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Water, Salt and Heat Balance of Coastal Lagoons

NedP. Smith

Harbor Branch Oceanographic Institution, Fort Pierce, FL 34946, USA

Water, salt and heat balance studies are surveyed and summarized within the
context of coastal lagoons. The most important geomorphological factors influencing
these physical processes are inlet configuration and dimensions, lagoon size and
orientation with respect to prevailing winds, and water depth. Results of past water
balance studies show that advective transport dominates gains and losses by
rainfall, evaporation, surface runoff and groundwater seepage. All terms, however,
show a distinct seasonality in response to seasonally changing winds, wet and dry
periods and higher evaporative losses during summer months. Current measure
ments are decomposed into steady and non-steady components to show that in
coastal lagoons the time varying, low frequency fluctuations are often dominant.
When lagoon-shelfexchanges are restricted, tidal currents are often important only
in the vicinity of inlets,and advection is primarily in response to local wind forcing.
The wind driven circulation includes a downwind drift that produces a surface slope
and drives a near-bottom return flow. A density driven current can be significant
even in well mixed lagoons. Residual tidal flow can be important in the long term,
but over shorter time intervals the net flow in response to local wind forcing is
usually dominant.

Salt balance is discussed in terms oftransport through a transverse cross section,
and in terms of local gains and losses at a given location. Transport occurs by
advection and diffusion. Long term balances maintain brackish conditions in the
lagoon; short term imbalances can change the salinity distribution significantly.
Results from previous studies in lagoons and well mixed estuaries indicate that salt
transport is primarily in response to advection associated with freshwater outflow
or the slow draining and filling forced by changes in coastal sea level, tidal diffusion,
and to shear effects arising from spatial correlations of vertical and especially
transverse deviations in salinity and current speed.

Heat balance, like water balance, is a response to local processes and advection.
Heat energy gains and losses occur primarily over annual and diurnal periodicities,
and over time scales on the order of 1-2 weeks in response to synoptic scale weather
patterns. Previous studies indicate that heating is dominated by incoming solar
radiation; cooling is primarily in response to outgoing long-wave radiation and
latent heat fluxes. Advective heat fluxes are especially difficult to quantify because
of strong spatial gradients in both temperature and velocity. Advection is ofparticu
lar importance in the vicinity of inlets, because of lagoon-shelf differences in the
rates of warming and cooling.
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Introduction

Water, Salt and Heat Balance ofCoastal Lagoons

The subjects of water, salt and heat balance are central to the under
standing of the biology, chemistry and physics of estuaries of all kinds,
including coastal lagoons. Fluxes of water control the flushing of a lagoon,
thereby maintaining water quality, and they provide a mechanism for the
import or export ofplanktonic plants and animals. Salt fluxes determine the
overall estuarine characteristics of the lagoon, and heat fluxes control
warming and cooling. These three topics are logically combined in a single
chapter, because they are interrelated in several ways. Latent heat fluxes,
for example, involve a water loss as much as a heat loss. Similarly, advective
transport of salt and heat necessarily involves a simultaneous transport of
water. There are conceptual similarities as well. The governing equations
for heat and water balances consist of a group of local processes plus an
advective term.

While a considerable body of literature has accumulated on these three
subjects, the majority of studies have been conducted in drowned river
valley estuaries, rather than in coastal lagoons. Results from well mixed
estuaries are often applicable to lagoons, however, and additional informa
tion from partially stratified estuaries can be gained by inference and
extrapolation. At the very least, a compilation ofthe existing literature from
prior water, salt and heat balance studies in coastal lagoons serves to
identify gaps, suggest analytical methodologies and form hypotheses for
follow-up and/or comparative studies.

A few general remarks are in order at the outset regarding the relation
ship between geomorphology and the processes that control water, salt and
heat budgets of a coastal lagoon. Within the lagoon, physical processes are
influenced primarily by five geomorphologic factors: inlet configuration,
lagoon size and orientation with respect to prevailing wind directions,
bottom topography and mean depth. Inlet dimensions control the exchange
of water, including dissolved and suspended material. Lagoon-shelf ex
changes, in turn, determine flushing rates and residence times, and thus
water quality. Wind effects will be enhanced in larger lagoons, especially
when the longitudinal axis ofthe lagoon is aligned with the prevailing wind
direction. The bottom topography of the lagoon, including both natural and
man made channels, plays an important role in guiding the tidal and
non-tidal circulation and thus controlling advective transport. Mean depth
may be the most important of the factors listed above. Lagoons are charac
teristically shallow, with a large surface area to mean depth ratio, and
several hydraulic and hydrographic features arise as a direct consequence.

First, shallow water is especially responsive to heating and cooling proc
esses. Distinct temperature changes are recorded even over diurnal time
scales. Second, significant wave action and thus wave mixing can extend to
the bottom. This acts to destroy vertical stratification, and as a result
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density gradients in lagoons are characteristically greater along the longi
tudinal and lateral axes than in the vertical. Third, in shallow water the
bottom friction layer will extend to the surface except where currents are
consistently weak, or where vertical stratification is unusually strong. This
further mixes the water column, and currents may be damped in a matter
of hours once forcing ceases. To maintain well defined circulation patterns
forcing must be both continuous and local. Tidal forcing is continuous in a
periodic sense, but tidal motions arise from exchanges with adjacent conti
nental shelf waters, and as noted above inlets may have a significant
constricting effect. Tidal motions may be significant only in the immediate
vicinity of the inlet. Wind forcing is local, but it is intermittent in time, and
variable in speed and direction. Thus, near inlets, tidal currents are often
dominant, while in the interior of the lagoon, wind forcing is primarily
responsible for maintaining the circulation of the lagoon. Finally, shallow
water enhances the residual, or net motion that occurs over any complete
tidal cycle.

The objective of this chapter is to survey water, salt and heat balances in
coastal lagoons within the context of physical processes that regulate them.
The chapter begins with a discussion of water balance, summarizing the
processes which add, remove and redistribute water within the lagoon. This
leads directly to the following section on salt balance, which involves
advective and diffusive processes, and which explains the mechanisms by
which salt is gained or lost, thereby maintaining or altering the estuarine
characteristics of the lagoon. The chapter concludes with a description of
heat balance, which summarizes warming and cooling by both local and
advective processes. A familiarity with these cause-and-effect relationships
is a prerequisite for a thorough understanding of the ecology and proper
management of a lagoon.

Water Balance

The basic objective in an investigation of the water balance of a coastal
lagoon is an accounting of the gains and losses of water - for the lagoon as
a whole, or for some sub-area of interest - and a description of the
mechanisms by which water is redistributed within the lagoon. A thorough
study of water balance evaluates all the processes which contribute or
remove water. These processes are represented by terms in the hydrologic
equation, or storage equation. This is an equation of continuity that ex
plains volume changes in terms of processes that involve both salt water
and fresh water. Consider, for example, a lagoon connected to the adjacent
continental shelfby a single inlet, and a transverse section across the inlet.
The time rate of change ofvolume in the lagoon is given by



72

ilV
-=P-E+R+G±A
M

Water, Salt and Heat Balance of Coastal Lagoons

(4.1)

where V is the volume of the lagoon, P and E are the spatially integrated
precipitation and evaporation rates, R is surface runoff, G is groundwater
seepage andA is the advective gain or loss of water. All terms are commonly
expressed in units of m3/sec. In the case of a cross section at the inlet,
advection through the transverse cross section describes lagoon-shelf ex
changes. Alternately, the area chosen for study may be within the lagoon
and describe the gain or loss of water from a particular study area.

