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Article 
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Wedge Position of a Microtidal Estuary: Magdalena 
River 
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Research Group in Geosciences - GEO4, Department of Physics and Geosciences, Universidad del Norte, km 
5 vía Puerto Colombia, Barranquilla 080001, Colombia 
* Correspondence: ajhonathan@uninorte.edu.co 

Abstract: The linkage between the salt wedge, tidal patterns, and the Magdalena River discharge is 
established by assessing the ensuing parameters: stratification (ϵ), buoyancy frequency (β), potential 
energy anomaly (φ), Richardson number (RL), and bottom turbulent energy production (P). The 
salinity, temperature, density, and water velocity data utilized were derived from MOHID 3D, a 
previously tailored and validated model for the Magdalena River Estuary. To grasp the dynamics 
of the river, a flow regime analysis was conducted during both wet and dry climatic seasons of the 
Colombian Caribbean. The utilization of this model aimed to delineate the estuary's spatial reach, 
considering flow rates spanning from 2000 to 6500 m³/s across two tidal cycles. This approach 
facilitates the prediction of the position, stability, and stratification degree of the salt front. Among 
the conclusions drawn, it is highlighted that: 1. The river flow serves as the principal conditioning 
agent for the system, inducing a strong estuary response to weather stations; 2. The extent of wedge 
intrusion and the river discharge exhibit a non-linear, inversely correlation; 3. Tidal waves cause 
differences of up to 1000 m in the horizontal extent of the wedge; 4. Widespread channel erosion 
occurs during the rainy season when the salt intrusion does not exceed 2 km; 5. Flocculation 
processes intensify during the transition between dry and wet seasons; 6. The stability of the salt 
layering and the consolidation of the FSI-TMZ are contingent upon the geometric attributes of the 
channel. 

Keywords: Magdalena River Estuary; Saline-Wedge Estuary; Saline-Wedge Interannual Variability; 
discharge-salinity relationship; Magdalena River Mouth Siltation 

 

1. Introduction 

The circulation of water and sediment within estuaries is regulated by the density gradient 
between fresh and salt water [1]. These density variations give rise to a horizontal baroclinic gradient 
that strives to equalize the free surface level and the isopycnals [2]. As a result, a bidirectional water 
flow is initiated, commonly referred to as estuarine circulation. This process can be categorized based 
on whether the net volume outflow, which is associated with gravitational circulation exceeds or falls 
below the net volume inflow [3].  

The interaction of river discharge, waves, currents, tidal patterns, and geomorphological factors 
collectively shapes the stratification and mixing dynamics of estuaries. In regions characterized by 
weak vertical stratification, such as tidal estuaries, the mixture of brackish water is uniform [4,5]. On 
the contrary, estuaries that are highly stratified encounter a constrained vertical mixing, resulting in 
the formation of a salt wedge [6,7]. Salt-wedge estuaries are frequently present at the mouths of 
microtidal coastal rivers, where the river outflow suppresses the effects of tidal mixing [8]. In this 
scenario, with an increasing river flow, the freshwater outflow prevails, forcing the denser saltwater 
downstream. In low discharge seasons, the tidal influx is amplified compared to the outflow, 
resulting in a greater depth of salt-wedge penetration upstream. This behavior highlights the river-
controlled nature of most salt-wedge estuaries, which can either facilitate or impede the input of 
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seawater [9–12]. It is important to emphasize the existence of tide-controlled estuaries that exhibit a 
time-dependent salt wedge development. The estuary of the São Francisco River in Northeast Brazil 
provides a suitable illustration [13].  

Estuarine stratification is associated with the disruption of vertical transport mechanisms 
pertaining to nutrients and sediments, and it carries meaningful consequences for the productivity 
and functioning of these ecosystems [14,15]. Indeed, the salt wedge formation causes bottom anoxia 
(complete lack of oxygen) and hypoxia (low oxygen levels), negatively impacting benthic organisms 
[16]. The turbidity maximum zone (TMZ) is another essential factor in estuarine circulation. 
Positioned proximal to the upper boundary of the salt intrusion, this zone exhibits higher 
concentrations of finely suspended sediment when compared to those present in either the river or 
downstream areas of the estuary [17]. Intense flocculation processes occur in the TMZ, establishing a 
strong connection between the TMZ and estuarine siltation [18–21].  

Fluvial estuaries, due to their location, have historically functioned as seaports and hubs for 
international trade. However, certain estuaries experience an increase in siltation rate that 
necessitates dredging channels to ensure and maintain ships navigability [22–24]. The Barranquilla 
seaport, located within the estuary of the Magdalena River (MRE), holds a vital role in the economy 
development of the city and its neighboring regions. This is mainly due to its distinction of having 
the largest number of terminals for international trade in Colombia [25,26]. Nonetheless, the seaport's 
operability encounters challenge due to the considerable difference between the maximum bed 
sedimentation rates (2625 mm/year) and the maximum erosion rates (1450 mm/year), which is almost 
a twofold magnitude difference [20]. Hence, in order to maintain a minimum draught of 10 meters, 
dredging operations are required [27]. The dredging procedure incurs high operational and logistical 
costs and does not offer a long-term solution. Moreover, it is conducted in disagreement with natural 
sedimentation patterns, rendering it an unsustainable approach [23,28]. 

The MRE is a microtidal saline-wedge conditioned by the river discharge [29,30]. Sedimentation 
mechanisms in the MRE are driven by the flocculation of suspended particles in the TMZ. The growth 
of the TMZ is correlated with the decrease in the bottom frictional energy of the water column during 
saline stratification, coupled with an increase in sediment availability. The decrease in bottom friction 
corresponds to the loss of the river's capacity for sediment resuspension, leading to the settling of 
flocs [31–33]. As previously noted, the displacement of the saline wedge is controlled by the energy 
of the Magdalena River. This results in heightened stratification during low discharge periods, when 
tidal and wave energy have a greater impact. Between 1997 and 1998, during the dry season of the 
warm phase of the El Niño Southern Oscillation (ENSO), it was estimated to have a maximum 
saltwater penetration of 20 kilometers upstream. Historical minimum flows, measuring around ~2000 
m3/s, were recorded during this period. Conversely, during the wet season of the cold phase of the 
ENSO (between 1999 and 2000), the river outflow ranged from 10.000 m3/s to 14.000 m3/s, enclosing 
the salt-wedge extension to the first kilometer of the mouth [34]. 

