainly forced by tides, freshwater input and wind stress. The local hydrodynamic response to each of these forcing functions depends on the entrance channel characteristics, which regu- late the exchange with the coastal ocean.
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