Studies that attempt to evaluate all ofthe terms in Eq. 4.1 are relatively
rare. Pritchard (1960), for example, described exchange rates in Chin
coteague Bay after assembling historical water level data and estimating
freshwater runoff, precipitation and evaporation. More recently, Smith
(1991) used weather records to quantify precipitation and evaporation for
the northern segment of Florida's Indian River lagoon. Freshwater runoff
records, combined with groundwater seepage estimates, were added to the
data base and model results provided advective gains and losses. Results
from a half-year study of the northern segment of Florida's Indian River
lagoon indicated that evaporative losses of about 16 m3/s were roughly in
balance with gains from precipitation (13 m3/s), surface runoff (5 m3/s) and
groundwater seepage (0.5 m3/s). In contrast, model results for the same time
and study area indicate that the standard deviation of advective gains and
losses through a transverse cross section was 555 m3/s. At certain times, or
under certain conditions, some terms in the hydrologic equation will be
small and can be neglected with justification. Even under simplified condi
tions, however, evaluating the terms in Eq. 4.1 can be a formidable task,
requiring assumptions and interpolation.

Spatially averaged precipitation, for example, can be estimated using a
network of rain gauges surrounding the lagoon, with individual readings
weighted according to the fraction of the lagoon they represent (Thiessen,
1911). Nonlinear interpolation techniques can be used, but it is rare to find
more than a few rain gages operating in the vicinity of a given lagoon. When
estimates require an extrapolation from inland weather stations, allow
ances must be made for significant spatial gradients which often occur
perpendicular to the coast. For example, precipitation data from the Texas
coastal zone in the vicinity of Laguna Madre indicate a seaward decrease in
annual rainfall of approximately 0.2 cmlkm, in addition to a north to south
decrease of approximately 0.1 cmlkm. Similar data collected in the vicinity
of Indian River lagoon on the east coast of Florida indicate a seaward
decrease in mean annual precipitation of approximately 1.4 cmlkm over the
northern part of the lagoon. In the southern part of the lagoon, however,
mean annual rainfall decreases landward by approximately 0.4 cmlkm.

Apart from precipitation, fresh water entering the lagoon will be by
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surface runoff, including the discharge from rivers and canals, and ground
water seepage. The relative importance of these two terms varies inversely.
In lagoons with few natural streams or drainage canals, groundwater will
contribute a substantial fraction of the total. Freshwater discharge values
are obtained from gauges on major freshwater canals and rivers emptying
into the lagoon. Total amounts may be increased if relationships can be
established with short term studies to quantify the contributions of small
creeks and streams. Groundwater seepage is an integral part of lagoon
hydrography, but it is usually difficult to quantify and thus has received
relatively little attention. Pandit and EI-Khazen (1990) used a finite ele
ment model to estimate flow into Florida's Indian River lagoon;
Bokuniewicz (1980) made in situ measurements to record flow through the
sediments of Great South Bay, along the south shore of Long Island, New
York. In the latter study, groundwater seepage decreased rapidly with
distance from the shore into the bay. Seepage was greatest on the landward
side of the bay and in a band several tens of meters wide running parallel
to the shore.

Evaporation estimates require a measure of humidity along with wind
readings that are representative of over-water conditions. Hsu (1981, 1986)
has made a study of the relationship between overland and over-water wind
measurements and suggested corrections as a function of overland wind
speed only. Richards et at. (1966) have made similar studies in the Great
Lakes and developed relationships based upon wind speed, fetch and atmos
pheric stability in near surface layers. Complicating the matter is the
possibility that inland weather stations will record calm wind conditions
during late night and early morning hours more frequently than will a
coastal weather station, where a radiation inversion is less likely to form.

Special attention is often given to the advection term, because of the
efficiency with which it transports dissolved and suspended matter. The
advective transport of water is conceptually straightforward, but it is espe
cially complex and difficult to estimate because gradients of current speed
in both vertical and horizontal directions are significant. In practice, one
measures the flow from top to bottom at several stations in one or more
transverse cross sections. By interpolation and extrapolation, one can then
estimate the total flow and transport through the cross section. Comparison
of adjacent cross sections reveals convergence and divergence within the
enclosed area, and thus the change in the storage term. Alternately, if the
objective is to understand transport processes, careful analysis of repeated
flow measurements through a given transverse cross section provides informa
tion about the mechanisms by which water moves through the study area.

The temporal variability of the individual terms in Eq. 4.1 is considerable,
and this must be taken into account when choosing the sampling frequency
and the length of time over which a field study is conducted. Precipitation
varies greatly over time scales of hours to months, but seasonal variations
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Fig. 4.1. Along-channel component currents recorded half-hourly in Florida's Indian River
lagoon (27°46.3'N, 80025.8'W), approximately 7.5 km south of Sebastian Inlet, April 27 to May
28, 1977. Positive values indicate northerly flow.

are repeated in a general way from one year to the next. Evaporation may
show significant seasonality, too, in addition to a diurnal variation in
response to wind speed and humidity. Weather data obtained near the
northern end of the Laguna Madre of Texas (Smith, 1989) indicate that
evaporative water losses during the winter months of December-February
are only 23% of those calculated for the summer months of June-August.
Surface runoff shows considerable variation over time scales ranging from
days to seasons. High frequency fluctuations are damped somewhat, however,
as rainwater percolates through soil en route to the canal or river. Temporal
fluctuations in groundwater seepage are damped more than fluctuations in
surface runoff, because of the greater distances involved when water perco
lates all the way to the lagoon. The advective movement of water within the
lagoon is the most rapidly fluctuating term, because shallow waters respond
to both tidal and wind forcing, as noted above. Significant changes in
current speed and direction are commonly recorded over time scales on the
order of a few hours. This is superimposed onto much slower variations in
response to weather systems moving through the area, and to seasonally
changing wind patterns. Figure 4.1 shows a time series of half-hourly
along-channel component currents recorded during late spring, 1977, in
Florida's Indian River lagoon just south of Sebastian Inlet. Both a periodic
tidal signal and a quasi periodic non-tidal component appear in the plot.

The focal point in water balance investigations may vary considerably
from one study to the next. In this regard, it is important to distinguish
between more general water balance studies and more highly focused mass
flux, or mass transport studies. In the former case, the emphasis is gener-
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ally on effects, rather than causes, and f).VI/:i.t is evaluated by assembling
water level records and multiplying the change in water level by the surface
area ofthe lagoon. Mass transport studies intentionally take a more limited
approach and concentrate specifically on the advection term to describe
transport processes. One of the first papers to summarize the governing
equations (Pritchard, 1958), describes water balance in terms of mass or
volume continuity. Over the following three decades, the majority of studies
have focused on the relative importance of individual transport processes.
This emphasis in previous work will be reflected here, and the remainder of
this sub section will survey advective mass transport processes in coastal
lagoons.

The circulation of a coastal lagoon, and thus mass transport processes
specifically can be subdivided in any of several ways. One of the most basic
distinctions is that separating tidal and non-tidal transport. Tidal currents
are as dependable and predictable as they are periodic, thus they should be
quantified in any comprehensive study of lagoonal circulation and water
balance. Non-tidal circulation can be subdivided further by distinguishing
between barotropic and baroclinic forcing. A barotropic pressure gradient
arises from a slope in the surface of the lagoon. Such a slope may in turn be
created by the wind driven setup or setdown of water levels, or it may occur
in response to surface runoffentering the lagoon at some point. A baroclinic
pressure gradient arises most commonly from longitudinal salinity gradi
ents and the resulting density gradients. Baroclinic pressure gradients may
be created in subsurface layers at the inclined interface between salt water
and brackish water near an inlet. A salt wedge is not a prerequisite for a
baroclinic pressure gradient, however, and a well defined pressure gradient
can exist even in a vertically mixed lagoon.

The circulation within a coastal lagoon can also be thought of as arising
in response to local and non-local, or 'remote' forcing. Local forcing is
dominated by wind stress, as discussed above. Both tidal and low frequency
variations in coastal sea level result in the non-local forcing of lagoonal
circulation. Semidiurnal and diurnal shelf tides force the ebb and flood of
water through inlets. The low frequency rise and fall of coastal sea level in
response to changes in surface pressure and wind conditions produce a
similar inflow and outflow, but over time scales on the order of a few days
or longer. Longer period tides occur in shelfwaters, and thus in the lagoon,
but they are characteristically of lesser importance than low frequency
non-tidal water level variations. Within the lagoon, the measured flow at a
given place and time may be a complex mix oftidal and non-tidal currents,
and at the same time a response to both local and non-local forcing.