A robust statistical correlation exists between the freshwater-saltwater interface (FSI) and the 
TMZ location [31]. Consequently, comprehending the dynamics of stratification not only provides 
valuable insights into the position of the FSI, but also facilitates inferences concerning the spatial 
localization of the TMZ [34]. Furthermore, studying the behavior of the saline-wedge can uncover 
opportunities to take advantage of the salinity gradient as a local energy source through the method 
of Reverse Electro-Dialysis (RED) [35,36]. All of this while not overlooking the ecological significance 
of FSI as an ecosystem rich in essential nutrients for vegetation and fauna [37–39]. This research aims 
to explore the effects of tidal patterns and seasonal fluctuations in river discharge on mixing 
dynamics, stratification, and the FSI’s spatial distribution as a predictive indicator of the TMZ’s 
formation. In this sense, our primary objective is to evaluate and delineate specific regions within the 
MRE where flocculation processes are expected to be intensified. 

2. Study area 

The MRE is located on the Caribbean coast of Colombia. It is formed by the confluence of the 
Magdalena River (MR) and the Caribbean Sea (CS). Due to its concentration of suspended sediment 
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(CSS), it is classified as turbid and extremely turbid during high-flow seasons (CSS ≤ 11.450 mg/L) 
[31,39]. This phenomenon is primarily attributed to human intervention, the steep topographical 
features, and the substantial precipitation in the upper reaches of the MR basin, resulting in high 
erosion and sedimentation rates. Compared to other CS tributaries, the MR contributes the highest 
amount of suspended sediment (142.6 x106 Tons/year) [40,41]. Globally, the MR is ranked as the 
seventh highest in sediment yield, surpassing well-known rivers such as the Amazon (190 Ton/Km2 
year) or the Orinoco (140 Ton/Km2 year) [42]. Since the construction of the jetties in 1936 and 
subsequent modifications until 2009, the water flow velocity and sediment transport capability of the 
MR have increased [29,43]. This led to a gradual deepening of the MRE’s bed and cyclical changes 
between erosive (310 mm/year) and sedimentation (293 mm/year) states on interannual and intra-
annual scales [20]. 

The climate exhibits two prevailing seasons: a wet season that lasts from May to December and 
a dry season that spans from January to April. These seasons are defined by the east-trade winds and 
the oscillation of the Intertropical Convergence Zone (ITCZ) [44,45]. On the MRE, winds have an 
average speed of 3.9 m/s, primarily blowing from the Northeast for 42.7% of the year and from the 
North for 25% of the year [29]. The significant wave height here is 2.2 ± 1.1 meters. It also originates 
from the Northeast and has an average period (T) of 6.7 ± 2.3 s. The maximum wave heights can reach 
up to 4.5 m during extreme weather events, such as the one that occurred in 2009, when a cold front 
caused the collapse of the Puerto Colombia pier [46]. The MRE has a mixed and semi-diurnal 
microtidal pattern based on the Courtier coefficient (1.43 ≤ F ≤ 1.9). Even during high tide, its tidal 
range does not exceed 70 cm in height [47–49]. The climate of the Colombian Caribbean Sea has a 
long-standing relationship with the El Niño Southern Oscillation (ENSO) in both of its phases, El 
Niño, and La Niña. The ENSO warm phase (El Niño) is associated with decreased precipitation and 
lower sea levels, while the ENSO cold phase (La Niña) is linked to higher sea levels and excessive 
rainfall [50–52]. 

3. Methodology 

The assessment of stratification and mixing patterns in the MRE was conducted using a MOHID 
model that had been previously calibrated. This model considered multiple factors including 
bathymetry, river discharge, waves, and tides to simulate the estuary circulation as a function of the 
buoyancy gradient and bottom frictional stresses [29,30,34,53,54]. 

A total of twenty-six scenarios were analyzed under varying flow rates and tide conditions along 
a 22.0 km cross-section of the channel. To simulate the driving mechanism of tides, winds, and river 
flow, MOHID was implemented in a two-tiered nesting system (see Figure 1). The outer grid was 
configured to operate at a coarser resolution in barotropic mode with 220 x 250 nodes (Δx = Δy = 160 
m y Δt = 10 s). The values for bottom roughness and horizontal turbulence were established as 0.0025 
meters and 10 m2/s respectively. The inner grid was set to operate in baroclinic mode with 242 x 172 
nodes operating at (Δx = Δy = 80 m y Δt = 5 s) and a vertical discretization of 48 layers using cartesian 
coordinates. This configuration enabled the simulation of localized sub-regions, such as the salt-
wedge intrusion, while minimizing computational resource usage. The engaged flow rates ranged 
from 2000 to 6500 m3/s. Tidal simulations were conducted during both spring and neap states. 
However, to measure the overall tide effects in the salt-wedge position, the density and velocity water 
properties were averaged over two tidal cycles (25 hours) at a one-hour resolution (see Figure 2).  
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Figure 1. Location and computational domain of the MRE: a) Outer mesh; b) Detailed mesh. 

