
Chapter 1
Introduction to Estuary Studies

1.1 Why to Study Estuaries?

The word estuary is derived from the Latin word aestus which means tide, also the
adjective aestuarium has tidal or abrupt high wave as a meaning, an environment
highly dynamic with changes due to natural forces. This word is generally used to
indicate the place where the river meets the sea, characterizing a coastal river
discharge. It is a transitional ecosystem between the continent and the ocean:
complexity, variability and the human interference are the usual characteristic of all
estuaries. In normal conditions they are biologically more productive than the rivers
and the adjacent ocean, due to their high nutrient concentrations which stimulate
primary production.

Fresh water discharge, incoming sea water from the continental shelf, associated
suspended sediment, and organic and inorganic transport of substances are pro-
cesses that are of great importance to the urban, social and economic development
of the neighborhood of the estuarine regions. Some of these concentrations are used
for the metabolism of marine organisms, and the pollutants which may also be
carried and mixed with the natural substances, and are hazardous to the great variety
of the marine biota and to the health of the populations which use these natural
resources. According to Cronin (1967) it is, therefore, appropriate to identify and
consider the past effects of man on the fundamental processes in estuaries and to
contemplate future beneficial and detrimental influences on these fascinating,
complex and important waters.

The influence of human activities on estuaries was not recognized as important
until the second half of the XIX century. Previously, human impacts were limited to
the outflow of domestic pollutants and, remotely, to the agriculture and farms due to
the increasing discharges of the land sediments into the rivers. Thereafter, there was
a huge expansion near the estuaries of the activities in industrial plants (manu-
facturers of a great diversity of material and substances), in agriculture (with the
utilization of fertilizers and defensives), reservoir constructions (for power plants
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installation), as well as, natural harbors. As a consequence of expanding population
in the cities, and the intensive water intake from river drainage basins, disturbing
the natural equilibrium of estuarine and coastline water masses, there was a great
increase in the human impact the sustainable development of these natural envi-
ronments is put at risk.

The economic activity increase was ultimately associated with the estuaries due
to the following reasons: ideal locations to place harbors and ports; high quantities
of organic matter are produced by their fertility; a convenient inland navigation
route as such, its water masses are periodically renewed under the river and tidal
forcing. As an ecosystem, several vital functions are performed by estuaries, such as
those presented by Ketchum (1983): a natural wildlife (birds, animals and fishes), a
hatching place and nursery environment for several biological communities, and of
fundamental importance as migratory routes for commercial fishes.

One motive for estuarine studies is to understand how this complex system
functions. In the area of Physical Oceanography, experiments are of fundamental
importance, they use these water bodies as a natural laboratory to interpret their
circulation and mixing processes using theoretical and semi-theoretical knowledge.
Small scale physical models may also be used together with analytical and
numerical models. As in others areas of science, experiments and theory are
activities mutually interactive and the results provide the basic knowledge for the
development of the estuarine research.

Besides the scientific motivation, estuaries have a historic and continuing
importance to human activities. Almost 60% of the most populated cities worldwide
lie on or near estuaries, proportionally representing with its dimensions one of the
richest regions of our planet. There is now a growing consciousness of the need to
protect the estuarine environment. Until recently, little thought was given to eco-
logical consequences (Geophysics Study Committee 1977). In Brazil, this pro-
portional value of populated cities near estuaries is almost the same as globally and
the scientific knowledge may be used to solve problems of practical nature, for
instance: impacts related to changes in the hydrographic basin and in the estuary
geometry due to dredging, identification of sedimentation places which represent an
obstacle to the harbor navigation, residence times and effluent dispersal of sub-
stances in its interior, and physical, biological and chemical properties to the
support projects of aquiculture.

As in foreign countries, the reason for the development of Brazilian cities in the
estuaries proximities were: commercial and naval harbor facilities, a natural
capacity for the renewal of the periodic and systematic water masses under tidal
influence, natural communications with mangrove regions, plentiful biological
community, and recreational and economic potentials.

Estuaries have been used as a receptacle of natural substances and wastes of
industrial activities, which may degrade the water quality. An analysis of these
products grouped according to their main sources, were described in detail
according to their menace to human and biologic communities. None of the con-
taminants can be attributed entirely to any one class of activity, but each can be
ascribed to be a major source (Schubel and Pritchard 1972).
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– Pathogenic organisms, organic matter and nutrients: Municipal wastes.
– Pesticides and Herbicides: Agriculture.
– Heavy metal, oil, fresh-tainting, substances, toxic chemicals: Industry, shipping,

from atmosphere, and highways and roads.
– Heat: Power plants.
– Sediments: Agriculture and construction in general

Natural suspended sediment transport in rivers due to the erosion processes in
the hydrographic basin may be increased due to the activities already listed. The
ultimate sedimentation process in an estuary may become a menace to its existence
due to the possibility of an irreversible decrease in the water volume in its interior.
Also, the input of contaminants associated with the sedimentation process may
shorten its geological life and its natural biological health.

Although litter is an item not included in the above-list and is not an indicator of
water quality, it represents a threat to the natural estuarine environment. However,
being a behavioral problem it may be addressed only through environmental edu-
cation, already applied in some countries. For instance, studies by Williams and
Simmons (1997) in England, were carried out to investigate the problem extension
of litter occurrence in beaches, and alarming results were obtained. Hundreds of
plastic bottles, beverage cans and a diversity of variable materials were found on
each kilometer of a beach during summer and winter seasons. Taking into account
these problems, it was evident that further studies are needed at the interface
river/estuary/beach to tackle this problem.