The various current components that may be superimposed at a particu
lar time and place can be sorted out to some degree when observations in a
time series are decomposed into quasi steady, periodic and high frequency
aperiodic components. One common practice is to decompose short time
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series of measured current speeds into means and departures from the
means. The means may involve a temporal or a spatial averaging. When
temporal averages are computed, it is customary to compute tidal cycle
means over an integral number of tidal cycles. One tidal cycle may be
sufficient where the tide is clearly semidiurnal or diurnal. Where the tide is
mixed, an even number of tidal cycles is needed to minimize the effect of a
diurnal inequality. Furthermore, repeated studies may be required to quan
tify distinctly different conditions at times of spring and neap tide.

As an example, one may decompose the measured current speed, u, into
the steady flow and the time varying motion, and then expand the time
varying flow into its periodic and turbulent parts. Thus, for each measure
ment, u, in a time series, we can write

U =(u) + U + U' (4.2)

where (u) is the mean over the time period of the study, U is the sinusoidal
ebb and flood of the tide and u' is the non steady, non periodic residual. In
many, if not most coastal lagoons, the tide is not dominated by a single
diurnal or semidiurnal constituent. Thus, to describe tidal currents in
detail, a careful harmonic analysis of the data must be conducted. Ideally,
a 29-day time series is obtained to include a complete lunar synodic month.
When several tidal constituents contribute to the observed tidal current,

(4.3)

where A is the amplitude of the ith constituent, ro is its angular frequency
and <1> is its phase angle. Depending upon the length of the study and the
existence of low frequency non-tidal motion, u' may be restricted to rela
tively high frequency turbulent fluctuations, or it may include low fre
quency, wind driven motions as well, if the total time interval is in excess
of several days. Furthermore, flow that appears quasi steady in a given
direction for a shorter study would appear in the (u) term, while the same
flow in a longer study would be quasi periodic and appear in the u' term.
Figure 4.2 is a composite oftotal, tidal and non-tidal motion, using a 55-day
current meter record from a study site at the southern end of Florida's
Banana River lagoon, just west of Cape Canaveral. Parts (a), (b) and (c)
correspond to u, U and u' in Eq. 4.2, respectively. During this particular
study in 1983, the mean flow, (u), was a relatively small-l.8 cm/s, indicat
ing an outflow from the lagoon.

A decomposition according to Eq. 4.2 is an oversimplification even when
the tidal term is represented by several constituents, and when the study is
long enough to calculate a representative mean. The underlying, time
varying non-tidal residual current may represent both high frequency
turbulence and low frequency meteorological forcing. In such cases, Eq. 4.2
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Fig. 4.2. Composite of (a) total, (b) tidal and (c) non-tidal along-channel currents recorded at
the southern end of Florida's Banana River lagoon (28°36.4'N, 28°09.2'W), January 15 to
March 8, 1983. Positive values indicate northerly flow into the lagoon.

could be expanded to subdivide the time varying non-tidal term into a high
frequency term, u', and a low frequency term, u", Figure 4.3 shows u, U and
u" from a study site in Indian River lagoon. Data were collected during a
49-day period of time in 1986 at a study site 23 km north of Sebastian Inlet.
The high frequency non-tidal term is not shown because little information
is conveyed in a plot of u", In coastal lagoons having restricted exchanges
with adjacent shelf waters, the ebb and flood of the tide may be relatively
unimportant, and most of the instantaneous observation will be comprised
of the quasi steady mean and a non-tidal deviation from that mean. Within
the context of mass transport, the two most significant terms are often the
low frequency non-tidal flow in the relatively short term, and the steady
flow in the longer term. A careful decomposition of the available current
data is necessary for determining the nature of the advective gain or loss of
water within the lagoon.

Depending upon the questions being addressed and the physical charac
teristics ofthe lagoon under investigation, the appropriate decomposition of
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Fig. 4.3. Composite of (a) total, (b) tidal and (c) low frequency non tidal currents recorded in
Florida's Indian River lagoon (28°03.3'N, 80034.6'W) approximately 23 km north of Sebastian
Inlet, October 2 to November 19, 1983. Positive values indicate flow toward the north.

the measured current may be quite different. For example, it may be
desirable to consider deviations from cross sectional means rather than
temporal means. Or it may be preferable to consider deviations from vertical
means if vertical shear is significant. Additional techniques will be de
scribed in the following section.

Although the instantaneous ebb and flood is the most prominent feature
of the tidal circulation, the associated residual flow is especially important
as a baseline measure of the circulation. The residual flow of water past a
study site resulting from unequal ebb and flood transport during a complete
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tidal cycle arise from the phase relationship of tidal fluctuations in currents
and water level, from nonlinear interactions between the tidal flow and
bottom topography, from density gradients, wind stress and from net fresh
water discharge. Van de Kreeke (1976) has shown that the tide induced
residual flow is proportional to the ratio of tidal amplitude to water depth.
Thus, a significant residual flow requires either a large amplitude tide or
shallow water. Coastal lagoons generally do not have prominent tides, but
they do provide shallow water and thus exhibit residual flow. A recent study
by Smith (1990a) examined the magnitude and nature of residual tidal flow
in the southern segment of Florida's Indian River lagoon. A water column
mean current speed of 0.8 cmfs is significant as a potential flushing mecha
nism, but even under normal wind conditions the non-tidal wind drift is
capable of dominating residual tidal flow (Smith, 1990b).

Residual motion is made up oftwo components, relating to the steady flow
of water and to oscillatory motions. The first is referred to as "Eulerian
residual flow," and is simply the average ofthe individual current measure
ments made over a time interval such as a tidal period. Eulerian residual
flow is given by

(4.4)

where u is the current speed and the diamond brackets indicate a temporal
average over a tidal cycle or other appropriate time interval. The current
speed may be a vertical mean, or it may apply to a specific layer ofthe water
column. Eulerian residual flow is used to quantify freshwater outflow, all
long period wind driven transport and other non-tidal flow in response to
lagoon-shelf exchanges onto which tidal oscillations are superimposed.

The second component, termed the "mass transport Stokes drift," arises
from the correlation ofthe rise and fall in water level with the ebb and flood
of the current. A net transport of water will occur if the tide is of the
partially progressive type (Dyer, 1974; Tee 1976). The mass transport
Stokes drift for a long, narrow lagoon is given by

Rs =(iii!) / (II) (4.5)

here ii =u - (U) (see Eq. 4.2) and H =H - (II), i.e. the differences between
the individual measurements and the temporal mean values. A Stokes drift
in the direction of tidal wave propagation will arise when over half of the
flood tide coincides with water levels above the tidal cycle mean. While R s
is especially well suited for describing transport in a co-oscillating current
system (U in Eq. 4.2), the Eulerian residual current (u) in Eq. 4.2) generally
has to be evaluated as well. Ianniello (1977) has noted that a mass transport
Stokes drift commonly coexists with an Eulerian residual flow. The net drift
arising from unequal flood and ebb transport produces a tidal pumping of
water into an estuary. To maintain a steady-state condition, this inflow is
compensated for by an opposing Eulerian outflow. In lagoons with both
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quasi steady and oscillatory currents, the mass transport residual current,
R L = R E + Rs, is calculated to quantify the total transport. Alternately,
Robinson (1983) defines an Eulerian residual flow in terms of both water
depth and current speed as

UE = (lIT;T [<H/+ T] I U(Z)dz] dt (4.6)
to 0

where T] is the tidal height relative to the mean water column depth.
The number of inlets serving a given lagoon may have a significant

bearing on whether the vertically integrated Eulerian and Lagrangian
residual flows act in concert with one another, or in opposition. In lagoons
with a single inlet, the Eulerian and Stokes residual motions may transport
water in opposite directions, as noted above. In lagoons with two or more
inlets, residual tidal motions may work in concert. In the two inlet situation,
residual tidal flow arises as a result of differences in mean water level, tidal
amplitudes and phases at the inlets, and differences in the inlets them
selves. Van de Kreeke and Dean (1975) have shown that the residual flow
will be toward the inlet at which the tidal amplitude is smaller, or at which
the tidal phase is lagged, all other factors being equal. Alternately, a
residual transport will be directed toward the inlet of greater length,
narrower width or greater depth - again, all other factors being equal. Liu
and Aubrey (1990) have combined model results with field measurements
in an estuary with multiple tidal inlets. Their work shows that the residual
tidal flow will be in the direction of decreasing mean sea level and toward
the inlet with the lower tidal amplitude. In contrast, the response to
differences in phase is relatively small and inconsistent. Inlet dimensions
may differ in many ways, thus it is difficult to predict the direction and
magnitude ofa residual flow. But the existence of residual tidal motion must
be recognized and sampling must be designed to detect and quantify it.

