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Abstract: The circulation in estuaries promotes the transport of organisms, nutrients, oxygen and
sediments. Simultaneously, the mixture of fresh and salt water leads to variations of the physico-
chemical and biological components of the region. Therefore, it is important to further understand
the hydrodynamic patterns of an estuary as one of the bases to understand the whole dynamic of
these systems, ecologically important regions that must be preserved. However, little is known about
the hydrodynamics of some estuarine systems. In order to bridge the knowledge gap about the
Sado estuary, sampling was conducted with the purpose of evaluating some circulation patterns of
the estuary and classifying it according to the stratification of the water column. The campaigns
were conducted to collect monthly data on the intensity and direction of the currents, and on the
temperature and salinity of the water column, between September 2018 and September 2019. The
data indicated that water circulation in the Sado estuary, occurred through the two main navigation
channels (North and South), according to the tidal regime. Both the temperature and the salinity
were homogeneous along the water column, revealing little stratification. The analysis suggests
possible hydrodynamic changes of the estuary in the past years.

Keywords: estuaries; water circulation; oceanography; temperature; salinity

1. Introduction

Over the years, the definition of an estuary has been refined. However, it is the
definition of Cameron and Pritchard [1] that is most widely accepted. According to them, an
estuary is a semi-enclosed and coastal body of water with free communication to the ocean
and where ocean water is diluted by fresh water derived from land [2]. Essentially, estuaries
represent the interface between land and ocean, where river water mixes with salt water [3].
Although there are several approaches for classifying estuaries, traditional approaches
consider the origin or geomorphology, the water balance, the competition between tidal
flow and river discharge, and the stratification and water circulation characteristics of the
system [4]. It is on this last topic, stratification and water circulation, that the present study
is focused on, particularly in a temperate estuarine system, the Sado estuary.

In relation to stratification, an estuary can be classified as salt-wedge (fresh water
overlaps salt water), as partially-mixed (longitudinal and vertical salinity gradients) or
as a well-mixed estuary (relevant longitudinal, but relatively small vertical salinity gradi-
ents) [3]. This stratification or mixing along the water column in the estuaries is dependent
on several factors: (i) tidal regime, (ii) river flow, (iii) currents, induced by the difference in
density between fresh water and sea water, active in maintaining the distribution of salinity
in the estuaries [5], (iv) morphology and (v) climatic conditions. The river flow and the
currents are mainly responsible for the non-tidal circulation in an estuary [5]. A salt-wedge
estuary, the least mixed, is characterized by a high river flow and weak tidal currents. As
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there is more fresh water to be transported out of the estuary than salt water entering in
the system, the river water flows over the salt water, as it is lighter. In partially-mixed
estuaries, mixing occurs along the water column but the water at the bottom remains the
saltiest. Spatially, salinity decreases upstream. In well-mixed estuaries, the tidal inten-
sity tends to be higher and the river flow is low. In this case, salinity is determined by
the variation of the tide and is homogeneous along the water column [6]. Mean flows
are usually unidirectional with depth [2]. According to Valle-Levinson [2], Hansen and
Rattray [7] proposed the most acceptable scheme to classify estuaries in terms of their
hydrodynamics. They used a circulation parameter—the ratio between the surface flow
and the sectionally averaged flow—and a stratification parameter—the ratio between the
top-to-bottom salinity difference and the mean salinity over an estuarine cross section. Both
parameters were non-dimensional and tidally and cross-sectionally averaged variables [2].

The oceanic water is believed to influence the entire Sado estuary, as high salinity
values were previously observed throughout the whole estuarine area [8]. Sousa and
Lourenço [8] observed that the salinity was vertically heterogeneous, so they referred that
the Sado estuary was partially-mixed. However, mean salinity values (tidal and vertical
averages) were used together with data on the currents, to calculate the stratification and
circulation parameters defined by Hansen and Rattray [7], and according to this criterion,
the estuary was classified as having a low stratification [9]. Following this classification,
the circulation in the estuary would tend to be dominated by the tide and have mean
flows usually unidirectional along the water column. The Sado river is characterized by
having a low flow rate and for a low displacement of water, as it is under the influence of
arid climate and does not suffer great differences of altitude during its course to reach the
estuary [8].