The water mass renewal in an estuary and its capacity to assimilate the
by-products of man’s activities that may lead to degradation of the estuarine
environment, is dependent on the physical, chemical, biological and geological
natural processes, which between them interact in a complex way and are vulner-
able to the water quality. Although high-quality estuarine research programs do
exist, these interactions were not comprehensively studied in an interdisciplinary
way, because most investigations were developed in a specific line and conse-
quently poses a threat to the human health. Therefore, a direct or indirect intro-
duction of substances and energy by man may reach concentration levels so high
that they cause estuary contamination with worse effects to the biota and human
health. These substances may also affect the recreational activities and fisheries, and
the water quality and reduction of its natural attractiveness, which may extend well
beyond the estuary boundaries (Geophysics Study Committee 1977; GESAMEP
1995).

The physical processes common to estuaries are the circulation and the mixing
of water masses with different origins: the fluvial freshwater and the seawater from
the adjacent ocean. The resulting water mass is non-homogeneous and affected by a
range of spatial and time scales: from microscopic to its geometric boundaries, as
well as, time intervals from fractions of seconds to years and centuries.

The processes in estuaries acting on the distribution and variability of physical
properties, the concentration of natural substances (salinity, nutrients, dissolved
oxygen and suspended sediments) and the biological organisms, as well as, the
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local and remote inputs of wastes and pollutants, the research must be conducted on
the basis of multidisciplinary investigations, including its drainage basin and the
adjacent continental shelf, taking into account the interaction of the following main
components (Geophysical Study Committee op. cit.):

– Circulation, transport and mixing of estuarine and coastal water masses.
– Environmental effects on the fauna and flora associated with basic biological

phenomena.
– Erosion, transport and sedimentation.

These components are very interdependent on most estuarine processes.
However, differences may be found between the estuaries or in specific regions of
the estuarine system. The knowledge of these processes must be applied to the
estuary management and decisions to be undertaken, for the best utilization and
survival of local marine species as a natural and productive resource.

This book will focus on the first component which is ultimately related with the
knowledge of the: hydrographic and hydrodynamic characteristic (salinity, tem-
perature, density and circulation), mixing processes (advection and diffusion),
residence times, as well as, the temporal and spatial scales which are important in
focusing on the interdisciplinary characteristic of these environments.

The historic evolution of the ideas of the estuarine circulation related chrono-
logically related with the main results of the Scandinavian and American research
was presented in the article of Beardsley and Boicourt (1981). The first hypotheses
about the bidirectional motions observed in the upper and lower estuarine layers,
and compensation upward motions from below have been set in the pioneer work of
F. L. Ekman in 1876 (quoted in Defant (1961), p. 539) in the analysis of experi-
mental results on the longitudinal salinity distributions at the mouth of the Götaelf
(Sweden) river flowing into a fjord. However, it was only after the Second World
War that interest in the Physical Oceanography of estuaries increased significantly.
This was firstly due to the military necessity and also to the growing concern of the
need to protect the estuarine environment from activities of man.

In the last decades there has been much specialized literature on the investigation
of estuaries. In preparing this book, not only classical books and articles were used,
but also those published with the most recent achievements on the estuarine cir-
culation and mixing processes.

1.2 Origin and Geological Age

With a few exceptions, estuaries were formed in relatively narrow regions between
the sea and continent. They are transitional environments from a very recent geo-
logical epoch (�7 thousand years ago), formed during the last interglacial phe-
nomena eustatic (volume variations of the oceans water), and isostatic (level
changes in Earth crust), and also tectonic processes. Their locations, morphologies
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and lengths are dependent on the sea level, topographic features on the coastline,
river discharges and ice melting. Major/minor alterations were suffered due to the
natural processes of erosion, transport and deposition of sediments, and recently
due to the exploitation of the drainage basins. Eustatic and isostatic sea level
variations are mainly due to:

Eustatic―Mass variations due to the processes of freezing/defrost, and changes in
the volume due to heating/cooling.
Isostatic―Earth’s crust variation due to tectonic processes, geometric changes in
the oceanic basins, and erosion and compaction of non-consolidated earth.

The glacial maximum occurred approximately fifteen or sixteen thousand years
ago, when the sea level was approximately 130 m below the present level. The
level evolution in the last 35 thousand years is shown in the eustatic curve of
Millimann and Emery (1968) (Fig. 1.1). This result was complemented with
samples of the Brazilian continental shelf, dated by the carbon-14 methodology by
Kowsmann et al. (1977). The eustatic variation, affecting the water volume of all
oceans, resulted in the deepest coastline of all continents, and was located
approximately at the continental slope. Furthermore, the pleistocenic sediments
transported during the last regressive event were reworked during a relatively short
time period and transported in suspension by the continental drainage basin and
deposited in the continental shelf and slope.

Due to global climatic changes, the increasing temperature of the Earth, the
progressive defrost of the polar caps has increased the sea level with a ratio esti-
mated at 1 m per century (Fig. 1.1). This last marine transgression (Flandrian
Transgression) commenced about 15 or 17 thousand years ago and about 7 thou-
sand years ago there was a rapid increase in the sea level which was interrupted by
stabilizations around −110 and −60 m depth (Kowsmann et al. 1977). At the end of

Fig. 1.1 Eustatic variation of the sea level in the USA continental shelf, inferred for the last
glacial period (according to Milliman and Emery 1968), complemented with samples collected in
the Brazilian continental shelf analysed by Kowsmann et al. (1977)
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this transgressive event, between 7 and 2 thousand years ago, the sea reached the
approximate current level and the coastal plains and the rivers valleys were slowly
flooded, creating bays, estuaries, straits, inlets, coastal lagoons and inshore waters.

