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INTRODUCTION 
Estuaries are diverse and complex dynamic regions in the 

transitional zone between land and sea. Due to their rich 

ecosystems and natural navigational facilities, they often support 

human concentration and the associated economic activities such 

as fisheries, transport and tourism. These activities can pose 

threats on the ecosystems that need to be studied to be fully 

understood and prevented.  

The importance of the several forcing mechanisms involved in 

estuarine dynamics varies from estuary to estuary. Density-driven 

circulation in estuaries is usually influenced by river inflow 

(Simpson et al., 1990). Other possible factors of importance 

include tidal dynamics and wind-induced circulation on the 

continental shelf as well as locally. The competition between the 

various forcing mechanisms as well as other factors such as 

topography and Coriolis force determine the so-called buoyancy-

stirring interaction described by Simpson (1997). Different salinity 

distributions and circulation patterns are found in estuaries, 

depending on the relative importance of buoyancy/stratification 

and stirring.  

Linden and Simpson (1988) undertook laboratory experiments 

on the influence of turbulence on mixing and frontogenesis. 

Through air bubbles, turbulence was induced to a fluid containing 

a horizontal density gradient. Those authors suggested that, during 

periods of large turbulence, e.g. through tidal mixing, the water 

column was vertically mixed and baroclinic circulation was weak. 

When turbulence was decreased, the baroclinic circulation 

increased while the water column stratified. A vertical density 

gradient developed due to the advection of the denser fluid under 

the lighter fluid. Depending on the duration of the absence of 

turbulence, a front developed, in which the horizontal density 

gradient was increased, leading to the development of a counter 

current. Once turbulence was increased again, the water column 

mixed vertically, reducing baroclinic circulation. The transport of 

density through baroclinic circulation in the absence of mixing 

was more efficient than the transport through turbulence when 
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Maputo Bay is a tidally-energetic embayment, influenced by strong rainfall and associated river runoff during the wet 

season. Literature shows that salinity can regulate the nutrient cycle in mangrove estuarine ecosystems affecting the 
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mixing was increased. This process can be important for estuarine 

dynamics, especially in areas with a large spring-neap tidal ratio, 

due to the large differences in tidal mixing.  

Maputo Bay is a shallow, subtropical estuary in the South of 

Mozambique with a surface area of 1875 km² (see Figure 1). It is 

tidally-energetic with a large spring-neap tide ratio, with a spring 

tidal range of approximately 3 m and a neap tidal range of around 

1 m (Canhanga and Dias, 2005). There are two pronounced 

seasons: wet season between October and March and dry season 

between April and September (Canhanga, 2004), with a mean 

annual rainfall of 884 mm (de Boer et al., 2000). River discharge 

is characterised by a strong seasonal cycle, maximum values 

exceeding 1000 m3s-1 usually occur in the wet season between 

November and April (Lencart e Silva et al., 2010). The Incomati 

River makes up around 57 % of the freshwater discharge into the 

bay, being characterised by a mean discharge of 133 m3s-1. The 

Maputo River accounts for a further 38 % of runoff, with a long-

term mean discharge of 89 m3s-1 (Milliman and Meade, 1983). 

The Bay is also considered an important fishing ground due to 

the mangrove swamps and high productivity. The local population 

benefits from the collection and capture of fish, crabs and shellfish 

(De Boer & Longamane 1996 in de Boer et al., 2000). Especially 

shrimp is an economically important resource for the area 

(Hoguane, 2007). 

Ravikumar et al. (2004) have shown that salinity can regulate 

the nutrient cycle in mangrove estuarine ecosystems. Salinities 

outside the 20–30 range will hamper production in the mangroves 

and affect the early life stages in mangrove habitats that sustain 

the economically important shrimp stocks (Monteiro and 

Manchard, 2009). The salinity of Maputo Bay is, for a part, 

controlled by dam systems of its main rivers (Vas and v.d. Zaag, 

2003). 

Lencart e Silva (2007) suggested the occurrence of an 

arrestment of the estuarine plume of Maputo Bay, induced by the 

large freshwater discharge in the wet season, in combination with 

decreased density forcing during high mixing periods of spring 

tide. This can decrease salinities during times of arrestment.  

The objective of this article is to answer two questions: - what is 

the dominant source of freshwater in Maputo Bay leading to the 

reduction of salinity? - is it important for the salinity field when in 

the spring-neap cycle a freshwater plume is released?  

METHODS 

Numerical Model 
The model Delft3D-Flow, a software for computations of 

coastal, estuarine and river areas developed by Deltares in the 

Netherlands, was applied to Maputo Bay. 