MOHID was developed by MARETEC, the Marine, Environment and Technology Center at the 
Technical University of Lisbon. It is a three-dimensional numerical model that simulates the response 
of water bodies to physical and biogeochemical processes, considering the interaction between water-
atmosphere and water-sediments. MOHID was developed utilizing a block programming structure, 
which encompasses specialized modules to solve hydrodynamics, water quality, and particle 
tracking equations [55]. The MOHID Hydrodynamic module resolves the formulations of motion for 
incompressible and hydrostatically balanced fluids using the finite volume method and the 
Boussinesq and Reynolds approaches [56]. The system’s horizontal discretization employs an 
Arakawa-C-type computational grid [57], while the vertical axis enables the combination of 
Cartesian, Sigma, or Lagrangian coordinates. The implicit alternating direction algorithm is utilized 
to solve these equations, calculating the change in water elevation and velocities [58,59]. The vertical 
turbulence is inferred using the k-ϵ General Ocean Turbulence Model (GOTM) with the Canuto 
closure schemes [60]. For the horizontal turbulence, the Smagorinsky approach was employed with 
a coefficient value of 0.1. The selection was made based on its closeness to the measured data for both 
flow velocity and salinity (refer to Table 1). Finally, the horizontal and vertical advection and 
diffusion of momentum, heat, and mass were managed through implementation of the total variation 
diminishing method (TDV). 

 

Figure 2. Tidal periods employed for spring and neap modeling scenarios. 
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This model was calibrated with field measurements showing reliable and practical depictions of 
the MRE. Table 1 compares the Bias, RMSE, and Willmott coefficients [61] of the simulated and 
measured data for water salinity, velocity, and level performed during the dry season of February to 
March in 2018 and March 2020 [30]. The computed φ, β and RL values were based on field 
measurements during March of 2014 along the MRE [34]. 

It is a dimensionless measurement of the stratification intensity based on the density of the water 
column Here, the density gradient is represented by ∂ρ=ρ(bottom)- ρ(surface) and the average 
density is expressed as ρo=0.5 (ρb+ ρs). Usually, this parameter reaches values between 0 (indicating 
a well-mixed water plot) and 0.025 (indicating a highly stratified water plot). 

Table 1. The Bias, RMSE and Willmott scores of the implemented MOHID model. 

Feature Bias RMSE Willmott Source 

Salinity 0.04 gr/kg 0.52 gr/kg 0.95  
Velocity 0.0085 m/s 0.0034 m/s 0.7568 Higgins et al., 2022. 

Water level < 0.01 m < 0.01 m 0.91 - 0.96  
Potential energy anomaly - 0.05 6.2 0.99  

Buoyancy frequency - 0.0477 0.00014 0.99 Otero et al., 2021. 
Richardson number - 0.08 0.13 0.99  

3.1. Stratification and Mixing Parameters 

To evaluate the strength of saline-wedge stratification in every scenario, several physical 
parameters were calculated, including Stratification (ϵ), Buoyancy Frequency (β), Potential Energy 
Anomaly (φ), Richardson Layered Number (RL), and Turbulence Production (P) (refer to Table 2). 

Table 2. Stratification and Mixing Parameters. 

Parameter formulation Meaning 

Stratification  

(𝜖 =  డఘఘ௢)  

It is a dimensionless measurement of the 
stratification intensity based on the density of 
the water column. Here, the density gradient is 
represented by ∂ρ=ρ(bottom)- ρ(surface) and 
the average density is expressed as ρo=0.5 (ρb+ 
ρs). Usually, this parameter reaches values 
between 0 (indicating a well-mixed water plot) 
and 0.025 (indicating a highly stratified water 
plot) [8]. 
 

Buoyancy Frequency 

(𝑁2 = 𝛽 = − ௚ఘ  డఘడ௭) 

It is a cycle/s2 index of the oscillation frequency 
of a vertically displaced water plot (β>0) while 
tending to balance hydrostatically. Here, g 
represents the gravity acceleration, 
∂z=z(bottom)-z(surface) is the depth gradient, 
and ∂ρ = ρ(bottom)- ρ(surface) represents the 
density gradient. As β decreases, the 
consumption of kinetic energy involved in the 
production of turbulent mixing increases, 
resulting in a lower degree of stratification [62]. 
 

Potential Energy Anomaly (𝜑 = 1ℎ න (𝜌̅ − 𝜌)𝑔𝑧𝜕𝑧଴
ି௛ ) 

It evaluates the work per volume unit necessary 
to mix a water column. Here, 𝜌̅ is defined as 𝜌̅ = ଵ୦ ׬ 𝜌 ∂z଴ି୦ . h, is the water column depth, and z 

is the depth range. When a water column is fully 
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salty or fresh, φ tends to zero. Its unit are J/m 
[63]. 
 

Richardson Layered Number (𝑅𝐿 = 𝑔ℎ(𝜌𝑓 − 𝜌𝑠)𝑈ଶ𝜌଴ ) 

It provides an estimate of the vertical mixture 
intensity by comparing the buoyant force and 
the shear stress. When RL < 2 the turbulence 
generated by friction is the main mixing 
mechanism. For 2 < RL < 20 the mixture becomes 
less effective. RL > 20 indicates that the water 
plot is stable and homogeneous. It is 
dimensionless [64]. 
 

Turbulence Production* (𝑃 ≅ 𝑢3𝑘𝑧) 

This parameter assesses the production of 
bottom swirls because of the Reynolds stresses 
and the mean shear. Here, k is the Von Karman 
constant (0.41), z is the depth, uଶ = Cd(uଵ)ଶ is 
an alternative to expressing friction in terms of 
speed, and Cd  is the drag coefficient. It is 
measured in W/Kg [65]. 

* This is a Turbulence Production simplification for the bottom. 

3.2. Definition of the flow scenarios 

Acknowledging the pivotal role of the MR discharge in the spatial position of the salt wedge 
[29,30], it is imperative to comprehend the seasonal probability distribution of this factor. Such 
comprehension will establish a connection between numerical modeling results and flow rate 
regimes. Based on daily field measurements from a limnimetric station located in the municipality of 
Calamar [66], the MR exhibits a strong monthly variability (see Table 3). Therefore, to assess its 
seasonal behavior, it was necessary to calculate the Empirical Cumulative Distribution Function 
(ECDF) [67]. This approach provides insights into the frequency and distribution of the MR outflow 
conditions. 