Recent research on sea level oscillations indicates that in the last millennia there
were minor sea level fluctuations, shown in the more detailed eustatic curve of
Fairbridge (1961) showing sea level oscillations of a few meters higher than the
current sea level. This event has also been confirmed on the southeast and southern
Brazilian coast in the investigations of Villwock (1972) and Suguio and Martin
(1978).

Along the coastline of some countries there have been recent changes of sea
level due to secular natural and man-made oscillations of the Earth crust (isostatic),
which may have future implications on estuary life. The Scottish coastline, for
example, is rising at a time rate of 3 mm/year (relative sea-level subsidence of
0.3 m/century), generated by ice melting due to climatic warming. However, the
opposite occurs in the coast of Holland, where a subsidence with a time rate
estimated in 2 mm/year (or 0.2 m/century). The southeast region of England is also
being submitted to a serious overall coastline subsidence due to the simultaneous
occurrence of sea level elevation and the coastline subsidence.

An extreme subsidence has been reported in the Bangkok coastline (Thailand),
mainly due to the removal of subsurface spring water associated with a deltaic
subsidence, representing a relative increase of the sea level at a time rate estimated
as 4.5 m/century. Research on the annual fluctuations of the sea level in New York
(USA) indicates an increase in the relative sea level of approximately
0.25 m/century between 1893 and 1991 (Leathermann et al. 1997).

The temperature of seawater and coastal environments may be regarded as a
measure of the heat content. This physical property has daily, seasonal and secular
variations; the latter is very important to the relative sea level and may be classified
as eustatic because of its relationship with the heat budget of the ocean-atmospheric
system and changes in the hydrologic cycle. In the last hundred years this property
presented an increase of 0.5 °C, mainly due to the increase in the concentration of
gas in the atmosphere (mainly carbon dioxide, methane and freon). These sub-
stances have the ability to absorb infrared radiation from the Earth’s surface, forcing
its reemission causing the warming of the planetary layer and the sea surface. For
the next one hundred years a higher warming increase is expected (between 1.5 and
3.0 °C), then it will be a great influence on the hydrodynamic estuarine behavior
and on other transitional environments and, as a consequence, on the distribution
and productivity of the biological communities.

In the case of a catastrophic increase in the oceans temperature in a short time
period, it is possible to predict great eustatic variations in the sea level. In the
defrost hypothesis of the polar ice cap the sea level will be increased by 30 m (Dyer
1973). In this case, the actual estuaries will be inundated and new estuarine envi-
ronments will be formed in the upper regions of the rivers. The sediment con-
centration of fluvial origin may be less, but due to the coastal erosion a great amount
of sediments may be transported by waves and coastal currents. However, if the
opposite occurs, a decrease of the present sea level may create shallow estuaries
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which, in a short time interval, may be submitted to sediments accretion. In both
cases, there will be geomorphologic and depth changes and, consequently, in the
currents generate by the tidal excursion. Hence, estuaries are coastal environments,
well developed very recent, but in geological time scales their actual conditions
may not last for several centuries from now.

1.3 Definition and Terminology

An estuary definition may be made in several ways and according to the immediate
point of view. However, the definitions must take into account the characteristics
and the essential processes, as well as the context into which the estuary is inserted,
enabling the use of adequate classification criteria (Dyer 1973, 1997). For
oceanographers, engineers, geographers and ecologists, the estuary word is used to
indicate an inner coastal region where the fluvial waters meet the salt water
transported by the tidal currents, extending up-river, as far as the tidal influence
reaches. Due to the inclusion of the tidal river zone in definitions which will be
presented we should mention the pioneer article by the naval official A. Rongel,
published in the Anais Hidrográficos da Marinha do Brasil (Rongel 1943). In this
article, focusing on the tidal wave propagation in estuaries, the superior range of the
tidal influence was defined as the upper reaches of an estuary, later referred the
estuary head. Further, some articles also have included this upper river region, and
the continental shelf which receives the estuarine plume, as an integrated part of the
estuary.

The first definition of an estuary was given by Ketchum (1951), focusing on the
exchanges of fresh and salt water in tidal estuaries, and in this work we find the
definition:

Estuary is a region where river water mixes with, and measurably dilutes, sea water.

The most common definition for an estuary is that of Pritchard (1955); Cameron
and Pritchard (1963) that state of:

An estuary is a semi-enclosed coastal body of water having a free connection with the open
sea and within which sea-water is measurably diluted with fresh water deriving from land
drainage.

An analysis of this definition indicates that the circulation pattern in an estuary is
influenced to a considerable degree by its lateral boundaries, and a fresh water
volume of the river discharge which remains in the mixing zone of the estuary due
to the tidal mixing. Further, being a semi-enclosed coastal feature it limits to some
extent the size of the water bodies under consideration, and the salinity stratification
will also be dependent on the geometry, and must allow an essentially continuous
exchange of water between the estuary and the ocean (Pritchard 1967). In this way,
a detailed understanding of the physical processes occurring in these environments
is difficult to be achieved. As the biological, chemical and geological processes are
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strongly dependent on these forcing and physical variables, interdisciplinary studies
are necessary for a better understanding in the context a coastal environment.

The fresh water discharge effect, which flows constantly from the river, gives
rise to a downstream circulation component at the surface layer, while seawater
dilution due to the mixing with fresh water generates an upstream baroclinic
component which increases towards the bottom. The interaction of several prop-
erties and processes—river discharge, tidal currents, gradient pressure forces,
advection and turbulent diffusion—generates, inside the geometric boundaries of
the estuary, the salinity distribution which is a characteristic of each estuary (Officer
1983).