Although the dynamics of an estuary can be described in a very generalized way,
estuaries are characterized as much by similarities as by differences [10]. The Sado estuary
is an example of that, having distinctive properties. The first oceanographic studies carried
out in the Sado estuary occurred throughout the 1970s. In terms of the circulation regime
in the Sado estuary, Sousa and Lourenço [8] reported that the entrance of water was made
mainly through the North navigation channel, being the South navigation channel the focal
area of water outflow. The estuary was described by showing a pronounced asymmetry in
both tidal regimes between the North and South channels, not only in the intensity of the
current (higher values were observed along the South channel), but also in the ebb-flood
reversing time (North channel with a faster response to the change of the tide). Also, the
residual current was observed to be directed to the northern channel while the southern
channel showed a classical net estuarine circulation—the vertically integrated residual flow
was seaward although the deep layers moved up-estuary and the surface layers moved
towards the sea [9].

More recently, few oceanographic studies have been conducted in the estuary. Never-
theless, the application of the MOHID 2000 model in Sado estuary is worth to be mentioned.
MOHID is a water modeling system initially developed to study the circulation in coastal
and oceanic areas [11]. It was applied in the Sado estuary for a hydrodynamic analysis,
in order to evaluate its trophic level, as well as to identify the most important factors that
influenced it [12]. The circulation regime obtained using MOHID for the estuary presented
results in agreement with previous studies.

Estuarine margins along the Sado estuary have slowly been modified as human settle-
ment led to the artificialization of the coast throughout time. Furthermore, they motivate
frequent dredging works in the navigation channels, in order to maintain the navigability
of the estuary. All these human influences lead to the destruction of intertidal zones, to
the introduction of polluting sources within the estuary (from industrial units and ship
movements) and influences the circulation in the estuary [13]. A scientific understanding
of an estuary is of great practical importance [14]. Knowing in depth the hydrodynamics
of an estuary is needed to give scientific support to large-scale works, such as dredging
operations, to ensure safe navigability conditions or to predict how coastal structures are
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affected by the estuarine dynamic, among others features. It is the basis for a correct
regional management. An example of this is the work of Ysebaert et al. [15], whose results
on hydrodynamic modeling applications in analyzing the consequences of some manage-
ment options in the Southwest Delta (The Netherlands) were discussed with the different
regional authorities, who adopted some of the recommendations and used the study to
define some local procedures.

The present study aimed to investigate circulation patterns and the existence of
stratification of the water column in the outermost area of the Sado estuary, as well as
to understand how these parameters could be defined throughout time and space. Little
is known about the hydrodynamics of the Sado estuary, where most of the studies were
conducted a long time ago. Recognizing the great value of having this in situ dataset, scarce
at a regional, but also at a global level, the full dataset is also provided as Supplementary
Materials, available for future applications (see Supplementary Materials). Therefore, this
study is a solid contribution for studies on climate change, numerical modeling or satellite
remote sensing (e.g., for the development of standard algorithms to apply in coastal waters).

2. Materials and Methods
2.1. Sado Estuary

The Sado estuary is the second largest Portuguese estuary and one of the largest in
Europe (total area of 212.4 km2 [16]) (Figure 1). Setúbal, a city with ≈120 × 103 inhabitants,
is located on the northern margin of the estuary [17]. In order to maintain the estuary’s
natural vocation, the development of activities compatible with the balance of the estuarine
ecosystem, the correct exploitation of resources and the defense of the cultural and scientific
values, the estuary was classified as a Natural Reserve in 1980, becoming a protected area
since then [18]. The Sado estuary could be considered a coastal plain estuary, as it is long,
shallow and with shoals, resulting from the subsidence of the Sado basin [8]. The outermost
area of the estuary has an average depth of 10 m, with a seabed mainly composed of sand.
The contact between the ocean and the estuary mouth occurs through an embouchure of
approximately 1.5 km [19]. The entrance in the estuary is divided into two different courses
separated by intertidal shoals, the North channel, which allows access to the Port of Setúbal
(one of the main ports in Portugal), and the South channel.
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Figure 1. Location of the Sado estuary, within the Portuguese territory, and of the 3 sampling stations presented in this
study. Representation of the main Sado river course in blue, as well as Moinho da Gamitinha station and Monte da Rocha
and Roxo dams.
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The climate of Setúbal peninsula is dry sub-humid Mediterranean type, with a humid
period running from October to March and a dry period covering the months April through
September. The average annual air temperature and precipitation is≈16.0 ◦C and 653.0 mm,
respectively [20]. In particular, for the period under analysis, September 2018 to September
2019, only data for the entire territory of mainland Portugal were available. Autumn of 2018
was warm regarding the air temperature (17.2 ◦C) and average regarding to precipitation
(256.5 mm). Winter of 2018/19 was ranked as hot (average 9.9 ◦C) and extremely dry
(total of 145.7 mm). Spring of 2019 had an average air temperature above normal and
precipitation values below normal. Summer of 2019 was classified as cold (21.0 ◦C) and
dry (45.9 mm). The Portuguese Institute for Sea and Atmosphere (IPMA) reported that
during practically the entire period between September 2018 and September 2019, the Sado
hydrographic basin was under meteorological drought conditions [21].