Table 3. Mean monthly streamflow (Q), maximum streamflow (Qmax), minimum streamflow (Qmin) 
and discharge variability (Qmax / Qmin) of the Magdalena River per month. Data interval: 23-07-1940 to 
31-12-2015. 

Month Q (m3/s) Qmin (m3/s) Qmax (m3/s) Qmax/Qmin(m3/s) 
January 6822 2326 13844 5.95 

February 4474 1705 10074 5.91 
March 4129 1520 8434 5.55 
April 4938 2053 9951 4.85 
May 6854 3402 12892 3.79 
June 8153 4667 14475 3.10 
July 7874 3132 14425 4.61 

August 7284 3109 13063 4.20 
September 7464 3214 13196 4.11 

October 8443 3699 13920 3.76 
November 9806 4594 16913 3.68 
December 9724 2916 16913 5.80 

The ECDF is a non-parametric estimator of the cumulative distribution function (CDF) based on 
the frequency of a given flow (x) relative to the total number of observations (n). It is a step function 
that only takes values in the range 0 to 1 and indicates the fraction of the data that is less than or equal 
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to x [68]. The ECDF was applied to each series of daily flows per month, and then grouped by climatic 
stations (see Figure 3). 

 

Figure 3. Average flow regime at the estuary of the Magdalena River: (A) During wet season; (B) 
During dry season. 

4. Results 

Average monthly flow rate 

The wet season includes the months related to the period of weak winds and high rainfall over 
the Colombian Caribbean. During this period, the flow of the RM reaches its highest levels of the year 
(~16900 m3/s). This is the opposite of the dry season, when the trade winds strengthen, bringing dry 
air from the Atlantic Ocean to the Caribbean. This event causes a decrease in the frequency and 
amount of precipitation, causing daily flows in the order of ~2500 m3/s. 

During the transition from the wet to the dry season, the variability of flow reaches its peak in 
January and maintains a high level (Qmax / Qmin = 5.91) until February (refer to Table 3). This 
phenomenon is primarily due to the absence of rainfall between February and March at the river's 
estuary, coinciding with the Magdalena River basin's flushing and the ITCZ's positioning. It is 
evident that during these months, the probability distribution curve can be segmented into two 
distinct phases (see Figure 3B). An initial period of low slope and greater variability with flows 
between 4000-10000 m3/s achieved 50% of the time, followed by another high slope phase with 
discharges between 1500-4000 m3/s. This pattern confirms that the influence of the rainfall regime on 
the DDRM flow does not occur simultaneously. 

Table 4 displays the accumulated probability of flows ranging from 2000 to 6500 m3/s. The table 
is sectioned by 500 m3/s increments, and the months with the greatest cumulative probability for each 
interval are outlined. 
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Table 4. Monthly cumulative probabilities for flows between 2000 y 6500 m3/s. 

Flow Rate (m3⁄s) Months with the highest probability of 

occurrence 

P. Accumulated (%) 

2000 ≤ Q ≤ 2500 February and March 7.2 and 7.7 
2500 < Q ≤ 3000 February and March 12.9 and 16.7 
3000 < Q ≤ 3500 February, March, and April 12.0, 16.7 and 10.7 
3500 < Q ≤ 4000 February, March, and April 13.7, 11.9 and 11.0 
4000 < Q ≤ 4500 February, March, and April 11.0, 11.7 and 14.3 
4500 < Q ≤ 5000 February, March, April, May and September 10.1, 10.1, 13.4, 6.6 and 

6.3 
5000 < Q ≤ 5500 February, March, April, May, August and 

September 
8.4, 7.8, 11.5, 9.5 and 6.5 

5500 < Q ≤ 6000 January, April, May, August and September 8.2, 10.4, 14.4, 10.1 and 
6.9 

6000 < Q ≤ 6500 January, April, May, June, July, August and 
September 

7.0, 8.2, 11.9, 7.3, 7.6, 
11.2 and10.7 

Q > 6500 January, May, June, July, August, September, 
October, November and December 

50.5, 54.3, 82.9, 72.6, 
60.7, 64.1, 85.7, 95.5 and 

90.1 

It is worth noting that flows ranging from 2000 to 3000 m3/s are considered uncommon 
occurrences. Even in March, the month with the highest likelihood of these ranges, their total 
magnitude does not exceed 24.31%. On the other hand, flows beyond 6500 m3/s occur 90.12% of the 
time in December, 95.48% in November and 85.65% in October. During the wet season, only scenarios 
with high flows have practical likelihoods. Conversely, in the dry season, there is more variability in 
flows that fall below 6500 m3/s. For instance, in February and March, flows ranging from 2000 to 5500 
m3/s have a cumulative probability of 75.3% and 82.6%, respectively. These findings offer insight into 
the correlation between months when turbulent mixing is expected to decrease, for increase based on 
the river's seasonal flow. 

Tidal effects on the stratification and penetration of the salt wedge 

Figures 4 and 5 depict the stratification parameters, buoyancy frequency, potential energy 
anomaly, and bottom turbulent kinetic energy production for the defined flow scenarios. In general, 
the vertical structure of the halocline and pycnocline follows a consistent pattern across tidal cycles, 
with notable variations for flows ranging from 5000 to 6500 m3/s. At syzygy tides, the stratification 
indices exceed 0.023 within the range of km 0 to 0.321 of the estuary. However, during the quadrature 
phase, only flows of 5000 and 5500 m3/s exhibit a value of ϵ ≥ 0.0226 between km 0 and 0.562. For 
flows of 6000 and 6500 m3/s, the stratification index is less than 0.083 in the distance interval between 
0 and 0.562 kilometers. This indicates that tidal waves have a stronger impact on the vertical 
stratification of the ERM when the flow exceeds 5000 m3/s. 