In the classical definition it is explicit from the measurable dilution of the sea
water by the fresh water from land drainage, the occurrence of the mixing zone
(MZ) and the water budged volume of the water arriving into the estuary due to the
precipitation (P) and the one by the fresh water discharge (Qf), must be higher than
the water volume transferred to the atmosphere due to the evaporation (Ev). Then,
according to the classical definition, the estuary holds the following condition
P + Qf > Ev, and it may be classified as a positive estuary, according to some
authors (e.g. Ketchum 1953). In tropical estuaries the water budget may have the
condition P + Qf < Ev; this environment is usually referred as a negative estuary,
but it may not be classified as an estuary according to the Pritchard’s definition. As
a transitional environment between an estuary and a negative one is P + Qf = Ev, it
is termed as neutral estuary.

The mean horizontal salinity distribution in an estuary is schematically shown in
Fig. 1.2 by isolines with constant salinity values (isohalines), with variations
between 1.0 and 36.0‰ (the salt concentration, in unities of g kg−1, is denoted
symbolically by ‰). This salinity variation shows that the sea water was measur-
ably diluted by the river discharge and a volume parcel of this water was retained in
the estuarine water body, generating the estuarine water mass.

Fig. 1.2 Diagram of an estuary. Isohalines indicate the mean horizontal salinity stratification
between the values S = 1‰ and S = 36‰ in the river vicinity and the coastal region, respectively
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The estuary definition holds for environments with spatial scale much less than,
for instance, the Baltic Sea between the Scandinavian countries and Western
Europe. This sea is characterized by precipitation and fresh water discharge much
higher than evaporation, so its water mass has low salt concentrations (0 < S <
18‰). However, this sea doesn’t fit the estuary definition due to its high spatial
scale and its geometric boundaries form the coast line rather than being a feature of
the coastline (Pritchard 1967). The bays, as the Guanabara Bay in Rio de Janeiro
(Brazil) may, in some seasons, show circulation and mixing processes which have
estuarine characteristics (Bérgamo et al. 2006), however bays are too complex
environments to be classified as estuaries (Kjerfve et al. 1997).

Pritchard’s definition takes into account only the region influenced by the sea-
water or mixing zone, Dionne (1963) suggested the following definition, to con-
template three explicitly sectors of zones along the estuarine domain:

Estuary is an inner coastal region up to the river valley and the limit of the tidal influence,
and generally split into three sectors: (a) Inferior or marine, with a free connection with the
open sea; (b) Medium, subjected to the intense mixing of the sea water and the fresh water
discharge; (c) Upper or fluvial, characterized by fresh water but influenced by tidal
oscillation.

Thus, an estuary may be considered as a system composed of the region where
the seawater dilution occurs (medium zone) up to the river portion subjected to the
tidal oscillation (upper zone with density almost constant), and the inferior or
marine zone near the mouth, and is an extended version of Pritchard’s definition.
The limits between these estuarine zones are variable and dependent of the river
discharge intensity, tidal currents and the wind forcing. Afterwards, in the pre-
sentation of analytical and semi-analytical methods to obtain longitudinal disper-
sion coefficients in estuaries, Harleman (1971) devised the estuary as composed by
two regions: one into which salt intrudes into the estuary (the classical MZ) of
previous definitions, and the river tidal zone (upper and fluvial—the TRZ) as in the
Dionne’s definition.

To take into account aspects related to the estuarine processes of erosion and
sedimentation by the tide, wave and fluvial sources Dalrymple et al. (1992) sug-
gested the following definition:

Estuary is the seaward portion of a drowned valley system which receives sediment from
both fluvial and marine sources and which contains facies influenced by tides, wave and
fluvial processes. The estuary is considered to extend from the landward limit of tidal facies
at his head to the seaward limit of coastal facies at its mouth.

Scientific papers have increased in the last decades in the fields of Physical
Oceanography, Ecology, Hydraulic and Environmental Engineering, focusing on
the solution of pollution problems due to harbor construction, navigation, recre-
ational, fresh water supply, discharges of domestic and industrial wastes, which
may cause ecological impact in the marine environment. The term estuarine zones
has also been used to mean an environmental system consisting of an estuary and
those areas which are consistently influenced or affected by estuarine waters such
as, but not limited to, salt marshes, coastal and intertidal areas, bays, harbors,
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lagoons, channels, inshore and offshore waters. Then, we may recognize that
estuarine zone has been introduced to indicate all coastal transitional environments
with higher or lesser influences of the river discharge and tide. As previously said,
estuaries may have different definitions.

A definition by Kjerfve (1987) was proposed to be new, functional and helpful to
those who work with the spectrum of estuaries types, and estuarine systems,
including lagoons, river mouths and deltas.

An estuary is a coastal indentation that has a restrict connection to the ocean and
remains open at least intermittently with the adjacent sea. The estuary can be
subdivided into three regions:

(a) The tidal river zone (TRZ) a fluvial zone characterized by lack of ocean salinity
but subject to tidal rise and fall of sea level.

(b) The mixing zone (MZ) (the estuary proper) characterized by water mass mixing
and existence of strong gradients of physical, chemical and, biotic quantities
reaching from the river tidal zone to the seaward location of a river mouth bar
or ebb-tidal delta.

(c) The nearshore turbid zone (NTZ) in the open ocean between the mixing zone
and the seaward edge of the tidal plume at full ebb tide.

