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a b s t r a c t

This work describes the water circulation of Bahía Santa Elena using velocity fields and hydro-
graphic data obtained from a ship-mounted Acoustic Doppler Current Profiler and a vertical profiler
Conductivity–Temperature–Depth sonde, during two campaigns in August and October of 2019. Data
were taken in a cross-bay transect in the main channel of the Bahía Santa Elena during a complete
tidal cycle. The hydrographic data obtained during the two sampling campaigns suggest a reverse
estuarine circulation; tidally averaged values of density and water velocities revealed a dense outflow
at the bottom layer in the bay. This is the first description of an inverse estuary circulation pattern in
Costa Rica and the second in Central America. Understanding the hydrographic properties of the bay
is crucial for undertaking future research projects on water quality and biological communities.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

A classic definition of an estuary is described as a semi-
nclosed coastal system with communication with the ocean
nd in which sea water is diluted by water from the continent,
owever this does not occur in many estuaries in tropical regions
Valle-Levinson, 2010). Estuaries are classified as positive and
egative estuaries depending on the circulation patterns. In a
ositive estuary, where the system’s water is less dense than
cean water, the estuary water will tend to leave the system
bove the incoming ocean water flow (Valle-Levinson, 2010).
n inverse estuary is an estuary in which freshwater input is
ess than the losses due to evaporation; such estuaries contain
ypersaline water. In an inverse estuary, sea water enters the
stuary to compensate for the losses due to evaporation, carrying
alt which raises concentration (Descroix et al., 2020). This makes
he inner water of the estuary denser than ocean water, and
eaving the estuary below the ocean flow (Valle-Levinson, 2010).

One of the most important roles of tropical estuaries is that
hey usually are feeding grounds for juvenile species of fishes
Cowan et al., 2012; Sheaves et al., 2017). Estuaries are often
cknowledged as nurseries for several species (Elliot and De-
ailly, 1995). Only a few studies have described the circulation
f coastal water bodies in Central America, so these types of
stuaries remain not fully understood.

Abbreviations: BSE, Bahía Santa Elena; CTD,
Conductivity–Temperature–Depth; ADCP, Acoustic Doppler Current Profiler
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Bahía Santa Elena (BSE) is an estuary located (10◦ 55 ’21.3
N; 85◦ 48’ 05.2" W) in the North Pacific coast of Costa Rica
nd connected to the Gulf of Santa Elena. The BSE has a NW–SE
rientation and is connected to the ocean in the northern flank
Fig. 1). The BSE has an approximate area of 10 km 2, 4 km long,
nd 2 km wide, with two minor freshwater inputs from riverlets.
he tidal regime in this area has a semidiurnal predominant
ehavior, with an average range of 228 cm (Lizano, 2006).
This region is influenced by wind jets of 10 ms−1 on average

in the boreal winter, generated due to the pressure difference be-
tween the Caribbean Sea and the Pacific Ocean of Central America.
These winds interacts with the topography between the border
of Nicaragua and Costa Rica (Clarke, 1988; Salazar-Ceciliano et al.,
2018; Steenburgh et al., 1998), generating the Papagayo Wind Jet.

These wind jets influence the local circulation and generate
upwelling in most of the North Pacific coast of Costa Rica, leading
to the formation of cold and nutrient-rich waters in the surface
layer, influencing the conditions of BSE (Ballestero and Coen,
2004; McCreary et al., 1989; Vargas, 2004). Superficial changes in
the water induce a rapid increase in the phytoplankton biomass,
which activates the food chain, and promotes the fisheries ac-
tivities in this area (Vargas, 2004; Villalobos-Rojas et al., 2014).
Seasonal variability of the wind may influence the circulation
patterns inside the BSE and therefore is an important factor to
be considered to classify the type of estuary in the BSE.

The aim of this research was to describe the water circulation
of the BSE using velocity fields and hydrographic data from two
preliminary surveying in August and October of 2019 as a first
approach to classify the type of the estuary in the BSE. Consider-
ing that the BSE was declared a Marine Management Area in June
2018 to conserve and give sustainable use to marine resources in
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Fig. 1. Bathymetry map of Bahía Santa Elena with the transect for hydro acoustic
current measurements (orange) and the CTD stations (1–6, green). Upper-right
map indicates the geographic position of BSE in Costa Rica.. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

the area (MINAE, 2018), the findings from this work might also
contribute to properly comply with a coastal management plan
in the BSE.