This is supported by analyzing the buoyancy coefficients and potential energy anomaly. Various 
methods are used to measure the degree of stratification in an estuary. Buoyancy refers to the 
inclination of a water column to rise or fall compared to an adjacent column due to differences in 
density, while the potential energy anomaly is the amount of energy required to mix a water column 
compared to the amount of energy required to mix the same quantity of water in a homogeneous 
column. Therefore, both indicators approach zero as stratification intensity decreases. Additionally, 
it should be noted that within the flow range of 5000 to 6500 m3/s, the buoyancy and potential energy 
anomaly reach their maximum values, albeit of lesser magnitude during quadrature as compared to 
syzygy. Moreover, it has been confirmed that the attenuation of these parameters is higher when the 
discharge values are 6000 and 6500 m3/s. For instance, at a distance of 560 meters inland, buoyancy 
changes from having a maximum value of β = 0.0132 s-2 during syzygy to a value of β = 0.0042 s-2 in 
quadrature. This finding establishes that the salt wedge's response to tidal cycles is not only apparent 
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when the river flow surpasses 5000 m3/s, but it is also magnified between 6000 and 6500 m3/s. 
Furthermore, it has been discovered that the tide has an impact on the maximum intrusion 
penetration of CS, causing differences of up to 1000 meters. The most significant variations occur 
during discharges of 2500, 3500, 4250, 4500, 5500 and 6500 m3/s, as depicted in Figure 8. 

Richardson number (as shown in Figures 6 and 7) and bottom turbulent energy production (as 
seen in Figures 4D and 5D) are key indicators for assessing flow dynamics in relation to the 
stratification degree of the water column. Richardson reports that the fluid can maintain its 
stratification despite turbulent motions, while turbulent energy production signifies the amount of 
kinetic energy released into the water during turbulence. It has been observed that the maximum 
turbulence magnitudes are lower during syzygy tides along the entire section compared to those in 
quadrature. However, at low flow rates, the stability of the Richardson remains consistent. As the 
flow rate intensifies, bottom turbulence increases and causes mixing, thereby reducing the stability 
of the water parcel. As flow rate increases, it is argued that its ability to mix and hold particles in 
suspension also increases, thus limiting the precipitation of floccules. 

 

Figure 4. Physical parameters during quadrature tides: (A) stratification; (B) buoyancy frequency; (C) 
potential energy anomaly; (D) bottom turbulent energy production. 
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Figure 5. Physical parameters during syzygy tides: (A) stratification; (B) buoyancy frequency; (C) 
potential energy anomaly; (D) bottom turbulent energy production. 

Effects of flow rate on FSI position 

According to [31] the location of the TMZ core is associated with the position of the FSI. The 
maximum depth of the FSI is recognized by the decrease in salinity and longitudinal density in the 
water column to its minimum, which is easily distinguishable in all stratification parameters. 

FSI for flow rates from 2000 to 3000 m3/s 

In this flow range, the position of FSI lies between km 14.3 and 21 of the section. There are distinct 
stratification levels between km 0 and 12, which are longitudinally maintained (ϵ ~ 0.026 y β ~ 0.019 
s-2). Upstream, the gradual increase of mixing in the water column causes all parameters to decrease 
to their minimum values. At Q = 2000 m3/s, this happens from kilometer 20, while at Q = 3000 m3/s, it 
occurs from kilometer 12. For Q = 2500 m3/s, the location depends on the tidal stage: it happens at 
kilometer 17 during syzygy and at kilometer 17.5 during quadrature. Turbulent energy production 
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at the riverbed is negligible (P ~ 0 W/Kg); resulting in underdeveloped mixing along the DDRM. In 
other words, greater levels of frictional strain are required to disrupt the stratification of CS. This is 
confirmed by Richardson number behavior (RL>20), which results in a stable column (stratified) due 
to the dominant buoyant force on turbulent bottom currents. At flow rates of Q = 2000 and 2500 m3/s, 
stability greatly increases (RL≫ 20) within the range of approximately km ~11.5 to ~17.5 due to the 
channel’s lateral widening. For a flow rate of Q = 2750 and 3000 m3/s, the potential energy anomaly 
φ concentrates energy in three locations where the maximum work required for water mixing is at 
approximately ~5.5, ~9 and ~12.5 kilometers. This is followed by two valleys at approximately ~7.5 
and ~10.5 km. All locations have values of φ > 470 J/m3, which reaffirms the intense degree of 
stratification. 

FSI for flow rates from 3250 to 4000 m3/s 

The FSI spans from km 7.6 to 11.7. Throughout the initial section (km 0 - km 5), the indicators ϵ 
~ 0.0275 y β ~ 0.0185 s-2 remain substantially unchanging. However, the stratification weakens beyond 
km 5 for Q = 4000 m3/s, km 6 (Q = 3500 m3/s), and km 9 (Q = 3250 m3/s) due to the increasing bottom 
turbulent production. At a Q = 4000 m3/s (located between km 6 - 13), the production is at ~ 3.45 x 10-
5 W/Kg. At a Q = 3500 m3/s (located between km 9 - 13), the production is at P ~ 2.11 x 10-5 W/Kg. 
Lastly, at a Q = 3250 m3/s (located between km 10 - 13), it is the same as 2.11 x 10-5 W/Kg. The stability 
of the column, as anticipated, undergoes a decline when is at Q = 4000 m3/s whereby turbulent kinetic 
energy has a similar magnitude to hydrostatic potential energy. Specifically, RL acquires values 
between 2 and 20 explaining the weakening of the CS by the mixing strengthening. At Q = 3250 m3/s, 
the φ index initially rises from 565 J/m3 at km 0 to 1040.6 J/m3 at 5.4 km but subsequently declines as 
the stratification intensity increases. 
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Figure 6. Richardson by layers (RL) at Quadrature Tide in: (A) all flow scenarios; (B) depicts only the 
flow rates of 2000 and 2500 m3/s. (C) the flow rates ranging from 3000 to 6500 m3/s. 