The comparison of this definition with the previous (Dionne 1963) indicates the
following correspondence: zones TRZ and MZ with the upper and medium zone,
respectively. However, this definition differs considerably from those previously
proposed in that it recognizes and includes a near-shore marine component, estu-
arine in character, which should be considered in the treatment of the physical or
chemical dynamics, or ecology, of the estuarine system as a whole. In the interface
of the coastal water and the estuarine water frontal zones and fronts are the lower
and surface interfaces, respectively. The influence of the estuarine plumes in the
biological production is not yet well known, however, there are several examples of
the pollutant concentration increase in these convergent regions (Mann and Lazier
1991).

For a coastal environment as a river subjected to the tidal influence (also named
estuarine channels), the river, mixing and the coastal zones are shown schematically
in Fig. 1.3. This section may be representative of the longitudinal and vertical
steady-state salinity distribution and the bidirectional velocity in the estuary shown
in Fig. 1.2. In the TRZ, the salinity is zero and the motion is unidirectional down
estuary as shown (or up estuary during the flood). The upper tidal limit of this zone
is the region where the tidal current is zero, and is the estuary head. In the MZ there
is a horizontal and vertical salinity changes, because in this region occurs the
dilution of the seawater with the fresh water from the river discharge, and the
isohalines configuration may have a wedge form, named salt-wedge. In the tran-
sitional region between the mixing zone (MZ) and the adjacent coastal region the
estuary entrance or mouth is located; from this region towards the continental shelf
it is possible to observe the near shore turbid zone (NTZ) formed by the river plume
delimited from the oceanic coastal water by the estuary front. In this figure we may
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observe the salinity increase and decrease down and up-estuary on the layers
located above and below the vertical salinity gradients, and the bidirectional mean
circulation is seaward and landward in the surface and bottom layers, respectively.

The boundaries between the zones (TRZ, MZ and NTZ) indicated in Fig. 1.3 are
dynamic, with spatial (longitudinal and lateral) positions and temporal variability
with different time scales (tidal period, seasonal, annual and longer), in order to
reach and equilibrium condition due to the estuary forcing: river discharge, tidal
height, wind and coastal circulation.

Kjerfve (1987) definition takes into account all segments of the estuary, and the
coastal zone during high river discharge may develop salinity stratification similar
to the mixing zone (MZ). Thus, as the NTZ is part of the estuarine system can’t be
investigated separately when an oceanographic or ecologic study is being carried
out. This zone is the oceanic region which is subjected to the highest impact from
the humans and it has a singular effect due to the dynamic influence of the coastal
currents and waves of several periods. The effects of vorticity, wind shear stress
(whose intensity may be higher than the longitudinal gradient pressure force), and
the inner and bottom frictions may also be important, contributing to a higher
contrast of the NTZ physics and the continental shelf. Simple conceptual models of
this zone were developed by Csanady (1977), Garvine (1974, 1975, 1977) just
mentioning only the Garvine’s first investigations on this subject. An up-to-date
review on the dynamics of estuary plumes and fronts may be found in the recent
article of O’Donnell (2010).

Property distributions in the MZ are due to the mixing process of two water
masses with different characteristics: fresh and seawater. According to Garvine
(1977) each one of these water masses must be considered as a reservoir, within
which properties (heat and salt concentrations) vary slowly in time and space, in
comparison with its variations in the estuarine zone (MZ). Off shore there will exist

Fig. 1.3 Longitudinal section of an estuarine system showing: the tidal river (TRZ), the mixing
(MZ) and near-shore turbidity (NTZ) zones. Also are shown characteristics of the vertical salinity
stratification and the mean bidirectional circulation. Qf is the river discharge (Adapted from
Simpson 1997)
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a body of seawater with fairly uniform salinity and temperature which vary
somewhat seasonally which characterizes the NTZ formation. Upstream, at the
estuary head (TRZ) it is also considered as a reservoir of zero salinity, but with
temperature determined by a seasonal time scale related with its variation in the
drainage basin. In the MZ we find only variations of temperature and salinity that
are between the extreme values of these variables.

Due to the dynamical variability of the various estuarine zones (TRZ, MZ and
NTZ) of an estuarine system these zones may not occur simultaneously in extreme
climatic and whether conditions. In the estuaries located in equatorial and dry
regions and forced by moderate tidal heights, the TRZ may not exist in some
periods of the year when P + Qf < Ev. Another extreme condition may occur
during high river discharge, when the MZ may be displaced from the estuary to the
coastal region and during this event the mixing processes of the river and seawater
occurs in the continental shelf (Kjerfve 1987).

The horizontal extent of the influence of the river discharge in the ocean, named
as estuarine or river plume (Garvine and Monk 1974), is dependent on the fresh
water discharge and the coastal circulation. The most spectacular occurrence of this
phenomenon is due to the fresh water discharge of the Amazon river located in the
tropical Brazilian region, which is the highest fresh water source of all oceans. Its
mean discharge, estimated at 1.8 � 105 m3 s−1, is almost 20% of all sources of
continental water discharged in the oceans. The estuarine plume has a high per-
centage of river water, is displaced to the open sea in the NW direction along the
coast and in the open sea, and it is the largest identifiable river plume in the ocean,
with several millions of square kilometers in area within the Tropical Atlantic
Ocean. During the Amazon river flood it is the largest estuarine plume and dom-
inates the continental shelf hydrography of the Amazon Continental Shelf (Curtin
1986; Curtin and Legekis 1986; Geyer et al. 1991). Due to this high river discharge
the MZ is displaced from the estuary to the continental shelf and the mixing of the
river water with the high salinity ocean water occurs in the NTZ (Fig. 1.4a, b). Off
shore of the estuary mouth the vertical salinity structure seems to be an arrested
salt-wedge. In these figures it is possible to observe that the low salinity water
(S < 10‰), usually found in the estuarine inner region (characterizing the MZ), is
located in the inner continental shelf.