Delft3D-Flow is a the-dimensional, finite differences 

hydrodynamic and transport model which simulates transport and 

flow forced by tidal and meteorological processes. The Navier- 

Stokes shallow water equations are solved with hydrostatic, 

Boussinesq and f-plane approximations (Deltares, 2011; Lesser et 

al., 2004). Delft3D-Flow uses a horizontal Arakawa-C grid with 

control volumes and for most applications an Alternating 

Direction Implicit (ADI) integration method (Lencart e Silva et 

al., 2013). 

Delft3D has previously been applied to study several estuarine 

systems worldwide, e.g. the Rhine ROFI (de Boer et al., 2008), 

Tomales Bay, California (Harcourt-Baldwin and Diedericks, 

2006) and the Ria de Muros in North-West Spain (Carballo et al. 

2009).  

The model used here is based on a model published by Lencart 

e Silva et al. (2010). Those authors applied a curvilinear Cartesian 

grid with 96×135 cells to Maputo Bay. This irregular grid has a 

mean resolution of approximately 500 m, with higher resolution 

within parts of the embayment and lower resolution outside the 

bay (see Figure 1). The bathymetry of Maputo Bay used results 

from the interpolation to the numerical grid of a set of topo-

 

Figure 1. The bathymetry of Maputo Bay and the grid applied. The land boundary is indicated by the black line in the left plot. Light-

blue crosses represent observation stations used for calibration (right plot). 
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hydrographic surveys from the nineteen sixties to the nineteen 

eighties. The propagation of the tide is modelled by prescribing 

tidal harmonics, interpolated across the open boundary, and 

vertical mixing is determined by a k-epsilon closure scheme. A 

heat model is applied, taking into account air temperature, wind 

speed at a meteorological station at Mavalene Airport, 

atmospheric radiation, relative humidity as well as net solar and 

atmospheric radiation to calculate heat losses from convection, 

evaporation and back radiation. Wind data obtained from a station 

at Mavalene Airport is applied at the water surface. Salinities and 

temperatures, obtained from data from Sete et al. (2002), who 

developed a compilation of the available cruise data between 1977 

and 1980, are defined for each of the vertical layers at the open 

oceanic boundary, divided into 14 horizontal sections. Salt 

transport is calculated based on inputs from freshwater of the 

rivers and salinities prescribed at the oceanic open boundary. 

Lencart e Silva et al. (2010) concluded that the model 

represented tidal motion and dissipation and is calibrated to the 

first degree. Furthermore, the model was able to satisfactorily 

reproduce the tidal and subtidal features during the dry season. 

However, the model overestimated freshwater storage in the bay, 

probably related to exaggerated vertical mixing during the wet 

season spring tides. This problem is possibly related to an 

insufficient vertical resolution and an increased bottom roughness 

parameter applied to improve the relationship between water level 

and velocity. 

To overcome the problem of vertical over-mixing without 

impairing the water level-velocity relationship, a number of 

changes were made to the model, especially refining temporal and 

vertical resolution. In comparison with the original model, the 

modeling time step was refined from 5 minutes to 1 minute to be 

in accordance with the Courant–Friedrichs–Lewy number. The 

vertical resolution was increased from five equally-spaced sigma 

layers to 15 sigma layers with refined surface layers. Background 

horizontal eddy viscosity and diffusivity were changed from 10 to 

1 m2/s. Background vertical eddy viscosity and diffusivity were 

not specified in the original model and are 10-4 m2/s in the new 

model.  

Calibration and Validation 
A calibration run was set up from a cold start, including wind 

forcing, river flow from the rivers Incomati, Maputo, Umbeluzi, 

Tembe and Matola, a heat flux model as well as open-boundary 

forcing with tidal harmonic water levels, salinities and 

temperatures. Model results were compared against observations, 

consisting of CTD profiles from Lencart e Silva (2007). The CTD 

profiles were taken in 21 stations within Maputo Bay, with 14 

surveys taken for each station, spread over wet and dry season in 

2003/04 (Figure 1).  

The new model reproduces more accurately the semidiurnal and 

fortnightly stratification-mixing cycles occurring during the wet 

season as well as water temperatures. However, the model still 

predicts salinities lower than those found in observations (wet 

season bay-average salinities of 30 in the model and 33 in 

observations). An analysis was conducted to investigate the spatial 

distribution of the uncertainty. 

Root Mean Square Errors (RMSE) of salinity were calculated 

for all observation stations. Figure 2 shows the RMSE values 

interpolated over a part of the bay, for 6 different survey dates. 