2. Data and methods

In this section we describe the instruments and methodology
sed during the two surveys in August and October of 2019
o collect the observations of bathymetry, velocity fields and
ydrographic data in the BSE.
The bathymetry survey was made with a Garmin echo sounder

odel EchoMap of 50 Hz and 200 Hz frequency; the data indicate
hat the deepest area is located in the northern flank with a
aximum depth of 40 m (Fig. 1). We also observed that the
astern flank of the bay is deeper than the western flank.
We defined a 1200 m transect, transverse to the main chan-

el of the BSE, to carry out the hydrographic measurements
o describe residual temperature, residual current, residual den-
ity, residual chlorophyll concentration and the residual oxygen
oncentration (Fig. 1). Measurements were taken continuously
uring a complete semidiurnal tidal cycle (approximately 13 h) to
uarantee the quality of the time series used for the data analysis.
Data sampling campaigns took place on August 20th, 2019,

nd October 2nd, 2019. On the first campaign, the maximum peak
f the high tide (height of 2.65 m) was at 05:47 and the maximum
f the next high tide (height of 2.47 m) was at 18:02, with the
ow tide (height of 0.25 m) at 11:50 (MIOCIOMAR, 2019). For the
econd campaign, on October 2nd of 2019, the first high tide was
t 4:59 (height of 3.17 m), the low tide (height of −0.35 m) was
t 11:11 and the following high tide at 17:26 (height of 2.91 m)
MIOCIOMAR, 2019).

The water velocities along the transect were measured with
n Acoustic Doppler current meter (ADCP), model M9 from Sontek
ounted on a small vessel. The M9 ADCP is a nine-beam system
ith two sets of four profiling beams, 3- and 1-MHz transducers,
nd one vertical beam, with a maximum velocity profiling range

f 40 m. The M9 has automatic adaptive sampling based on

2

water depth and velocity to optimize the discharge measurement.
Vertical profiles of temperature, chlorophyll concentration, dis-
solved oxygen and salinity were measured at six points along the
transect (Fig. 1) using a Conductivity–Temperature–Depth sonde
(CTD), model SBE19-Plus from SeaBird. This CTD has a sampling
frequency of 4 Hz, the instrument was slowly casted at each
point until reaching the sea bottom, only descending data was
considered for this study.

A total of 11 transects were performed with the M9 in August
and 10 in October. In both campaigns, CTD was cast 10 times in
each of the six points, for a total of 66 profiles per campaign.
Water flow measurements were processed with the help of the
software Velocity Mapping Toolbox (VMT v4.09) (Parsons et al.,
2013). Transects were interpolated with a horizontal and vertical
grid node spacing of 25 m and 1 m, respectively. Based on signal
quality, surface data of the first meter was blanked out of the
analysis. Also, we estimated the flow in the perpendicular direc-
tion to the transect and that is named streamwise velocity from
here on. Additionally, wind and precipitation data were obtained
from a weather station model Vantage Pro2 from Davis, located
on a coastal elevation 17 km east from BSE.

The residual current is defined as a flow after removing the
tidal currents from the ADCP observations (Lwiza et al., 1991;
Valle-Levinson and Bosley, 2003). Subtidal flows were deter-
mined from a least square fit of semidiurnal harmonics (Lunar
M2) plus a subtidal contribution to the observations, through
minimization of the difference between both sides of the follow-
ing (Eq. (1)) relationship:

U = Uo + UM2cos(2π/TM2t−ϕM2) (1)

where the ‘U’ indicates the current along the channel and ‘Uo’
refers to average or residual current. While UM2, TM2 and ϕM2
are the tidal velocity amplitude, period, and phase angle respec-
tively, associated with the semidiurnal component (Lunar M2)
of the tidal cycle. Additionally, the residual values (removing
component M2) of temperature and salinity were also estimated
using the same approach.

Additionally, we calculated Ke, the Kelvin number (Eq. (2)) for
the study area, using the formula

Ke = B/Ri (2)

where B is the width of the basin, Ri is the internal Rossby radius
and Ke is the Kelvin number (Garvine, 1995; Valle-Levinson,
2008). This number is estimated here to determine if BSE is
classified as a narrow or wide system. A high Ke number rep-
resents a wide system (Ke > 2), in which the system is influ-
enced by Earth’s rotation and flow is horizontally sheared (Valle-
Levinson, 2010). In a narrow system, Earth’s rotation does not
determine whether the flow is vertically or horizontally sheared
(Valle-Levinson, 2010).

3. Results

In this section, we introduce the hydrographic results col-
lected with the CTD and the M9-ADCP during the two oceano-
graphic campaigns in the BSE. The term ‘‘residual variable’’ in our
study is associated with the result of removing the semi-diurnal
tidal component during one full tidal cycle from the obtained
observations.