The importance of the wind stress of the nearly permanent Trade Winds, the tide,
and the anisotropy of the bottom in the dynamic behavior of the estuarine plume,
and the continental shelf circulation in the Amazon continental shelf was studied by
Fontes (2000), using a tridimensional numerical model.

Interrelated estuarine studies, sampling simultaneously the hydrographic, bio-
logical, chemical and geological characteristics in the zones TRZ, MZ and NTZ, are
not common due to the complicated logistic and the great experimental effort.
However, we find in the Brazilian regional literature the paper by Schettini et al.
(1998), on the analysis of almost simultaneous ecological and oceanographic data
collected in the mixing zone, and the estuarine plume of the Itajaí-Açu river (Santa
Catarina, Brazil). The experiment in these zones was conducted to investigate the
estuarine plume influence in the coastal adjacent region. The results have shown
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that the strong vertical stratification in the inner MZ inhibited the mixing of the
fresh water discharge, with high nutrients concentration, with the salt-wedge water.
Due to this behavior the biogeochemical processes occurred mainly in the

Fig. 1.4 Partial extent of the estuarine plume of the Amazon river shown by the salinity
distribution on the surface (a) and the salt-wedge in the inner continental shelf (b). Experimental
results obtained in February-March, 1990, during the joint project A Multidisciplinary Amazon
Shelf Sediment Study (according to Geyer et al. 1991)
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continental shelf, after the river plume formation, extending its influence up to
almost 10 km off shore of the estuary mouth.

Turbidity plumes of the main estuaries located along the NE/E Brazilian coast
were analyzed for their dispersal patterns of Total Suspended Solids
(TSS) concentration, using Landsat satellite imagery to map the concentrations of
suspended solid particles and its seasonal movements by Oliveira et al. (2012). In
situ sampling data were obtained from various oceanographic campaigns, con-
ducted at the mouth of the rivers between 1994 and 2002. The behavior, dimension
and degree of turbidity of the São Francisco river, during this time period indicated
that estuarine plume have been greatly altered by environmental impacts in the river
hydrological basin, and its turbidity has decreased due to the regulation of river
flow in power plants installations. In contrast, the Doce and Paraíba do Sul rivers
estuarine plumes are still subject to seasonal variations, and showed more turbid
conditions than the São Francisco river. This behavior is because its dams are less
numerous and the natural river flow has been maintained. The São Francisco and
Doce estuarine plumes have the tendency to disperse obliquely along the coast,
while the Paraíba do Sul plumes tend to disperse mainly parallel to the coast,
enhancing near shore TSS retention.

The Caravelas and Peruípe estuarine system, also investigated by Oliveira et al.
(op. cit.) is composed of several meandering channels which are connected to the
ocean by a double inlet system in the north. The Caravelas estuary is tidally
dominated and functions as a trap for inner shelf sediments. However, the Peruípe
river at Nova Viçosa, in the south is forced by a higher river input, and its plume is
restricted to nearshore shallow waters dominated by vertical mixing processes,
producing high concentrations of suspended sediments, mainly in the spring tide
(Schettini and Miranda 2010; Andutta 2011; Schettini et al 2013). During austral
spring and summer, when NE-E winds system prevail, all plumes generally disperse
southward, and northward reversals may occur in winter with the passage of
atmospheric cold fronts. According to Herz (1992) the mangrove vegetation area in
this system is 66.5 km2.

Others definitions were presented, with emphasis in the ecological nature of
these coastal environments, between those we may presente the one by Perillo
(1995):

An estuary is a semi-enclosed coastal body of water that extends to the effective limit of
tidal influence, within which sea water entering from one or more free connections with the
open sea, or any other saline coastal body of water, is significantly diluted with fresh water
derived from land drainage, and can sustain euryhaline biological species from either part
or the whole of their life cycle.

According to the Perillo’s definition, rivers empting into bays or others near-
shore water bodies may also be defined as estuaries. As examples, we may mention
the James river estuary, empting its waters into the Cheasapeake Bay (Virginia,
USA), the Cubatão, Bertioga, Mogi and Piaçaguera Brazilian rivers, discharging its
waters in the upper reachs of the Santos Bay, which may also be classified as
estuaries. Another example is the Paraguaçu river estuary empting into the northern
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region of the Todos os Santos Bay (Bahia, Brazil); the effects of the Pedra do
Cavalo dam in the estuary circulation and stratifiacation was investigated by Genz
(2006).

The definitions along with others by Dionne (1963), Kjerfve (1987), Dalrymple
et al. (1992) and Perillo (1995) have the ability to include all basic marine disci-
plines which are necessary for studying this transitional water body as an ecosys-
tem. There are interchanges between three estuarine domains: the tidal river zone
(TRZ), the mixing zone (MZ) and the nearshore turbid zone (NTZ), which must be
investigated together as a unique transitional system.

As a complement to the definitions already given follows the one by Dyer (1997)
which is an extension of the classical Pritchard’s definition and is possibly con-
venient for the physical oceanographers, this definition emphasizes the mixing and
river zones:

An estuary is a semi-enclosed coastal body of water which has a free connection with the
open sea, extending upriver up to the tidal influence limit, and within which sea water is
measurably diluted with fresh water derive from land drainage.