FSI for flow rates from 4250 to 6500 m3/s 

The FSI is between kilometers 1 and 6.5. Regarding the parameters, it is observed that at Q = 
4250 m3/s, the maximum value of bottom turbulence is 4.30 x 10-5 W/Kg at km 11. At a Q = 4500 m3/s, 
the maximum turbulence (Pmax) is 5.29 x 10-5 W/Kg and is also achieved at kilometer 11. At a Q = 
5000 m3/s the turbulent production starts at km 1.2 and equals two peaks: Pmax = 7.706 x 10-5 W/Kg 
(3.6 km) and Pmax = 7.68 x 10-5 W/Kg (11 km). At a Q = 5500 m3/s, β and φ suggest a decrease in 
stratification towards the Caribbean Sea during quadrature when comparing the maximum values 
in this phase (β = 0.0128 s-2) (φ = 636.18 J/m3) with the maximum values achieved during syzygy (β = 
0.0151 s-2) (φ = 754.55 J/m3). For this flow rate, two peaks of turbulent production are reached: Pmax 
= 1.336 x 10-4 W/Kg (3.09 km) and Pmax = 1.05 x 10-4 W/Kg (11 km). At a Q = 6000 m3/s, the 
stratification index decreases from 0.02 (immediately at the estuary) to 2.65 x 10-3 in the first kilometer 
and in the quadrature phase. In syzygy, this decrease begins 560 m later. Indeed, between 0 - 560 m, ϵ approaches 0.0245. A similar trend is seen for β and φ at km 1, β = 0.0062 s-2 (syzygy) and β = 0.00145 
s-2 (quadrature), which ensures that at this distance the tidal action has a stronger influence on the 
degree of stratification of the CS. In this scenario, mixing initiates at km 0 during quadrature, and km 
0.25 in syzygy, which corresponds to two peaks of turbulent production. At a Q = 6500 m3/s, the 
magnitude of turbulent production is even higher and starts from km zero with two peaks: Pmax = 
2.08 x 10-4 W/Kg (2.68 km) and Pmax = 1.32 x 10-4 W/Kg (11 km). Pmax = 2.80 x 10-4 W/Kg (2.52 km) 
and Pmax = 1.68 x 10-4 W/Kg (11 km). 

 

Figure 7. Richardson by layers (RL) during Syzygy Tide in: (A) all flow scenarios; (B) depicts only the 
flow rates of 2000 and 2500 m3/s. (C) the flow rates ranging from 3000 to 6500 m3/s. 
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Figure 8. Position of FSI in relation to the flow of the Magdalena River. Fitting Formula. FSI (Q) = 
1.133 x 10-6 Q2 – 0.0142 Q + 46.2825 with a R2 = 0.9846. 

5. Discussion 

Tidal and flow effects on the salt wedge 

The magnitude of flow rate and the extent of wedge intrusion displays a non-linear, inversely 
proportional relationship (as shown in Figure 8) described by the curve fitting formula: FSI (Q) = 
1.133 x 10-6 Q2 – 0.0142 Q + 46.2825. The given regression model has a coefficient of determination (R2) 
of 0.9846, thereby reaffirming the river dominance in the MRE dynamics [29,30]. This model stands 
as a promising inaugural approximation for predicting the location of the FSI and, in extension, for 
delineating regions where the TMZ may consolidate [34]. Formerly, Zhang et al., 2010 undertook this 
endeavor within the Pearl River estuary. It is a microtidal-fluvial estuary distinguished by its shallow 
depth and funnel-shaped geometry. They applied two regression methodologies, yielding results in 
alignment with our own findings. There is a non-linear, inversely proportional bond between the salt 
intrusion length and the river's hydrodynamics. Furthermore, estuarine salinity exhibits variability 
not only due to the primary influence of the river but also in connection with the temporal alignment 
of peak flow events relative to the baseline flow conditions. These patterns have been observed in 
numerous estuaries worldwide, primarily through the application of Van der Burgh's coefficients 
[69–71]. 

It is important to recognize the limitations of this statistical fitting due to the role of tides in 
stratification and mixing in estuaries. Considering the same flow scenario, spring tides enhance salt 
layering. In contrast, during quadrature tides, mixing is increased, which implies less differentiation 
of layers in the water column. Based on the average impact of two tidal cycles, it was discovered that 
the intrusion depth can differ by up to 1 kilometer. However, if morphological changes in the channel 
are considered, this variation could increase exponentially. Research such as the one conducted by 
[72], indicates that dredging increases tidal inflow, a phenomenon yet to be studied within the context 
of MRE. This discovery provides new study perspectives in the short and medium term, including 
analysis throughout a complete tidal cycle, from high tide to low tide. Moreover, this factor has been 
shown to have a significant impact on estuarine circulation processes [29]. 

According to [31] the core of the TMZ is not only downstream of the FSI, but usually remains in 
close proximity to it, regardless of flow or tidal phase. This finding suggests that the TMZ can migrate 
along the MRE, similar to the FSI. Additionally, it was observed by [34] that TMZ intensifies with floc 
precipitation when the FSI penetrates into the countercurrent. 
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Flocs emerge as a consequence of the aggregation of colloidal particles [73]. Their dimensions 
are subject to sediment availability, organic matter concentration and estuarine hydrodynamics [74–
76]. In the MRE, a significant amount of organic and inorganic material is present in suspension [33]. 
Consequently, the flocculation process is mainly conditioned by the frictional stresses in the bed, 
which depend mainly on the MR. The findings of this research indicate that the bottom turbulence 
production and the Richardson number can be used to infer the magnitude of the shear stress at the 
bottom τxy. Since P and τxy are directly proportional to each other, while RL y τxy are inversely related. 
The highest magnitude of shear stresses occurs when the river flow increases, particularly in two 
sections of the estuary, between kilometers 0-6 and 9-13. 