The vertical variation of residual tidal flow is a significant issue when
dissolved or suspended matter is unequally distributed through the water
column. Regardless of the local or non local nature of the forcing producing
the circulation, strongest current speeds will be found in near surface layers
furthest removed from the bottom friction layer. This will be the case for a
logarithmic current profile characteristic of the ebb and flood of the tide, as
well as for wind driven currents, which decrease exponentially with increas
ing distance below the surface. The pattern is more complex for residual
tidal flow, however. Smith (1990a), for example, has quantified vertical
variations in residual flow individually for Stokes and Eulerian residual
motion in Florida's Indian River lagoon at the midpoint between two inlets.
Residual flow in the uppermost quarter of the water column was nearly
twice that in the lowest quarter, and both Eulerian and Lagrangian compo
nents decreased with increasing depth. Ianniello (1977) on the other hand,
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considered a one inlet estuary of constant breadth and depth, and found
that while the Eulerian residual flow was directed seaward at all depths,
the Lagrangian residual was landward in the upper part of the water
column.

In lagoons with sufficiently restricted exchanges the local wind driven
circulation will dominate all other forms of locally or remotely forced non
tidal circulation. An important feature of the local wind driven current, and
one that can set it apart from the ebb and flood of the tide, stems from the
seasonality in wind forcing. Tidal circulation is dominated by semidiurnal
and diurnal constituents which vary only slightly in magnitude or in phase
over the course of a year. Seasonally changing wind patterns, however, will
result in corresponding changes in the wind driven circulation, and thus in
net transport. It is common for wind forcing to be stronger during fall,
winter and spring months, then decrease significantly during summer
months. A recent study by Smith (1990b) compared wind forcing with the
residual tidal flow in Florida's microtidal Indian River lagoon. Results
suggest that even relatively light summer winds of as little as 2-3 m/sec can
negate or double the Stokes drift calculated under calm conditions.

Local forcing by wind stress produces a direct downwind transport re
gardless ofthe wind direction. The initial response will be a set up of water
levels along the downwind shore, a setdown along the upwind shore, and
thus an upwind directed slope in the free surface of the lagoon. Even for
relatively light winds of 5-10 m s-1, the slope of the lagoon surface will be
on the order of 0.5 em krrr'. The rise or fall in water level at the downwind
and upwind ends of the lagoon will be especially pronounced ifthe lagoon is
elongated and the wind direction parallels the longitudinal axis of the
lagoon. The response to wind forcing can exceed the rise and fall of the tide
in a lagoon having restricted exchanges with shelfwaters, and a longitudi
nal axis on the order of several tens of kilometers.

The secondary response to the wind, and the primary response to the
barotropic pressure gradient established by the set up and set down condi
tion, is an upwind directed return flow. This occurs at near bottom levels,
and in the deeper waters along the middle ofthe lagoon. An upwind return
flow may be aided by navigational channels. Both natural and man made
channels serve as conduits by locally expanding the layer between the
downwind directed wind stress itself, and the bottom frictional force which
resists the upwind return flow. This has been discussed by Pitts (1989) for
Florida's Indian River lagoon, and modeled by Smith (1990a).

The pressure at any depth, z, is given by
z

p(Z) =f pgdz (4.7)

where p is water density and g is gravity. Density can vary significantly
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along the longitudinal axis of the lagoon as well as vertically. Alternately,
the surface of the lagoon is influenced by the wind set up, as noted above,
fresh water entering the lagoon, or tidal or non-tidal exchanges through the
inlet. Thus, a horizontal plane at some intermediate depth z can experience
a pressure gradient because of a slope in the free surface, or because of
spatial variations in density. The pressure gradient along the longitudinal
axis of the lagoon therefore expands into

Op O(pgz) Sp OZ
a-=a---=agz -+g-

Ox Ox Ox Ox
(4.8)

The first right hand side term in the final form of the equation describes the
baroclinic pressure gradient driving the density driven circulation. The
baroclinic pressure gradient will always be directed toward regions oflower
salinity, assuming that the effect of temperature on density gradients is
minimal. Thus, in a brackish water lagoon, the baroclinic pressure gradient
will tend to force near bottom water into the lagoon. In a hypersaline lagoon,
on the other hand, baroclinic forcing will act to force high salinity water out
the inlet. Noting that oz /Ox is equivalent to OT] / Ox, where T] is the surface
elevation relative to mean water level, H, the second term describes the
barotropic pressure gradient in response to the surface slope.

An evaluation of the two terms on the right hand side ofEq. 4.8 suggests
that baroclinic forcing, involving density gradients, will generally be of
lesser importance. It is important to note, however, that the circulation
associated with density gradients is directly related to depth. Thus, it will
increase in importance at intermediate and especially near bottom layers.
Fischer (1972) has noted that this may explain a transverse shear in
longitudinal flow, with a net inflow into the estuary in deeper layers in mid
channel, and a compensating outflow through the shallow waters nearer
either shore. The barotropic pressure gradient is not a function of depth,
and thus it will be felt equally at all sub surface levels.

An understanding of lagoon shelf mass exchanges is important for two
primary reasons. First, an active exchange ofwater with the adjacent shelfhas
an important effect on lagoon hydrography and water quality. Adjacent shelf
waters are relatively stable in terms of temporal variability in temperature
and salinity. Exchanging water with the lagoon imports that stability and
reduces environmental extremes in the lagoon. This same exchange of
water provides a flushing effect which maintains or restores water quality.
The second reason involves the transport of migrating animal species. Shelf
waters are the source of much of the biota of lagoons, particularly larval
forms which colonize lagoons. Adult animals leaving lagoonal nursery areas
migrate seaward through inlets to live in continental shelf waters.

Because of the fundamental importance of lagoon-shelf exchanges, Kjerfve
(1986) has suggested a classification scheme in which coastal lagoons are
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sub divided according to the nature of the exchanges between lagoons and
inner shelf waters. 'Leaky' lagoons have a relatively free exchange. At the
other extreme, 'choked' lagoons exhibit little or at times no exchange. Those
with an intermediate degree of exchange are termed 'restricted'. To the
extent that exchanges are restricted, coastal lagoons will exhibit a degree of
isolation that sets them apart from other types of estuaries.

The forcing that effects lagoon-shelf exchanges is conceptually straight
forward. Tidal exchanges are forced by high and low water conditions
occurring along the inner shelf, as tidal waves of ocean basin scale move
along the coast. Non-tidal exchanges occur when coastal winds directly or
indirectly raise or lower coastal sea level. Coastal sea level responds in a
direct way to cross shelf winds. Water level is set up and set down when
winds are directed landward and seaward, respectively. Coastal sea level
also responds to along shelf winds, although indirectly. Along shelf winds
drive an along shelfcirculation. In an equilibrium condition in the Northern
Hemisphere, the Coriolis force will be balanced by an opposing pressure
gradient, and sea level will slope upward to the right, looking downstream.
Thus, for along shelf winds and currents with the coast on the left, coastal
sea level will fall, and water will be drawn out of the lagoon. When the wind
and current reverse direction, coastal sea level will slope upward toward the
coast, water level will rise and the lagoon will fill. The resulting inflow into,
or outflow from the lagoon is much like a tidal exchange, although it
characteristically occurs over time scales on the order of a week, as synoptic
scale weather patterns move through the study area.