In a look on the map of a coastal region we observe that the geomorphologic
configuration of an estuary may be more complex than the one presented in
Fig. 1.2. These coastal environments usually were formed by a fluvial net of rivers
discharging its water into several places around the semi-enclose region, including
nearby its mouth, and the estuary is formed by several heads and eventually two or
more mouths interacting with to the coastal ocean. The rivers forming these
environments may have properties distributions and a hydrodynamic behavior like
the one of an estuary, thus forming sub-estuaries systems. Those systems are
referred in the literature as estuarine system in Pritchard’s (1952a) pioneering paper
on the oceanographic characteristics of the complex system of Chesapeake Bay
(Virginia, USA), located in the east coast.

In the papers related to the regional oceanographic estuarine characteristics we
find the terminology system (or complex) estuarine-lagoon, to indicate a coastal
environment composed of several interlinked rivers and channels discharging
through one or several mouths to the coastal region. This terminology has been
widely used in studies of the oceanographic characteristics of the southern, and
southeastern regions of the São Paulo State (Brazil), as the Estuarine-lagoon System
of Cananéia-Iguape (Fig. 1.5), which is dominate by mangroves with an area of
23.5 km2 (Herz 1992). Studies in this system of water properties related to physical,
biological, chemical, ecological processes and material exchange between man-
grove and the continental shelf, have been presented in the articles of Besnard
(1950), Tundisi (1969), Miyao (1977), Tommasi (1979), Miyao et al. (1986),
Tessler (1982), Schaeffer-Novelli et al. (1990) and Tessler and Souza (1998), and
others. The Cananéia-Iguape system has two main mouths in the Cananéia and
Iguape cities, and the Santos-São Vicente-Bertioga system interchanges its waters
with the continental shelf through the Santos Bay and the Bertioga channel
(Fig. 1.5).
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Interconnected to the Estuarine-lagoon System of Cananéia-Iguape is the estu-
arine system of Paranaguá Bay located in a region of least anthropogenic impact,
and the present state of conservation being the result of the regional process of
colonization. A synthesis on the physical, chemical and biotic components of this
system may be found in Lana et al. (2001).

The nomenclature of estuaries and coastal environments will be expanded during
the studies related with its classification (Chap. 3), according to its geomorphologic
characteristics; a short description follows of the coastal and estuarine processes
which exert influence on its dynamical behavior.

In coastal plain estuaries the motions in the tidal river zone (TRZ) are unidi-
rectional up or down river during the flood or ebb tide, respectively, and it is filled
with fluvial water. In the transition between the TRZ and MZ (mixing zone) there is
a region with low or null velocity due to the bidirectional convergent motions. As
the sediment concentration of fluvial or marine origin in this convergent region

Fig. 1.5 The Estuarine-lagoon system of Cananéia-Iguape (Protection Environmental Area -
PEA), the Valo Grande artificial channel, and the Estuarine System of Santos-São
Vicente-Bertioga, in the southern and Southeastern regions of the São Paulo State (Brazil)
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usually is high, it may sink slowly down and thus causing in the bottom zones of
turbidity maximums (TZ), schematically shown in Fig. 1.6. As the sediment con-
centration of fluvial or marine origin in this convergent region is high, it may sink
slowly down and thus originating the TZ. Due to the sedimentation process par-
ticles of mineral and organic origin accumulate on the estuary bottom and may
reduce the estuarine channel depth and, in medium and long time scales may
gradually form an obstacle to the navigation and is worst to the estuary environ-
ment. This process, accelerated by river erosion and sediment transport due to the
estuarine circulation promote the sediment arrest in the estuary, prevent and retard
the sediment outflow to the adjacent coastal region. Further details on the marine
sedimentation processes may be found in Postma (1980).

The presence of reefs in the coastal zone off the northeastern Brazilian region
may represent an obstacle to the water interchange between the estuaries and the

Fig. 1.6 Functional estuarine system delimitation. Geomorphologic characteristics and schematic
representation of estuarine processes in the tidal river zone (TRZ), mixing zone (MZ), turbidity
maximum, and nearshore turbidity zone (NTZ)
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continental shelf. The littoral drift generate by the breaking of waves may accu-
mulate sediments in the estuary mouth and coastal lagoons, preventing the water
interchanges between the MZ and the TRZ. The opposite effect, i.e., the erosive
process may also occur at the estuary mouth and thus change its geomorphologic
characteristics. The most energetic components to force these changes are the wind
generated coastal currents and tides, mainly during the atmospheric frontal zones
which may also generate storm surges; the tidal generated circulation has, in
general, its main component of high frequency oriented orthogonally to the coast
(Fig. 1.6).

1.4 Policy and Actions to Estuary Preservation

Until the second half of the XIX century the hydrographic basins feeding fresh
water into the estuaries were subjected to relatively little alterations, and sewerage
from cities being discharged into estuaries was diluted and renewed in these water
bodies almost without serious impacts over these ecosystems. However, with the
population increases in the cities, the agriculture expansion and the industrial
revolution, the harbor workmanship and navigation channels, the quantity and the
diversity of sediments and domestic and industrial sewerage began to increase the
threat in the natural characteristics of the estuaries around the world. The direct and
remote influences of human activities gave rise to the variations with different
degrees of impact on the major environmental degradation in estuaries.