Estuaries can be classified as partially mixed and salt wedge types based on their buoyancy 
coefficients (β). Partially mixed estuaries exhibit a β between 0.0025 and 0.01 s-2, while salt wedge 
estuaries have β values between 0.01 and 0.1 s-2 [62]. The findings obtained in this research confirm 
that the MRE can be classified into both categories depending on its tidal phase. During quadrature 
and syzygy, the MRE behaves as a salt wedge estuary for flows below 5500 and 6500 m3/s, 
respectively. This implies that for flows above these limits, its theoretical configuration corresponds 
to that of a partially mixed estuary. According to [34] this limit is set at 4000 m3/s, regardless of the 
tidal cycle. 

FSI Monthly Mobility 

Although the Magdalena River can reach flows as high as 17000 m3/s, analyzing its response to 
discharges below 6500 m3/s supplies sufficient insight into the dynamics of the salt wedge. It should 
be noted that it is in the lower flow scenarios that the greatest variability in the magnitude of the FSI 
occurs.  

Table 5 is created by integrating the stratification-mixing indicators in the estuary with a 
statistical analysis of flow regimes. It displays the monthly ranges where the FSI and TMZ are 
mobilized by proximity. For all instances, the cumulative probability (Pa) helps to validate the 
feasibility of each interval in both Neap Tide (NT) and Spring Tide (ST). In this sense, it can be stated 
that 90.1% of the time the flows between 6000 and 14583 m3/s occur in December, which means that 
the FSI is unable to penetrate beyond 2.2 km, regardless of the tidal cycle. During this month, its 
lowest intrusion depth is estimated, and the highest turbulent production rate occurs at the bottom 
of the estuary. As for January, the RM discharge begins to decline, which results in a greater 
stratification and deepening of the CS up to a maximum of 14.2 km. Approximately, this should be 
located around km 7.1 ± 7.1. 

Table 5. Monthly FSI position during Neap Tides (NT) and Spring Tides (ST). 

Month Flow rate (m3/s) P. Accumulated (%) NT-FSI ST-FSI 

December 6000 - 14583 90.1 Km < 2 Km < 2.2 
January 3000 - 11428 90.0 Km < 14.2 Km < 14.2 

February 2500 - 8350 90.2 Km < 20.2 Km < 18.5 
March 2000 - 6500 92.2 Km 1 y 21.1 Km 1.9 and 21.2 
April 2500 - 6976 90.6 Km < 20.2 Km < 18.5 
May 3500 - 8823 90.1 Km < 8.8 Km < 9.4 
June 5000 - 10909 91.0 Km < 3.4 Km < 3.6 
July 3250 - 10909 91.0 Km < 11.6 Km < 11.6 

August 3250 - 10243 90.0 Km < 11.6 Km < 11.6 
September 3500 - 10380 90.0 Km < 8.8 Km <9.4 

October 5000 - 11875 90.3 Km < 3.4 Km < 3.6 
November 5500 - 13215 90.3 Km < 2.5 Km < 3 

During February, the CS gradually moves upstream, from oscillating around km 9.7 ± 9.7 to 
stopping above km 11 ± 10 in March, at which point it is expected to reach its maximum extent before 
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receding due to increased river flow. By April, it is found above km 9.7 ± 9.7, above km 4.5 ± 4.5 in 
May, and at 1.8 ± 1.8 km in June. It advances against the current again for both July and August, 
stopping in both cases near km 5.8 ± 5.8. In September, the halocline is located at approximately km 
4.5 ± 4.5 and retreats in October (km 1.8 ± 1.8), November (km 1.4 ± 1.4), and December (km 1.2 ± 1). 
This pattern suggests that the FSI positioning is highly responsive to changes in intra-annual scales 
and consistently remains focused around km 5. 

Considering that accelerated floc precipitation occurs when turbulent stratification is disrupted, 
it can be argued that an increase in bed sedimentation is promoted during the initial phase of the dry-
rainy climate transition. Two important processes take place during this phase. First, the capacity of 
the RM to transport larger fragments increases. Second, the FSI-TMZ emerges from the stream, which 
favors sediment uptake. Specifically, it follows that during the most intense transition of the year 
(February-March-April), the precipitation volume peaks between km 1 and 9.7 ± 9.7. Furthermore, it 
is expected that the periods of greatest erosion in the MRE are associated with the restriction of the 
CS above km 2, due to the increase in Q and the intensification of bottom shear. 

Probabilistic Model Validation 

Although the FSI-TMZ relationship proposed here is based on the characterization of the mean 
RM regime and the application of a previously calibrated and validated numerical model, it is evident 
that estuarine circulation processes involve complex interactions that are difficult to synthesize using 
such approaches [7]. For this reason, a case study is presented that integrates the probabilistic flow 
regime (refer to Figure 9) and a multi-bathymetric analysis of the bed for the year 2016.  

Ref. [20] found that sedimentation processes were dominant during the transitions between 
March-February and August-July in the MRE, with an average rate of 883 mm/m (March-February) 
and 271 mm/m (August-July). Moreover, the data collected showed that a maximum accumulation 
of 8628 mm/m was recorded above kilometer 4.5 specifically in the August-July transition period. 
Similarly, the study discovered that the erosion processes with the highest intensity take place during 
the transitions of February-January, September-August, October-September, November-October, 
and December-November, as well as in close proximity to kilometer 4.5. The average scour rate 
ranged from 194 mm/m (October-September) to 952 mm/m (February-January) with a maximum of 
13222 mm/m in December-November. In April-March, May-April, June-May, and July-June, a mixed 
range was identified with a slight predominance of erosional processes. The range in average erosion 
and accommodation rates is 112-835 mm/m and 165-833 mm/m, respectively. However, there are 
spatial differences in the distribution of these processes. For instance, the most significant 
sedimentation processes occur between km 0-3 on the western margin (May-April), 0-3 km on the 
eastern margin (July-June), 0-2 km (June-May) and km 5 (April-March). 
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Figure 9. Monthly ECDF of flows for the year 2016. 