The Sado river is characterized by having a low flow rate, with an evident seasonal
variability. The flow of the Sado river varied in the past years. Considering the period
from 1940 onwards, it is possible to highlight two distinct periods (Figure 2). The first
one, from 1940 until 1969, shows peaks with high daily outflows, frequently exceeding
500 m3/s (9.6 m3/s mean outflow). The second period, from 1969 onwards, presents much
lower outflows (5.6 m3/s mean outflow) and, in particular, between 1969 and 1978, there
were no values higher than 100 m3/s. This change in the flow regime could be related with
the construction of dams along the river course, between the river spring and Moinho da
Gamitinha station: Roxo dam was built in 1967, ≈80 km from the estuary and Monte da
Rocha dam was built in 1972, ≈90 km from the estuary (see Figure 1) [22]. Figure 2 shows
the daily average outflow of the Sado river since 1940 at the station Moinho da Gamitinha
(data provided by Sistema Nacional de Informação de Recursos Hídricos—SNIRH; https://snir
h.apambiente.pt/). According to SNIRH, Moinho da Gamitinha, located ≈45 km upstream
the estuary, was the most suitable station for this study. In general terms, there is a strong
influence of the tide on the circulation in the estuary [8].
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Figure 2. Daily average outflow of the Sado river, in the period between 16 October 1940 and 31
December 2019, measured at the Moinho da Gamitinha station (from SNIRH; https://snirh.apambi
ente.pt/).

2.2. General Sampling Strategy

Monthly campaigns were conducted in the period between September 2018 and
September 2019 to collect data on currents (intensity and direction) and hydrological data
(temperature and salinity), at three sampling stations, stns. A, B and C, located at the
mouth of the estuary, in the North channel and in the South channel, respectively (see
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Figure 1 and Table 1). The monthly time step guaranteed regular measurements, allowing
a robust temporal and seasonal analysis, as intended. The depths of the stns. A, B and C,
were ≈38, 8 and 20 m, respectively.

Table 1. Sampling stations: designation and geographical coordinates.

Station (Stn.) Designation
Coordinates

Latitude (◦ N) Longitude (◦ W)

A Outão 38.48667 008.93000
B Setúbal 38.51809 008.89838
C Troia 38.49278 008.88167

Data collection always started at stn. A just before high water (HW), in all the monthly
campaigns. Therefore, measurements were gathered during slack water in stn. A, and one
or two hours after high water in stn. B and C. For logistical reasons, it was not possible to
obtain data every month in all stations.

Due to the high variability of the current data observed during the monthly campaigns,
it was also decided to sample during whole tidal cycles, in order to better understand the
circulation in the estuary. Therefore, two more campaigns were carried out in stns. B and C,
in 20–21 June 2019 and 19–20 June 2019, respectively, to cover a full tidal cycle (13 h), under
spring tide conditions. Sampling was not made exactly at stn. B, but closer to the navigation
channel, to avoid land interference (exact coordinates—38.51766◦ N 008.89875◦ W).

2.3. In Situ Observations
2.3.1. Intensity and Direction of the Currents

A Doppler Current Sensor (model 4100 from Aanderaa, Norway) was used in the
collection of data on the intensity and direction of the currents. At each station, the sensor
was stabilized for about 2 min at each depth level. During the monthly campaigns, the
measurements were made every 5, 2 and 4 m in the water column, in stns. A, B and C,
respectively.