As in others countries, there is today in Brazil an increasing concern to introduce
policy and actions to enable and support the sustainable development of the coastal
regions in general and, particularly, the estuarine systems. The pioneering studies in
the estuaries and coast protection were initiated in the last quarter of the XIX
century, when the Swedish researcher F. L. Ekman performed experiments in the
Götaelf River estuary. In the article by E. Goadoy published in the Nature Magazin,
in 1870 (quoted in Tommasi (1994)), Ekman already foresaw that environmental
impact studies were necessary to the constructions of great navigation channels
(Tommasi 1994).

During decades, estuaries were and continue to be regions of conflict and policy
debates, usually due to industrial and commercial interests. In the USA the legal
question among municipal, state and federal government has always been a con-
troversy question. Only in 1968 was the Protection Decree of Estuaries signed, with
serious limitations in its use and control.

In the following year, 1969, environmental legislation was created in the USA,
aiming to introduce the Environmental Impact Study (EIS) to be applied in January
1, 1970. Later, in 1972, subsequent appeals by the Interior State Department pro-
mulgated the Federal Law of Coastal Zones Control, establishing a planning forum
to the Federal States and demanding that Federal actions in coastal areas were
consistent with the approved State programs. This system has been approved to
solve conflicts related to the maintenance of a health environment and the desired
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development. However, there is a general agreement of the political observers that
the basic problem is that the public support for the system that controls the estuaries
uses is missing.

Several estuarine characteristics that need to be protected don’t affect immedi-
ately its aesthetic aspect, the marine organisms and the public well fair, but eco-
logical studies must be conducted in order to identify in detail the environmental
values to be protected. The most important is to be conscious that estuaries are
environments that must be saved from the environmental degradation (Sewell
1978).

The Environmental Impact Study is considered as a political instrument aimed to
minimize the environmental impact and to reduce its effects to tolerable levels. This
study presents two distinguishable and complementary steps: the diagnostic, when
all positive and negative aspects of the project are considered, and the prognostic
when the structure of the project is made in order to generate the minor possible
numbers of negative environmental and social effects. This system revealed
important benefits to the natural resources uses and identify the social distribution
of the project costs. Further details on the EIS objectives may be found in specific
sources as for instance Tommasi (1994), among others.

The first Environmental Impact Study made in Brazil was the one related to the
effluent toxic throw in the Bahia state elaborated in 1975, using float lines.
A pioneer regulation of the use of the EIS was adopted in Rio de Janeiro State by
means of the Norma Administrativa Ceca-NA-001, in compliment to the 1977
deliberation. However, it was only in August 31, 1981, that the Federal Law,
No. 6.938, established the National Policy for the Environment indicating the
instruments for the Environmental Impact Study (Art. 9o). This law was regulated
by the Decree 88351/83, determining that the EIS be made with basic criteria
established by the National Council for the Environment (NCE) in 1986, by means
of the resolution 001/1986.

In July, 1983, a Sub-Commission of Coastal Administration of the Secretary of
the Inter-Ministerial Commission for the Resources of the Sea (SECIRM) was
designated, with the main attribution to elaborate a project of law for the Coastal
Management. In this context the Coastal Management Program was prepared, under
the coordination by the Sub-Commission, to promote the thematic recognition of
the Brazilian coast, establishing in a great scale the coastal zones to coordinate the
national coastal resources. Aiming to establish systematic work to orientate the
action of the states that integrated the program the SECIRM funded, during the
period of 1984 up to 1987, research activities of the Sectorial Plan for the Sea
Resources of following universities, through its departments and institutes: State
University of Rio de Janeiro (UERJ)―São Paulo State University (USP),
Oceanographic Institute of São Paulo University (IOUSP) and the Geosciences
Institute of the Federal University of Rio de Janeiro (FURJ) (Carvalho and Rizzo
1994).

The policy and actions to the preservation of coastal ecosystems in general and
estuaries, in particular, were asserted by the law no 7661, of May, 18, 1988, who
created the National Plan for the Coastal Management (PNGC), as an integrating
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part of the National Politics for the Sea Resources and the National Policy for the
Environment. Art. 2o of this law established, between other objectives, that its plan
is aimed to orientate the rational utilization of the Coastal Zone, in order to con-
tribute to increase the life quality of the populations and to protect its natural,
historic, ethnic and cultural patrimony.

The activities which generated information on the scope of the PNGC, where
discussed by researchers in specific meetings, including: oceanographic data sam-
pling by remote sensing and simultaneous measurements of physical, biological,
chemical and geological properties, in the water column, ocean bottom and estu-
arine systems (Covre and Calixto 1995; Agra Filho and Viegas 1995).

The Brazilian Federal Constitution, published in October, 1988, presents a
chapter (Chap. 6—The Environment, Title VII—of the Social Order) on the
environment protection, taking into account also the estuaries. Art. 225 (unique) has
the following statement:

All have the right to an environment ecologically equilibrated, as well as, with a common
use by the people and essential to a health life, imposing to the Public Power and to the
collectivity the duty to defend and preserve it to the present and future generations.

To assure this right, according to the insert IV of the first paragraph:

It is a task of the Public Power to demand, according to the law, when the installation of a
workmanship or activity which potentially may cause a meaningful degradation of the
environment, a previous study of the environmental impact.

The importance of this Constitutional Act is related not only to the indication
that the use of the coastal ecosystems must be accomplished in safe conditions to
assure their preservation, but also recognizes their vulnerability and the need for
their preservation for the future generations.

The demand of the Environmental Impact Study is also inserted in the Chap. 4
of the São Paulo State Constitution, which specifies the care that must be taken with
the environment, natural resources and sanitation, including Brazil between the
countries with an advanced environmental legislation.
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