Inlet morphology plays a central role in the lagoon-shelf exchange proc
ess. The constriction of an inlet acts as an exponential filter in the sense that
the damping effect it has on exchanges is directly related to the frequency
of the rise and fall in coastal sea level. For a sufficiently constricting inlet,
tidal amplitudes in a lagoon may be greatly reduced below amplitudes found
nearby on the continental shelf, yet low frequency variations over time
scales in excess of a few days may be nearly identical in lagoon and coastal
waters. DiLorenzo (1988) has described the modification of tidal conditions
by inlets for coastal bays in which water levels rise and fall uniformly in
space. This 'Helmholtz', or 'pumping mode' response is characteristic of
many smaller bays and lagoons. The Helmholtz frequency, Fh, is defined by

(4.9)

where g is gravity, A, is the mean cross sectional area of the channel
connecting the lagoon and the ocean, L is the channel length and As is the
mean surface area of the lagoon. For low frequency ocean forcing, e.g., less
than about 0.1 Fh' the rise and fall of the lagoon surface will approximate
that of the adjacent ocean closely. As the frequency of ocean forcing ap-
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(4.10)

(4.11)

(4.12)

proaches F, however, the morphology of the connecting channel become
more important in determining the lagoon response. A channel damping
coefficient, D, is defined by

D = IHoA.
AcL

where I is a measure of the channel impedance, and H« is the amplitude of
the ocean tide. For large damping coefficients, the response of the lagoon is
a damped version of the ocean forcing. For low damping coefficients, how
ever, a significant amplification may occur. This is especially true for
overtides, which are amplified or damped approximately twice as much as
the astronomical constituents are.

The principal diurnal and semidiurnal tidal constituents have been com
pared for shelf waters of the northwestern Gulf of Mexico and for the
Laguna Madre of Texas. Overtides were not physically significant in this
case. The damping coefficient for Aransas Pass was high enough to damp
all astronomical tidal constituents, but in every case semidiurnal constitu
ents were preferentially damped relative to diurnal constituents. This can
be quantified with the 'form number' defined by the sum ofthe amplitudes
of the two principal diurnal tidal constituents (usually K1 + 0 1) divided by
the sum of the amplitudes of the two principal semidiurnal constituents
(usually M 2+ S2). Form numbers computed from water levels along the Gulf
coast of Texas are 2.0 to 2.5, while values computed from measurements
made in Laguna Madre are generally between 6.0 and 10.0. Figure 4.4
shows this with energy density spectra computed from water level time
series recorded at Aransas Pass on the Texas Gulfcoast and at the northern
end of Laguna Madre (see Smith, 1988). Long period energy density levels
are nearly identical. At diurnal and semidiurnal tidal periodicities, how
ever, energy density levels in the lagoon are decreased by approximately one
and a half and two and a half orders of magnitude, respectively.

The concept of water balance is fundamental in calculating two commonly
used measures of lagoon flushing - hydraulic replacement time, Th, and
freshwater residence time, T'« The hydraulic replacement time is given by

V
Tj = 

Qr

where V is the mean volume of the lagoon, and Qris the total net freshwater
discharge. The freshwater replacement time is defined by

T -T (80-81)

f- h So

where So and Sl are the mean salinities of adjacent inner shelf waters and
the lagoon, respectively. In practice, surface runoff is used for Qr. This may
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Fig. 4.4. Energy density and coherence spectra computed from water level time series recorded
at Aransas Pass (27°50.3'N, 97°03.0'W) on the Texas Gulfcoast (light line) and at the northern
end of Laguna Madre (27°37.1'N, 97°14.3'W), January 29 to June 27,1974.

be a poor approximation, because strictly speaking net freshwater dis
charge must be the sum of the surface runoff, groundwater seepage and
direct precipitation (see Eq. 4.1). Equally important, this total must be
corrected for evaporation. This is especially true for shallow lagoons with a
large surface area to total volume ratio. Failure to evaluate these processes
and incorporate all the significant terms can lead to substantial over or
underestimates in the flushing rate. Unpublished data from Corpus Christi
Bay, Texas, for example indicate a freshwater residence time of 0.27 years
if freshwater discharge is uncorrected for evaporation. Similar calculations
indicate a hydraulic replacement time of 1.87 years. If calculations are
corrected for evaporation, however, the freshwater residence time increases
to 1.03 years, and the hydraulic replacement time increases to 7.34 years.

Salt Balance

The importance of understanding the salt balance of a coastal lagoon
stems not only from the role salt plays in determining the estuarine char
acteristics of the lagoon, but also from the fact that salt serves as a
convenient natural tracer, and as such it can be helpful in water quality
studies. Carefully conducted salt balance studies will indicate the magni
tude and thus the relative importance of a variety of tidal and non tidal
transport processes. Detailed studies can explain observed spatial patterns
of salinity, as well as temporal variability occurring over time scales rang
ing from hours to seasons.
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Generally speaking, salt balance studies are designed to investigate: (1)
the rate at which salt moves through a cross section at an inlet or within
the lagoon; (2) the mechanisms most responsible for salt transport through
a given cross section; or (3) the rate of change of salinity within the lagoon
as a whole, or within a particular segment ofinterest, resulting from spatial
variations in salt transport.

The most basic distinction in salt transport mechanisms is between
advective transport and non-advective, diffusive processes. Over time scales
longer than several days, at least, lagoons with a sufficiently strong and
consistent freshwater outflow will have a quasi steady seaward directed
advective transport and a landward directed salinity gradient that drives
an upstream diffusion of salt. Over the longest time scales, a balance of
these two processes maintains the brackish water conditions in the lagoon.
Over shorter time scales, however, meteorological forcing in one form or
another can effect significant imbalances, redistribute salinity within the
lagoon and produce significant variations in salinity patterns. Any of the
mass transport mechanisms noted previously can advect salt as well. Thus,
the salt balance of a coastal lagoon is intimately related to the water
balance.

Pritchard's (1960) investigation of the salt balance of Chincoteague Bay
is noteworthy in this regard, because the approach was to integrate hydro
logical and meteorological data into an analysis of historical salinity data to
predict the annual variation in salinity in terms of freshwater outflow.
From this data base, distinctly different information becomes available.
Specifically, by relating water balance with salinity conditions, Pritchard
was able to estimate a volume renewal rate of 7% per day for the bay. This
approach may be appropriate for utilizing the considerable amount of
hydrographic data that have been accumulated and archived through moni
toring programs in many coastal lagoons.

For several reasons, salt balance studies in coastal lagoons are distinctly
different from similar studies in drowned river valley estuaries. First, tidal
processes may be of secondary importance. The semidiurnal or diurnal time
scales are often dominated by quasi periodic variations in current speed and
salinity over time scales on the order of 1-2 weeks. This makes it difficult
to select an appropriate time period for defining the mean flow. Second, in
contrast with the dominant longitudinal salinity gradient characteristic of
most drowned river valley estuaries, elongated lagoons lying landward of a
barrier island may have well defined lateral salinity gradients as well.
Lateral salinity gradients occur when fresh water enters through several
rivers, streams or drainage canals on the landward side of the lagoon; or
especially when groundwater seepage contributes a significant fraction of
the total freshwater inflow.

No general equation similar to Eqs. 4.1 and 4.21 (next section) exists for
the salt balance of a coastal lagoon as a whole, because local sources and
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sinks of salt are negligible. Local gains and losses of fresh water affect
salinity to be sure, but not the salt content of the study area. Instead, one
quantifies transport, whether by advection or diffusion, and then, depend
ing upon the objectives of the study, expresses the time rate of change of
salinity at a point in terms of spatial gradients of advective and/or diffusive
transports.