During the campaigns covering the whole tidal cycle (20–21 June 2019 and 19–20 June
2019), measurements were taken every 30 min, at several depths: every 4 m at stn. B and
every 3 m depth at stn. C. The boat was anchored during the whole sampling period.

Regarding the data processing, pressure values (p in kPa) were first converted into
depth values (D in m) using the equation:

D = (p − 100)/10 (1)

The direction of the currents was also corrected. As the data were collected in degrees
relative to the magnetic north, it was necessary to convert them into degrees relative to the
geographic north. The magnetic declination of each one of the stations at the time of the
measurements was the following:

• Stn. A: 2◦6′ W
• Stn. B: 2◦5′ W
• Stn. C: 2◦5′ W

Since the declination values were negative (degrees west), they were subtracted from
the values measured with the current meter, to obtain the direction of the current relative
to the geographic north, as intended.

2.3.2. Temperature and Salinity Data

In situ observations were carried out using a NXIC (Non-eXternal Inductive Conduc-
tivity) CTD for conductivity (C), temperature (T) and depth (D), from the former Falmouth
Scientific Inc. (FSI; Pocasset, MA, USA).
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During the observations, the CTD was kept at the surface for stabilization during
2 min, before data were recorded. Only downcast data were used. The data recorded in
the first meter of the water column were discarded due to the dimensions of the CTD. The
CTD collected temperature and conductivity data every ≈ 0.1 m. From these parameters,
the practical salinity was calculated.

The practical salinity (PSS-78) was calculated using the Gibbs-SeaWater (GSW) Oceano-
graphic Toolbox, software package of the Thermodynamic Equation of Sea-Water 2010
(TEOS-10), with the function gsw_SP_from_C (Practical Salinity from conductivity) [23]
using MATLAB. TEOS-10 was adopted by the Intergovernmental Oceanographic Commis-
sion (IOC), with the endorsement of the Scientific Committee on Oceanic Research (SCOR)
and the International Association for the Physical Sciences of the Oceans (IAPSO).

3. Results
3.1. Intensity and Direction of the Currents

The data collected during the monthly campaigns were time averaged for each level
of measurement, resulting in an average profile per station for each parameter, with the
respective framing in a 95% confidence interval (Figure 3). When data were occasionally
missing, the mean between the values of the adjacent depths was assumed as the missing
value.
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The profile of the direction of the currents obtained in stn. A showed two distinct
flows: one oceanward (the first 15 m of the water column) and the other towards the interior
of the estuary (Figure 3). The estuarine flow showed a greater variability (42–104% around
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the average values) compared with the oceanward flow (23–36% around the average
values). In stn. B, the direction of the currents was consistent with the tidal regime.
Measurements were conducted during ebb and currents showed a strong west component
(180–360◦) along the water column and the sampling period, thus indicating water exiting
the estuary (95% interval with a maximum variation of 7% on the average value, except
for the surface). Both stns. A and B showed no major variations in the intensity of the
currents with depth (Figure 3). Stn. C was the one with the highest uncertainties associated
to the average values, due to the inclusion of data sample with high variability: intensity
and direction of the currents, varying between 54–208% and 38–52% around the average
values, respectively. The results obtained during the full tidal cycles, in stns. B and C,
gave robustness to those obtained in the monthly campaigns, allowing a better and clear
description of some circulation patterns in the estuary. Observations were collected in
19–20 June 2019 in stn. C (Figure 4), and in 20–21 June 2019, in stn. B (Figure 5).
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In both stations (C and B), the direction of the current at the surface and at the deepest
level, was coincident (blue and green arrows in Figures 4 and 5). In addition, the direction
of the current agreed with the tidal regime: currents towards the mouth of the estuary
(outflow) were observed during ebb, and the opposite (inflow) during flood. The intensity
of the current decreased along the water column, with stronger currents occurring at the
surface. In both stations, more intense currents were observed during ebb than during
flood. During slack water, the currents reached minimum values in both stations, as
expected (Figures 4 and 5). It was also observed that the change of the tide in the two
stations occurred at different times. In addition, during high water, both stations showed
currents towards the interior of the estuary. The opposite also occurred during low water,
with currents towards land (except at the surface in stn. C). These data seem to indicate that
the circulation in the estuary occurs in the two navigation channels, with higher intensities
in the South channel, which is the deepest one.