The residual temperature in both days was higher at the sur-
face level and lower with depth, by 1.2 ◦C in August and by 1.8 ◦C
in October, showing a stratified column (Fig. 2A and B). Stations
1, 2, and 3 showed higher values compared to stations 4, 5, and
6 at the surface level (Fig. 2A and B). Consequently, observations
in August showed warmer (approximately 1 ◦C) masses of water
than in October.
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Fig. 2. Cross section of residual temperature (2A and 2 B)and residual salinity (2C and 2D), in the main channel of Bahía Santa Elena during one tidal cycle on
ugust 20th 2019 (left, 2A, 2C) and October 2nd, 2019 (right, 2B, 2D). Black dots represent the CTD profiles, from station 6 at left to station 1 at right.
Residual salinity showed high values in the entire water col-
mn in both campaigns. For the October transect bottom water
ith the highest salinities is on the deepest section, in the eastern

lank of the bay, with a maximum in salinity of around 33.9 g/kg.
urface water with the lowest salinity appeared in the first meters
f the transect, with a minimum of around 32.8 g/kg. In August,
aximum and minimum of salinity were found in the same area

han those in October, corresponding to 33.8 g/kg and 32.1 g/kg.
The residual values of water flow in both campaigns showed

orizontal and vertical gradients of the water velocities in the
nner area of the bay (Fig. 3A and B). A shallow inflow of 5 to
2 cm s-1 was observed with less density (than the outflow)
long the whole water column (Fig. 3C and D) from the southern
art of the transect (left side on the maps in Fig. 3A and B) to the
entral section of the transect (stations 4, 5 and 6).
A weaker and more dense outflow ranging from 5 cm s−1 to

2 cm s−1 with a wedge shape from the sea bed to the surface
as observed in the deepest section of the channel, extending

rom the middle of the transect to the northern flank (stations 1,
and 3, right side on the maps in Fig. 3A and B). This circulation
attern persisted during the entire measurement period, meaning
utflow in the deeper section and inflow in the shallower section,
owever, we identified variations of the flow area and magnitude
uring the tidal cycle, with the latter varying between 10 and
5 cm s−1 and without exceeding the value of 30 cm s−1.
Changes in water density in BSE were recorded during the

tidal cycle. Taking station 2 as a reference point; higher density
was observed across the water column during the beginning of
the sampling with a decreasing trend over time (Fig. 4). This
trend can be easily visualized by observing the deepening of the
isopycnal of 1021.3 kg m−3 over-time in both campaigns, being
more evident in October (Fig. 4).

The streamwise velocity also changed over time during both
samplings at station 2 (Fig. 5). Water outflows were dominant at
the beginning of the sampling and water inflows started to appear
around midday, becoming stronger and prevailing until the end
of both campaigns (Fig. 5). We observed that from midday there
was an inflow (blue) at the surface and outflow (red) underneath,
which is a typical inverse circulation based on the velocities and
density values. To verify this circulation in BSE, we estimated a
3

Table 1
Meteorological conditions, recorded by the station located 17 km east of BSE,
during each of the surveying days.

August 20th October 2nd

Average wind velocity (km/h) 7.59 9.10
Most frequent wind direction North East South
Total rain (mm) 9.80 1.30

Rossby radius of 19190 m and a basin width of 1200 m which
resulted in a Kelvin number of 0.063 indicating a narrow estuary
basin. Therefore, Earth’s rotation is not likely to highly influence
the flow in BSE.

Although it is normal to observe high precipitation values in
climatologies from late August to late October throughout the
North Pacific region, low precipitation rates and conditions of
weak wind before and during both campaigns were observed.
These anomalous dry conditions were particularly observed in
October when normally is the rainiest month of the year based
on climatologies (Table 1).

Based on precipitation records from the National Meteorolog-
ical Institute of Costa Rica for the Santa Elena Area, the precip-
itation rate in August 2019 was 101.6 mm, showing 141.9 mm
less than the climatological average for that month (IMN, 2019a).
Similar behavior was observed in September 2019 (before the
campaign on October 2nd), with a precipitation rate of 196.5 mm,
showing 159.8 mm less than the climatological average (IMN,
2019b).

The concentration of oxygen and chlorophyll in station 2
varies with the tidal phase (Fig. 6), the values of both variables
were higher during the flooding phase. We observed the highest
values of oxygen concentration during the October survey, show-
ing a layer of high concentration of oxygen as the flooding phase
advances, reaching almost the entire water column at the end of
the phase (Fig. 6C and D).