For an elongated lagoon that can be described with one-dimensional flow,
the instantaneous advective transport through a cross section of area A is
given by

t; = f us dA
A

(4.13)

where u is the component ofthe current velocity normal to the cross section
and s is the salinity. In a tide dominated estuary, it is common practice to
make calculations over an integral number of complete tidal cycles, then to
define the mean flux in terms of tidal cycle averages:

(Ta) = ~ f f us dA dt
t A

(4.14)

where P is the tidal period. Allowances must be made for diurnal inequali
ties in high and low water in coastal areas with a mixed tide, and for
dominant non-tidal time scales where meteorological forcing is of compara
ble or greater importance than tidal forcing. Also, in coastal regions where
spring and neap tide conditions differ appreciably, measurements may have
to be repeated at weekly intervals.

In practice, advective processes are quantified after the current speed,
salinity and water level time series are decomposed in terms of their
temporal and/or spatial variability. Both the current speed and salinity in
the first term on the right hand side of Eq. 4.13 can be decomposed into
mean and time varying components to investigate local salt transport.
Recalling Eq. 4.2, we can decompose a time series of salinity exactly as we
decomposed current speed. The salinity measured at a particular time and
place can be thought of in terms of steady, periodically varying and turbu
lent components. Each instantaneous measurement from a given level in
the water column is comprised of a temporal mean value and both tidal and
non-tidal deviations from the mean:

s =(s) + S + S' (4.15)

where (s) is the time average, S is the tidal period variation of salinity, and
s' is the turbulent fluctuation. The product on the right hand side ofEq. 4.14
then expands into

us =(u) (s) + (u)S + (u)s' + U(s) + US + Us' + u'(s) + u'S + u's' (4.16)
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When the cross products are integrated over one or more tidal periods,
several terms will drop out and the equation is simplified considerably.
Dyer (1973) has discussed this at length. In some cases, individual terms
are not correlated with each other; in others, the sum ofthe products is zero.
For example, both the (u)s' and u'(s) terms should drop out over a tidal cycle
because the turbulent fluctuations will have a zero mean. Similarly, it is
unlikely that the tidal period variation in salinity is correlated with the
mean velocity, or that the tidal current is correlated with the mean salinity,
and (u)S and U(s) drop out. Thus, for quantifying advective salt transport,
Eq. 4.14 may be expressed as

(Ta) =~ I I «u) (s) + us + u's')dA dt
I A

(4.17)

(4.18)

(4.19)

Additional salt transport results from a variety of dispersive mechanisms,
however. Neglecting molecular diffusion, dispersion terms occur in the
presence of spatial gradients in current speed and salinity. The upstream
diffusion of salt in the direction of the salinity gradient and opposing the
advective salt transport is treated mathematically by introducing a coeffi
cient of longitudinal dispersion which Bowden has called the effective eddy
diffusion coefficient because it represents mixing conditions over a complete
tidal cycle. Salt transport by diffusion is quantified by multiplying the
salinity gradient by the effective eddy diffusion coefficient:

T - K 5(s)
d- % &

In a well mixed, one-dimensional lagoon, the effective eddy diffusion coeffi
cient can be calculated ifthe corrected freshwater outflow from Eq. 4.1, the
mean longitudinal salinity gradient, <>{s)/&, and the cross sectional area.A,
are known. Then,

(s) Qf
K,= [A,~S}]

Dyer (1973) has summarized values of K", found in several previous studies.
Typical values are on the order of 106 cm2/s. Bowden (1963) has found that
in alternating tidal flows of amplitude Us, K", =0.15 U« h. Once K% is known
for a given study area, one may use Eq. 4.18 to estimate salt transport by
diffusion.

The temporal variation in salinity, whether for the lagoon as a whole, or
for a specific sub basin, takes the concepts of advective and diffusive
transport one step further. To increase or decrease salinity, there must be
a convergence or divergence in salt transport, respectively. This is ex-
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pressed mathematically by taking the x-derivatives of the transport equa
tions. Dyer (1973) has discussed this for the three-dimensional case. For
simplified, one-dimensional flow, this is written as

(4.20)

The introduction of x-derivatives will often eliminate additional terms in
the expansion of the advection term (Eq. 4.16). For example, the tidal period
velocity and salinity variations may be highly correlated, but unless this
correlation changes along the axis ofthe lagoon, O(U8)/& will be negligible.
Similarly, while it is logical to assume that larger turbulent fluctuations
might be embedded in stronger tidal currents, it does not follow that they
will be consistently correlated, or that a longitudinal gradient in this
correlation will exist. Finally, an increase in the amplitude of the tidal
current might produce both a larger tidal variation in salinity and larger
turbulent fluctuations, but the longitudinal variation in this relationship
may be negligible. Only field measurements will determine which terms in
Eq. 4.16 must be retained and which can be neglected.

In a steady-state condition, salinity will be constant in time, and the two
right hand side terms in Eq. 4.20 will balance. While it is tempting to
simplify the expression in this way, in practice it is rare to find steady-state
conditions, except over the longest time scales. Most studies are not contin
ued beyond several consecutive tidal cycles. Salinity fluctuates significantly
over time scales ranging from hours to seasons, and it is generally prefer
able to assume a non steady, time varying system, and use a less abbrevi
ated form ofEq. 4.20 to explain observed temporal variability in the salinity
field over shorter time scales.

Apart from the matter of decomposing salinity, velocity and perhaps cross
sectional area into steady and time varying components, one must also
select sampling stations and levels in a manner appropriate to resolve both
transverse and vertical gradients. Stations and layers can be chosen in such
a way as to emphasize either transverse (see Fischer, 1972) or vertical
deviations (see Hughes and Rattray, 1980) from the cross sectional mean.
Park and James (1990) have noted that the partitioning procedure must be
selected in accordance with the hydrodynamics of the estuary under inves
tigation. In a well mixed coastal lagoon, transverse variations in salinity are
generally more significant than vertical variations. The number of layers
and stations need not be large to resolve gradients. Park and James (1990)
found, for example, that four stations and seven layers were sufficient. This
is in good agreement with results of Kjerfve et aZ. (1981).

The sampling grid can be defined in such a way that layers are of uniform
thickness, or proportional to local depth (sigma coordinates). Rattray and
Dworski (1980) and an anonymous reviewer have recommended against the
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common practice of proportional spacing of vertical layers, because salt
fluxes can be erroneously attributed to the transverse coordinate. Park and
James (1980), however, have conducted an error analysis using both trans
verse and vertical partitioning and concluded that either method can be
used. Sampling in the vertical is usually from top to bottom at a given
location, resulting in profiles of temperature, salinity and current velocity.
Rattray and Dworski (1980), however, have noted that sampling at a given
depth can be at locations spaced proportional to the width of the cross
section at that depth. Once the transverse cross section has been gridded
appropriately, velocity and salinity observations can be expressed in terms
of vertical, transverse and/or cross section means, and in terms of depar
tures from these means. The definitions of means and departures can
become quite involved. A notable exception is the technique used by Murray
and Siripong (1978) who express transverse and vertical effects in terms of
the deviations of lateral and vertical means from the cross sectional means.
Analysis of variance techniques were then used to correlate cross products
and quantify the relative importance of vertical and lateral fluxes in the salt
balance of a well mixed estuary. A more complex approach may be required
to investigate more specific transport mechanisms.

Results of a considerable number of salt balance studies can be summa
rized to identify, or at least infer the primary mechanisms for the salt
balance of a coastal lagoon. First, and generally most important, is the
advective transport associated with river discharge, tidal co-oscillations or
associated with the slow non-tidal filling and draining that occurs as a
consequence of low frequency fluctuations in coastal sea level. Second, a
tidal diffusion contribution involves the correlation between tidal period
fluctuations in current speed, salinity and depth. Finally, 'shear effects'
arise in response to spatial correlations of the transverse and vertical
deviations in salinity and current speed.