According to the functional model presented in this research (refer to Table 6), the salt wedge 
can migrate up to a maximum of 20.2 km and 5.5 km in March-February and August-July, 
respectively. During the first period, there was a retreat observed from ~20 km (February) to ~17.5 
km (March). This movement occurred due to a rise in mean flow magnitude of 200 m3/s (February: 
2467 m3/s, March: 2681 m3/s) that resulted in the accumulation of particulate material without 
disrupting channel stratification. During the second period, there is a comparable occurrence where 
the average flow increases from 5268 m3/s (July) to 5323 m3/s (August) with a maximum FSI 
amplitude of 3.6 km (July) and 5.5 km (August). Note that the average sedimentation rate in March-
February is more than three times higher than in August-July, and that turbulent energy production 
is practically nil for flows between 2500 and 3000 m3/s (March-February). This is different from the 
production related to discharges in the order of 5000 m3/s (August-July), which has two energy 
maxima: at kilometer 3 (Pmax = 1.336 x 10-4 W/Kg) and at kilometer 11 (Pmax = 1.05 x 10-4 W/Kg). 
As mentioned, higher shear stresses on the bed promote resuspension and aggregation of material, 
while hindering its sedimentation. This is why the precipitated volume during March-February is 
much higher, and sedimentation in August-July is focused between kilometers 3 and 11. In this 
section, turbulent energy decreases substantially, which causes the deposition of the previously 
accreted flocs that remained in suspension (as seen in Figures 4D and 5D). 

Table 6. Monthly FSI position during Neap Tides (NT) and Spring Tides (ST) in 2016. 

Month 
Flow rate 

(m3/s) 
P. Accumulated (%) NT-FSI ST-FSI 

December 9800 - 10334 93.7 Km ~ 0 Km ~ 0 
January 

2495 - 2917 88.9 
Km 20.2 y 

14.2 
Km 18.5 and 14.2 

February 2428 - 2507 89.6 Km ~ 20.2   Km ~ 18.5 
March 

2583 - 2780 90.3 
Km 20.2 y 

16.5 
Km 18.5 and 16.6 

April 2760 - 4054 90 Km 16.5 y 7.6 Km 16.6 and 7.6 
May 4186 - 6155 90.3 Km 6 y 2 Km 6.5 and 2.2 
June 5525 - 6306 90 Km 2.5 y 1 Km 3 and 1.9 
July 4988 - 5548 90.3 Km 3.4 y 2.5 Km 3.6 and 3 

August 4763 - 5884 90 Km 4.5 y 2 Km 5.5 and 2.2 
September 5041 - 6573 90 Km 3.4 y 1 Km 3.6 and 1.9 

October 6412 - 8177 90.3 Km < 1 Km < 1.9 
November 8294 - 9650 90.0 Km ~ 0 Km ~ 0 

During the analysis of intervals featuring the most significant erosion, it was found that a 
correlation exists with the periods when the wedge is constricted towards the river's estuary. 
Specifically, this correlation is noticeable at km 2.7 ± 0.8 in September and 3.5 ± 1.5 in August, and 
during the October-September period (km 1.4±0.5 and km 2.5 ± 0.9), November-October (km ~0 and 
km 1.4±0.5), and December-November (km ~0). However, an anomaly occurs during the February-
January period. Although the FSI-TMZ is capable of penetrating to a depth of approximately (~20.2 
km), the river experiences a decrease in competence during this stage, with the mean flow dropping 
from 2706 m3/s to 2467 m3/s. As a result of this reduction in flow, suspended material is precipitated 
and moves towards the front of the CS. 

6. Conclusions 

Numerical modeling is a versatile and effective tool for predicting the behavior of the salt wedge 
in the Magdalena River under various scenarios. This facilitates the development of planning 
processes such as risk management, energy utilization of the saline gradient, and programming of 
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dredging activities. Both the numerical model and the probabilistic scheme have proven to be 
valuable tools in the representation and prediction of stratification and estuarine mixing processes. 

The findings of this research show the complex interconnection between river flow, the extent 
of intrusion, and the degree of salt wedge stratification. In particular, flow was identified as the main 
conditioning agent of the system. Therefore, the behavior of the ERM responds strongly to seasonal 
scales, as the flow is linked to the rainfall regime, and both the stratification and the horizontal extent 
of the FSI decrease as the water flow increases. Furthermore, the importance of tidal waves in the 
differentiation of layers and the degree of penetration of the FSI has been found. Significant variations 
of up to 1000 meters have been observed in the extent and vertical structure configuration of the 
estuary, particularly during instances when river flow exceeds specific thresholds. These findings are 
crucial in comprehending the dynamics of the estuary involving sedimentation and bed erosion. In 
particular, it is noted that during the transitions between dry and wet seasons, the volume of 
sediment deposited reaches its annual maximum. For most of the year, it is expected that the FSI will 
be located beyond kilometer 5, with a maximum range of 11 ± 10 km. However, the most significant 
erosion processes will likely occur between kilometers 3 and 11, during the months when the CS is 
restricted to kilometer 2, leading to an increase in turbulent bottom production that limits floc 
settlement. 

Finally, it is important to emphasize that the geometric configuration of the river plays a 
fundamental role in the stability of the water column. Indicators such as the Richardson number 
allow us to affirm that a widening of the channel strengthens the stability of the stratification in both 
syzygy and quadrature tides. In fact, the influence of this geometrical effect is stronger than the 
average variations between different tidal phases as this parameter shows no significant changes 
between stages. This conclusion is particularly relevant to the dredging operations frequently 
undertaken in the Magdalena River estuary 
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