3.2. Temperature and Salinity Data

Regarding temperature and salinity data, no relevant variations along the water
column were observed in any of the stations (Figure 6). This suggests well-mixed water
columns during sampling.
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A thermal seasonal variation was observed in all stations, with lowest temperatures
obtained in winter and the highest values obtained in summer. The greatest range of
temperatures along the sampling period occurred in stn. B, possibly due to its shallowest
water column and, therefore, to the highest sensitivity to the atmospheric seasonality (95%
confidence interval with variations of ≈ 15% around the average values). Salinity did not
show an evident seasonal variability along the outermost area of the estuary. However,
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particularly in stn. B, lower values of salinity seemed to be associated with winter months
(most common seasonal behavior). Stn. A, at the mouth of the estuary, presented higher
salinity values than the ones observed in stn. B, but similar temperatures. In general terms,
the temporal variability of the salinity was low in stns. A and B (variations of ≈0.2% and
≈0.6% around the average values, respectively, within 95% confidence interval). Stn. C,
despite having few data available, not allowing an adequate seasonal analysis, also showed
a well-mixed water column.

4. Discussion

The results indicate that the South channel is the most relevant route for water ex-
change in the Sado estuary, showing agreement with the conclusions of Ambar et al. [9].
Intensities of the currents similar to the ones observed in this study (between 50 and
100 cm/s), were recorded for the same area by Maretec [12]. Ambar et al. [9] referred the
existence of a two-layer flow in the South channel (towards the interior of the estuary near
the bottom and seaward at the surface) and currents mainly directed towards the interior of
the estuary in the North channel, which is the opposite to what was observed in the present
study. Ambar et al. [9] and Maretec [12] also mentioned a circulation model in which water
entered the estuary predominantly through the North channel, leaving the estuary mainly
through the South channel. This was not verified in the present study. Therefore, there may
have been changes in some circulation patterns of the estuary lately. This could be possibly
due to changes of the river flow (natural or anthropogenic), whose effects are important
to be monitored, in order to protect the marine environment and avoid variations in the
water chemistry, sediments, habitats and marine flora and fauna [24]. It is accepted that
the Sado river flow decreased in the recent years, possibly due to the construction of dams
along the river course [22]. A good example of these kind of modifications happened in
San Francisco Bay (USA), where 50% of the freshwater flow from the bay was diverted
for human use, resulting in a modification of the salinity regime and in alterations in the
biotic communities of the region [25]. Another possible explanation for changes of the
circulation patterns in the Sado estuary could be anthropogenic modifications of the seabed
in the past years. The Sado estuary is currently being dredged, as it was in the past, in
order to improve the access of large ships to the port of Setúbal, and these works have
been removing large amounts of sand from the North navigation channel. Such works can
lead indeed to changes in the circulation of the estuary [26,27]. Liria et al. [28] detected
changes in the circulation in the Oka estuary (Spain) due to dredging activities. Another
example is the Pearl River estuary, in China, where the dredging works in the recent years
led to changes in the circulation at the river mouth, modifying, as a consequence, the
saltwater intrusion [29]. Besides the changes in the circulation, dredged material disposal
has an impact on biotic communities [25]. Therefore, it would be interesting to conduct a
monitoring program in the Sado estuary to study future dredging works, to see if there
would be anthropogenic changes in the system, and if so, what kind of repercussions they
could have on the future of the estuary. Nevertheless, further studies are needed to fully
understand the possible modifications observed in the estuary, comparing with previous
studies. More observations would be needed, during full tidal cycles, over the year (to
resolve the seasonality) and with more stations located along the estuary, to overcome the
lack of measurements, mainly, from its interior part.