Listing the principal salt transport mechanisms in order of their impor
tance is relatively difficult, because they vary considerably from one estuary
to the next, often from one location to the next in a given estuary, and
perhaps from one study period to the next due to seasonally changing wind
or precipitation patterns. Also, the decomposition techniques employed
from one study to the next can make comparison difficult. Nevertheless,
some generalizations are possible. There seems to be widespread agreement
that the advective transport associated with the mean flow is a dominant
term. Pritchard's (1958) study of the salt balance of the James River
Estuary concluded that the mean horizontal advection and the vertical
diffusion of salt were the two most important terms. Park and James (1990)
found that the most important term when averaged over one or more tidal
cycles was the product of the cross sectional mean salinity and the cross
sectional mean velocity. The instantaneous salt transport was dominated
by the product ofthe tidal period mean salinity and the cross sectional mean
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deviation from the tidal period mean velocity. Dyer (1974) has compared the
salt balance ofthree estuaries with differing stratification. Results from the
two partially mixed estuaries are relevant within the context of coastal
lagoons. There, the lateral contribution to the total salt flux was similar in
magnitude to the vertical contribution. Logically, in vertically mixed la
goons having significant lateral gradients, the lateral and longitudinal
advection and diffusion terms are dominant. Murray and Siripong (1978),
working in a shallow well mixed estuary near Guayaquil, Ecuador, quanti
fied terms responsible for both upstream and seaward fluxes. Results
confirmed that the longitudinal flux due to lateral gradients was greater
than that associated with vertical mixing. In vertically mixed coastal la
goons, it is probable that lateral gradients in salinity, arising from ground
water seepage and freshwater runoff, combine with tidal and low frequency
co-oscillations in the longitudinal flow to enhance the upstream dispersive
flux of salt.

Heat Balance

Warming and cooling in coastal lagoons is a straightforward result of a
net gain or loss of heat energy through the air-water interface, an advective
gain or loss by tidal and non-tidal circulation, and to a lesser extent, gains
and losses by conductive exchanges with the underlying sediments. Heat
budget studies are conceptually similar to water balance studies in the
sense that the heat budget equation, like the hydrologic equation (Eq. 4.1),
contains terms representing both local and advective processes. The relative
importance of local processes may be considerably greater in heat budget
studies than in water budget studies. This is especially true for lagoons
which have restricted exchanges with adjacent shelf waters.

The heat budget of a coastal lagoon is summarized by the well known heat
budget equation:

(4.21)

where I1Q/!i.t is the temporal change in total heat energy stored in the water
column, Qs represents heating by incoming solar radiation (insolation), Qb
is the net long wave radiative energy loss, Qh is the sensible heat flux, Qe is
the latent heat flux, Qm represents conductive heat exchanges with the
underlying sediments, and Qa is the advective heat flux.

Qs and Qbhave been combined because they are often considered together.
Both are radiation terms, and both vary inversely with cloud cover. An
overcast sky, for example, reflects insolation and thereby decreases heating.
Cloud cover also insulates the lagoon against long wave radiative energy
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losses. Similarly, Qh and Qe are often considered together, because both
respond to the overlying air mass, and both are directly proportional to wind
speed. Warm, humid maritime tropical air, for example, will inhibit sensible
heat losses as well as evaporative cooling. Qrn has received the least atten
tion of all the heat budget terms, because instantaneous fluxes into and out
of underlying sediments are characteristically small, and because the net
gain or loss over the longest time scales is negligible. Qais the most difficult
term to quantify, as discussed below, and in many studies it is calculated as
a residual- the difference between what can be estimated for the other
terms, and the actual temperature change that has been observed at the
study site.

Miller (1981) and Reed (1976a, 1978) discuss the calculation of insolation
over a water surface. Several expressions are available for estimating solar
heating. Basically, they consist of a correction to the solar constant to
account for seasonal variations in the earth sun distance and the zenith
angle at the latitude ofthe study site, a second correction to account for the
sun angle between sunrise and sunset, a third for atmospheric turbidity, a
fourth for cloud top reflection, and a fifth correction for surface reflectivity
at the air-water interface. The result is a value for the insolation entering
and thus heating the lagoon.

Net outgoing long wave radiation is based upon the Stefan-Boltzmann
equation, but again corrections are needed to account for the insulating
effect of humidity and cloud cover. Reed (1976b) has discussed this at some
length. A recent paper by Gardashov et at.(1988) discusses the increase in both
emissivity and the reflectivity of thermal atmospheric radiation as a function
of wind speed and hence the wave distortion of a water surface. Applying this
correction increases radiative heat losses on the order of 5-10%.

Sensible and latent heat fluxes can be investigated in a variety of ways,
including: (1) cross correlation methods which require simultaneous meas
urements of wind components and air temperature; (2) aerodynamic meth
ods which use exchange coefficients; (3) aerodynamic profile methods; and
(4) bulk aerodynamic methods based upon air-water differences of potential
temperature and specific humidity. The bulk aerodynamic method is prob
ably the most used for lagoonal heat balance studies (see Hasse, 1970; Hsu,
1978; and Priestley and Taylor, 1972). Although sensible heat fluxes can
either warm or cool a lagoon, in practice cooling is considerably more
efficient than heating. When warm air comes in contact with relatively cool
water, both the lower atmosphere and the upper layers of the water column
will stratify as they approach a common temperature, and further heat
transfer is reduced significantly. The most common form of the expression
used to evaluate the sensible heat flux term includes the air-water tem
perature difference, wind speed at a standard height above the lagoon and
a bulk aerodynamic coefficient for heat as a proportionality factor to relate
the wind speed and temperature gradient to the heat flux that they produce.
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Hsu (1978) has summarized values of the bulk aerodynamic coefficient
found in several previous studies. Overland wind measurements can be
substituted for over water applications, if an appropriate correction is
applied (see Hsu, 1981, 1986; Richards et al., 1966).

Latent heat fluxes are also much greater as heat losses by evaporation
than as heat gains by condensation. Expressions for latent heat fluxes are
similar to those for sensible heat fluxes. Latent heat flux can be evaluated
from wind speed, a measure of atmospheric moisture and the bulk aerody
namic coefficient for water vapor. Here, too, one must correct overland
measurements to approximate over water conditions, iflocal wind data are
not available.

Conductive heat exchanges with underlying sediments can be evaluated
from the product of the thermal conductivity of the sediment and the
vertical gradient in temperature (Sellers, 1965). In many cases, bottom
sediments are layered, and either a mean value or a depth varying value
must be used in the calculations. Substituting representative values for
conductivity (see Geiger, 1965), calculations suggest that temperature
changes at depths 2-3 m below the water-sediment interface may be small
enough to neglect, even over the longest time scales. Heat fluxes through
the water-sediment interface are characteristically 1-2 orders of magni
tude smaller than fluxes through the air-water interface (Smith, 1982),
because at the surface individual processes may act to warm and cool the
water column simultaneously, and their net effect may be small. At most,
sediments act only to store heat over seasonal and sub seasonal time scales.
Over seasonal time scales, temperatures may penetrate a few meters; over
time scales on the order of a few days, heat fluxes penetrate only a few tens
of centimeters. The special case of heat fluxes from sediments that are
alternately heated at low tide, then inundated by the flood tide has been
described by Vugts and Zimmerman (1975) but will not be considered here.

Advective heat fluxes are computed from the product of the water tem
perature, T, density, p, specific heat, Cp, and current speed, u:

o. =Cp JTpu dA
A

(4.22)

where u is directed normal to the cross section. In practice, vertical tempera
ture gradients (and thus density gradients) will be slight, because wave
mixing in shallow water will act to redistribute heat vertically as it arrives
through the air-water interface. Heath (1977) has taken advantage of the
mixing effect of waves and turbulence to use instrumentation from a single
intermediate level to quantify advective heat transport through the channel
connecting Pauatahanui Inlet with the Tasman Sea. Within a lagoon,
however, vertical and lateral temperature gradients may be significant, and
both lateral and vertical current shear in the longitudinal flow may be
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complex if the current responds to both wind and tidal forcing. It is rare that
one can resolve adequately the spatial variability in both temperature and
velocity structure. Thus, one either interpolates based upon limited avail
able measurements, approximates, calculates this term as a residual, or
ignores it altogether and focuses on local fluxes.