4. Discussion

This work describes the first attempt to characterize the cir-

culation in Bahía Santa Elena during a complete tidal cycle. The
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Fig. 3. Cross section of residual streamwise (stw) current (3 A and 3B) and residual density (3C and 3D) in the main channel of Bahía Santa Elena during one tidal
ycle on August 20th, 2019 (left) and October 2nd, 2019 (right). In current figures positive values (red–yellow) represent outflow, and negative (blues) represent
nflow. In density figures black dots represent the CTD profiles, from station 6 at left to station 1 at right.. (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of this article.)
Fig. 4. Hovmöller diagram of density at station 2 of Bahía Santa Elena during one tidal cycle on August 20th, 2019 (left) and October 2nd, 2019 (right). Yellow line
represents the isopycnal of 1021.3 kg/m3 . Arrows next to time values in the x axis represent the tidal phase at that moment, a red arrow for ebb phase and blue
rrow for flood phase.. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 5. Hovmöller diagram of streamwise velocity at station 2 of Bahía Santa Elena during one tidal cycle on August 20th, 2019 (left) and October 2nd, 2019 (right).
Positive values (red and yellow) indicate water outflows and negative values (blues) indicates water inflows. Arrows next to time values in the x axis represent the
tidal phase at that moment, a red arrow for ebb phase and blue arrow for flood phase.. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
hydrographic data obtained during the two sampling campaigns
suggest a reverse estuarine circulation according to the definition
of Valle-Levinson (2010); density and residual current values
across the tidal cycle revealed a persisting dense outflow at the
bottom of the bay. To our knowledge, this is the first description
of an inverse estuary circulation pattern in Costa Rica and the
second in Central America (Valle-Levinson and Bosley, 2003).

Our data suggest that there is an outflow near the surface at
he northern side of the bay (main channel). Only evident in the
ctober campaign, this could be because in October there was
larger gradient in temperature (by 0,2 degrees) between the
orthern and the southern side of the bay (see 28.7 ◦C isothermal,
n Fig. 2B). We infer that this water comes from the surface of
nner shallow areas of the bay (i.e. mangrove areas), where it
s easily heated up, and comes out while staying at the surface,
4

due to the fact that this water mass is less dense than the water
underneath.

Vertical profiles of salinity and temperature show more ho-
mogeneous conditions in October (Figs. 2C, 2D, 3C and 3D) than
in August. According to Geyer (2010), during spring tides, tidal
mixing is maximal, and stratification should reach a minimum.
This could explain the observed differences in the stratification
patterns between both campaigns considering that the observa-
tions in October were taken near the spring tide with higher tidal
ranges and tidal currents than in August.

Considering the low Kelvin number (Ke) value of 0.063 and
based on the latitude and width of BSE which produces a large
Rossby number, we conclude that the water flow in this bay is
not importantly influenced by the earth rotation effect (Coriolis
effect). Nevertheless, our results show a horizontal gradient in the
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Fig. 6. Hovmöller diagram of chlorophyll (6A and 6B) and oxygen concentration (6C and 6D) at station 2 of Bahía Santa Elena during one tidal cycle on August
20th, 2019 (left, 6A and 6C) and October 2nd, 2019 (right, 6B and 6D). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
flow, which could be explained by high frictional conditions in
the bay. Valle-Levinson (2008) explains that a horizontal sheared-
flow can be found independently of the width of the basin, as
long as high frictional conditions are present (Ek > 1). Proper
arametrization of the frictional forces needs to be done to better
stimate the Ekman number in the BSE, this study is out of the
cope of this paper and will be discussed deeply in a separate
anuscript.
Our data show that density in the bay decreases during the

looding phase of the tidal cycle, meaning that the water density
nside the bay is higher than the water coming from outside the
ay. Figs. 4 and 5 show how the water column becomes less dense
n both campaigns as the tide rises. Residual circulation, also
nown as the tidally averaged/subtidal circulation or estuarine
xchange flow, governs this exchange between ocean and estuary
nd thus plays a large role in influencing these biological and bio-
eochemical processes (Giddings and MacCready, 2017). These
re key to the fish nursery functioning of this bay, modulating
he presence or absence of different species at different times of
he tidal cycle.