The direction of the currents, observed during the monthly campaigns, suggested
that the mouth of the estuary had more complex circulation patterns than the navigation
channels. This could indicate an occasional mixing in the water column in that area [30],
but that was not corroborated with the average temperature and salinity profiles. However,
the single profiles showed a potential stratification in the water column at the mouth of
the estuary during summer. As the water exchanges take place in that area, its behavior
is like a coastal oceanic region. There were no relevant variations of temperature and
salinity with depth, indicating well-mixed waters, with very little stratification and a
relatively high vertical homogeneity. These results are in agreement with the conclusions
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of Ambar et al. [9], Coutinho [20] and Ferreira et al. [31]. The variations observed in
depth could be justified by atmospheric and anthropogenic forcing (land discharges) or
by variations of the river flow. The current meter data showed that the circulation in
the estuary was strongly dependent on the variation of the tide [8]. Sado estuary can be
considered a well-mixed estuary, with strong tidal forcing, like the majority of the main
estuaries in the United Kingdom [32] and in Australia [33]. Despite the punctual influence
of the river in some of the profiles analyzed (lower salinity values at the surface), the
outermost area of the estuary presented a mean salinity of 35.8, which is in agreement with
the values observed in the coastal ocean of Portugal [34].

Sousa and Lourenço [8] observed, in the outermost area of the estuary, salinities
between 32.0 and 34.0 during winter, and salinities ranging between 35.0 and 35.7 during
summertime. In the present study, the profiles obtained during winter showed salinities
higher in about 2.0. It seems that, during the sampling period of the present work, the
influence of the river flow at the mouth of the estuary was less than before. Those authors [8]
observed temperatures of 13–14 ◦C in the area during winter, and summer temperatures
ranging between 16 and 18 ◦C. Apparently, during the sampling period of the present work,
there was a higher thermal amplitude throughout the year, with temperatures reaching
higher values. These differences detected in salinity and temperature could be occasional
or result from changes in the estuary in recent years. They could be due to climate change
or different circulation patterns, which, as previously indicated, may have occurred in the
estuary in recent years, or induced by variations of the river flow [22]. Worldwide, estuaries
have been undergoing through changes in their hydrodynamic and physical properties, as
a result of the effect of climate change on coastal regions; for example, climate change has
been rapidly warming the Australian estuaries [33]. The Sado estuary may be no exception
and it would be interesting to assess the possible impact of climate change in the properties
of this system.

5. Conclusions

In conclusion, the circulation in the Sado estuary occurs through the two navigation
channels, being the South channel the main route for water exchange. The intensity of
the current decreased in depth, with more intense currents during ebb, and the direction
was similar along the water column, changing with the tidal regime (see the schematic
representation in Figure 7). At the mouth of the estuary, the circulation patterns appear to
be more complex.
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Based on the data collected during the sampling campaigns, the outermost area of the
estuary can be described as spatially and vertically homogeneous. The Sado estuary may
be classified as well-mixed. However, by comparing the results presented in this study
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with the conclusions of previous research works, changes in the circulation patterns may
have occurred in the recent years. In addition, it seems that the influence of the river flow in
the mouth of the estuary has been decreasing over the past few years, as typically oceanic
salinity values were observed during the whole sampling period. Higher temperatures
have also been observed.

The present study reveals the need to implement continuous monitoring plans in
order to evaluate possible anthropogenic impacts over time. This highlights the importance
of the cooperation between decision makers and the scientific community. In the future, it
is intended to implement a broader time series analysis to assess potential effects of climate
change. Efforts are being made to obtain remote sensing products to apply into this specific
topic. This analysis is, thus, a relevant contribution, not only for estuarine hydrodynamics,
but also for studies focused on climate change, numerical modeling and satellite remote
sensing.
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(S) profile measurements collected during the sampling period in stn. A. The values which were
not collected at those particular depths and were computed as the average between the respective
upper and lower values are represented in red, Table S3: Dataset on profile measurements of intensity
and direction of the currents collected during the sampling period in stn. B, Table S4: Dataset on
temperature (T) and salinity (S) profile measurements collected during the sampling period in stn. B
The values which were not collected at those particular depths and were computed as the average
between the respective upper and lower values are represented in red, Table S5: Dataset on profile
measurements of intensity and direction of the currents collected during the sampling period in stn.
C, Table S6: Dataset on temperature (T) and salinity (S) profile measurements collected during the
sampling period in stn. C. The values which were not collected at those particular depths and were
computed as the average between the respective upper and lower values are represented in red.
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