Temperature data obtained over sufficiently long study periods indicate
that net heat fluxes and the resulting warming and cooling occur over three
distinct time scales. A diurnal rise and fall in temperature occurs as a
logical response to heating by incoming solar radiation during daylight
hours counteracted by relatively steady evaporative and long wave radia
tive cooling throughout the day. Cooling by evaporation may in fact show a
subtle, though distinct periodicity because of the diurnal variation in wind
speed. Over time scales on the order of 1-2 weeks, warming and cooling
occurs as a response to synoptic scale weather systems passing over the
coastal zone, affecting cloud cover, wind speed, and perhaps air temperature
and humidity. Finally, seasonal warming and cooling resulting from vari
ations in the zenith angle of the sun produce an annual cycle onto which all
higher frequency fluctuations are superimposed. Figure 4.5 contains two
time series obtained from Florida's Indian River lagoon during midsummer
(upper) and midwinter (lower) months. The separation of the two curves
emphasizes seasonal variations; the higher frequency rise and fall of the
24-hour mean values indicates the day to day variations about seasonal
means that occur in response to weather systems moving through the area.
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Fig. 4.5. Daily mean temperatures during a LlG-day time period from June 16 to October 3,
1979 (top) and from December 16, 1977 to April 4, 1978 (bottom) at a study site in Florida's
Indian River lagoon (27°32.0'N, 80021.0'W). (After Smith (1983); used with permission).
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Results of heat budget studies in coastal lagoons can be summarized
relatively easily. Lagoonal heat budget studies show that without exception
insolation is the dominant heating term (Smith, 1981a, 1981b); latent heat
fluxes and net outgoing long wave radiation are the dominant cooling
processes. The latter are generally ofthe same order of magnitude, however
in tropical settings Qe may be somewhat larger because of higher saturation
vapor pressures in warm air. Conversely, at higher latitudes, lower atmos
pheric vapor pressure permits greater radiative cooling. Sensible heat
fluxes may be significant over time scales on the order of several days, as
weather systems move through the study area. However, over longer time
scales sensible gains and losses tend to cancel, leaving a much smaller
seasonal variation. In most settings, because lagoons respond to warming
and cooling processes rapidly by virtue of their shallow depth, they will
warm more quickly than shelf waters in spring and cool more quickly in
autumn months. Thus tidal and low frequency exchanges produce an advec
tive cooling and warming that is relatively well defined during the period of
spring warming and fall cooling, respectively. Heath's (1977) study of
Pauatahanui Inlet revealed advection to be a significant term in the heat
budget of the inlet, however it is probable that the advection term becomes
significantly less important in the interior of a larger lagoon. Transient
perturbations of the seasonal cycle in advective heat fluxes occur as synoptic
scale weather systems move across the coastal zone, and more persistent
local anomalies may occur in response to upwelling events. For example,
Alvarez-Borrego and Alvarez-Borrego (1982) have described a situation
along the coast of Baja California in which coastal upwelling during sum
mer months provide a source of cool water that is drawn into San Quintin
Bay and Estero de Punta Banda on the flood tide. As a result, strong
seaward directed temperature gradients and advective cooling of the la
goons persist well into midsummer months.

An example of a heat budget study conducted in a subtropical lagoon in
winter months is shown in Figure 4.6. Only local fluxes were considered in
this study. Insolation and outgoing long wave radiation are combined at the
top of the plot. Insolation averaged 236 Watts m-2 during the study, but day
to day variations in the daily means occurred in response to changes in
cloud cover. Outgoing long wave radiation, in contrast, is relatively stable
in time. Sensible and latent heat fluxes, shown in the middle ofthe plot, are
similar in many respects, as a result of their response to the overlying air
mass. Water-sediment conduction, at the bottom of the plot, is relatively
insignificant. The mean over the study period was only 3 Watts m-2• While
the plot and the mean values are study site specific, the relative magnitudes
of the local heat flux terms are more generally representative. On average,
for this winter-spring study, the heat balance of this coastal lagoon involves
a gain by insolation balanced by losses due to latent heat fluxes, outgoing
long wave radiation, and to a lesser extent sensible heat flux.
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Fig. 4.6. Composite of five local energy exchange processes simulated for a study site in
Florida's Indian River lagoon (27°32.1'N, 80021.0'W), December 20, 1979 to April 16, 1980.
(After Smith (1982); used with permission).

A recent study of Corpus Christi Bay, Texas (Smith, 1989) quantified local
heat energy fluxes over time scales ranging from hours to seasons. An
important, though expected finding was that individual terms can vary
significantly over the course of a year. For example, mean insolation in
creases by over a factor of two between winter (December-February), and
summer (June-August) months; evaporative cooling increases by over a
factor of four. Mean net outgoing long wave radiation and sensible heat
fluxes are relatively constant from one season to the next. Seasonality of
another kind appears in low frequency variability over time scales on the
order of several days (Fig. 4.7). Frontal passages in late fall, winter and
early spring months increase the day to day variability in outgoing long
wave radiation and especially in sensible and latent heat fluxes.

A significant problem in many heat budget studies arises from the use of
weather data collected some distance from the study site. In the coastal
zone, it is common for significant spatial gradients to exist - usually
oriented normal to the coast, rather than parallel to it. Cross shelfgradients
in air temperature, wind speed and perhaps cloud cover are most pro
nounced. During summer months, the diurnal cycle of air temperature can
be significantly greater over a land surface than over a water surface. The
resulting variations in density produce a pressure gradient which drives the
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Fig. 4.7. Composite of daily average local heat energy gains and losses calculated for Corpus
Christi Bay, Texas (27°50'N, 97°15'W), 1974. (After Smith (1989); used with permission).

familiar land and sea breezes. Furthermore, stronger surface heating will
increase convective activity and thus cloud cover over a land surface.
Conversely, during winter months, cloud cover affecting the heat budget of
a coastal lagoon may be greater than that recorded at an inland weather
station, because of the heat and moisture put into the atmosphere over the
continental shelf. As noted above, radiation inversions forming over land
surfaces, but not over water, can result in significantly different surface
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wind conditions between the study site and the nearest airport. For all these
reasons, observations at an inland weather station may be unrepresenta
tive ofconditions at the coast to which the lagoon is responding. This matter
has been discussed by Smith (1985), who concludes that errors introduced
by spatial gradients tend to cancel over extended simulations. Thus, routine
weather observations should be satisfactory for many types of investiga
tions of heat budgets over time scales in excess of several days.

Concluding Remarks

The literature survey conducted during the preparation of this chapter
indicated convincingly that coastal lagoons as a group are less extensively
studied than are drowned river valley estuaries and perhaps even fjords. In
many cases, the importance of a given physical process in a lagoon setting
can only be inferred from findings obtained in investigations of well mixed
drowned river valley estuaries. In view of the broad geographical distribu
tion of lagoons, one must conclude that the dearth of lagoonal studies
reflects the spatial distribution of investigators as much as the distribution
oflagoons.

The literature survey also revealed a paucity of information on processes
involving water-sediment interactions. For example, groundwater seepage
is poorly documented, and its relative importance in the hydrologic balance
of a coastal lagoon remains problematic. Also, water-sediment heat energy
exchanges have received little attention in most heat budget studies. Inves
tigators who have quantified this term, however, are in agreement that it is
relatively unimportant as a warming and cooling process over longer time
scales. Both terms deserve more attention in future studies.

A comparison of several processes acting in concert becomes difficult
when analytical methodologies are inconsistent from one study to the next,
especially in salt balance investigations. Differences between estuaries
require different methodology in some cases. In other cases, however, the
methodology selected represents only an attempt to explore new analytical
techniques. While this is commendable in and of itself as a contribution to
marine science, it would be helpful if investigators would make an attempt
to broaden their analyses wherever possible to incorporate common meth
odology, facilitate comparisons and in that way make sorely needed gener
alizations regarding physical processes in coastal lagoons.
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