During inverse exchange flow, the reversal manifests through-
ut depth with inflow at the surface and outflow at depth (Fig. 5).
he inflow is trapped near the surface and the isohalines slope in
he opposite direction compared to typical (positive estuary) ex-
hange conditions. The momentum balance has similar dominant
erms (with comparable magnitudes); however, we imply that
he Coriolis and baroclinic pressure gradient terms have reversed
ertical structure based on the obtained Ke number.
The conditions within the bay could be produced by a process

f hyper salinization, which occurs in some estuarine systems
ith low freshwater input and high evaporation rates, causing
ater masses with higher density inside the system and therefore
reverse circulation behavior. The observations show high values
f salinity, an indicator of low contribution of freshwater from
ivers and low precipitation in the region during the sampling
ampaigns. According to the Meteorological Institute of Costa Rica
IMN, 2019a,b), there was a decrease in precipitation in the study
rea compared to previous years.
It has been observed in many estuarine systems that re-

erse circulation is not constant throughout the year, depending
ainly on the weather conditions in the area (Nidzieko and
onismith, 2013; Valle-Levinson et al., 2001; Valle-Levinson and
osley, 2003). Our data shows a snapshot of BSE conditions
uring a specific time, meaning that the variability of weather
5

conditions could change the circulation patterns throughout the
year. Lizano and Alfaro (2014) measured flow velocities across
the water column in June 2012, and their observations agree
with our findings regarding the stratification of the water flow.
Therefore, we recommend replicating this experiment under dif-
ferent weather conditions; for example, during the dry season
(December–March) of the Pacific slope, when the winds are
stronger, and the surrounding area is influenced by the Pa-
pagayo upwelling (Clarke, 1988; Salazar-Ceciliano et al., 2018;
Steenburgh et al., 1998). We also recommend replicating the
experiment during high precipitation conditions to consider the
influence of freshwater input from runoff.

Salinity values recorded in BSE are lower than those found
in other reverse circulation systems where the values of salinity
are usually as twice as high (Wolanski, 2013). The observations
obtained here are similar to those found by Valle-Levinson and
Bosley (2003) in the Gulf of Fonseca during the dry season,
where the low supply of freshwater causes a reverse estuarine
circulation. In the rainy season, the Gulf of Fonseca behaves like
an estuary with typical circulation, it could be that the BSE also
shows a typical circulation under conditions of a greater supply of
freshwater than in our sampling campaigns. Furthermore, future
research in this area might allow us to understand the variation
of tropical estuaries under particular conditions like the influence
of coastal upwelling, interannual variabilities such as El Niño
Southern Oscillation and regional scale factors like the Papagayo
upwelling system.

Our results show that tidal variation has an influences tem-
perature, salinity, and chlorophyll concentration. We hypothesize
that composition and abundance of planktonic communities are
determined by this variation, as per Jendyk et al. (2014) indicated
that in reverse circulation systems, salinity variation is the most
determining factor in phytoplankton community composition.

Chlorophyll values indicate that conditions of the water
masses entering to BSE increase the abundance of phytoplankton,
promoting photosynthesis and thus increasing the concentration
of oxygen within BSE, which could influence the abundance and
diversity of fish populations in the BSE. This has been acknowl-
edged by Hossain et al. (2017), Sánchez-Velasco et al. (2012),
Silva et al. (2009), which concluded that in reverse estuarine
circulation, as in normal estuarine circulation, the dynamics and
composition of biological communities are influenced by varia-
tions in salinity, pH and oxygen concentration. Phytoplankton is
the base of the trophic network in the ocean and produces much
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of the oxygen necessary for the rest of the species in the system; a
change in its diversity and abundance implies an effect on the rest
of the living beings in the system. This explains how important
it is to consider the tidal variations of water parameters for
biological surveys, tourism and fisheries that take place in BSE.

5. Conclusions

Based on the data obtained in this study, we conclude that a
everse estuarine circulation occurs in BSE during periods of low
recipitation and weak winds conditions. Therefore, we suggest
hat this particular circulation is not persistent throughout the
ear and that variability of weather conditions may have an
mportant effect on the oceanographic dynamics inside the bay.

This study demonstrates the influence of the tidal cycle in the
ariation of water parameters in BSE. This is important as this
ay was declared in 2008 as an ‘‘Important Site for Conservation’’
nd since then the bay has been under constant evaluation of
ts ecosystemic services. Our results contribute to the state of
nowledge for this area and improve baseline knowledge to de-
ign and conduct ecological assessments. We consider this as a
ontribution to better understand the ecological role of this bay
s a nursery for commercially important species and as a refuge
or migratory species such as humpback whales.

It is important to continue with hydrographic studies in the
rea, considering Costa Rican government’s intentions to establish
harbor in this bay (Arias, 2016), this could represent a threat

o the conservation of all species in the ecosystem. Also, Valle-
evinson (2010) explains that inverse estuaries are more prone
o water quality problems than positive estuaries, due to their
lushing being more sluggish than positive estuaries. Understand-
ng the hydrographic properties of the bay may reduce the impact
n water quality and biological communities.
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