High values of RMSE are generally found due to the model 

predicting lower salinities than those found in observations. The 

RMSE increases in the wet season and with decreasing distance 

from the inflow of the Maputo River. This is especially evident in 

the areas of very high RMSE on the 26th of March and the 20th of 

May, where large RMSE values are found in the southern part of 

the bay and along a stretch towards the opening along the west. 

This high RMSE area can be explained by the spreading of the 

freshwater from the Maputo towards the west along the coast, 

which has been observed in the model runs. 

Initial Conditions and Scenarios 
Different scenarios were developed to investigate the 

hydrodynamic response of Maputo Bay to river and tidal forcing. 

All production runs had duration of 20 days and began after a 3 

month warm start under dry season conditions, produced under the 

same conditions as the calibration run. An overview of all 

scenarios used in the simulations can be found in table 1. 

Two total amounts of discharge, introduced over 3 days, were 

used: an average wet season discharge, with a return period of five 

times per wet season and an extreme wet season discharge, with a 

return period of five years. All values were calculated from a data 

set of daily values for the Maputo and Incomati river discharge for 

a period of 10 years. A generalized extreme value inverse 

cumulative distribution function was fitted to the data (RMSE 

0.0746) and the discharges for the various return periods were 

calculated. Only the rivers Incomati and Maputo were taken into 

 
Figure 2. RMSE values of salinities interpolated over part of the 

bay for a) 29th of July, b) 25th of October, c) 18th of November, d) 

26th of January, e) 26th of March and f) 20th of May of 2003/04. 

Table 1. Overview of the scenarios used for simulations 

Nr Incomati 

(m3s-1) 

Maputo 

(m3s-1) 

Ratio 

Incomati: 

Maputo 

Timing 

of 

Discharge 

1 612 408 3:2 Spring 

2 612 408 3:2 Neap 

3 2160 1440 3:2 Spring 

4 2160 1440 3:2 Neap 

5 816 204 4:1 Spring 

6 816 204 4:1 Neap 

7 2880 720 4:1 Spring 

8 2880 720 4:1 Neap 

9 204 816 1:4 Spring 

10 204 816 1:4 Neap 

11 720 2880 1:4 Spring 

12 720 2880 1:4 Neap 
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account for the production runs, as the remaining rivers play a 

much less significant role in forcing the hydrodynamics of Maputo 

Bay. To find out whether the influences of the Incomati and 

Maputo on the bay’s hydrodynamics differ, the relative discharge 

ratios were varied. As a base case, a ratio of 3:2 (discharge 

Incomati : discharge Maputo) was chosen, which is approximately 

the ratio found in reality. The other ratios applied were 4:1 (more 

Incomati discharge) and 1:4 (more Maputo discharge). To find out 

whether the timing of the arrival of the freshwater pulse in the 

bay, in relation to the moment in the spring-neap tidal cycle, has 

an influence on the dynamics, the pulses were introduced either 

during spring or during neap tide. 

Wind and waves were not taken into account in the production 

runs, as Lencart e Silva (2007) concluded that the wind from the 

observation station at Mavalene Airport could not be directly 

related to the bay’s hydrodynamics and no other wind data was 

available. 

A passive tracer was introduced in all model runs with a 

concentration of 1 kg/m3 to investigate the exchange between bay 

and continental shelf. 

RESULTS 
Bay-average salinities were calculated and the tidal signal was 

filtered out. Results are shown in Figure 3. Initial salinities were 

approximately 35.1. By the end of the discharge of the freshwater 

pulse, after 72 hours, bay-average salinities had dropped 

considerably. In the runs where an average discharge was induced 

(Figures 3 a and b), bay-average salinities for the 3:2 ratio 

(discharge Incomati : discharge Maputo) dropped to 34.8. Runs 

with the extreme discharge (Figures 3 c and d) dropped to around 

33.5. 

Average wet season discharge runs showed slightly decreasing 

bay-average salinities over most of the research period, with 

values plateauing around neap tide. If discharge was introduced 

during neap tide, slightly increasing bay-average salinities can be 

observed after the following neap tide towards the end of the 

research period. Extreme wet season discharge runs showed 

increasing bay-average salinities during and after neap tide (except 

for a ratio of 4:1 introduced during spring tide) and stable bay-

average salinities during spring tide. 

Generally, bay-average salinities were lower when the discharge 

of the Maputo was larger than that of the Incomati (1:4 ratio), 

 
 

Figure 4. Development of vertical salinity differences across the bay’s opening over time. Positive values indicate salinities in the 

bottom layer larger than in the surface layer The left column represents an extreme discharge during neap tide with Incomati:Maputo 

discharge ratios of a) 3:2, c) 4:1 and e) 1:4. The right column represents an extreme discharge during neap tide with Incomati:Maputo 

discharge ratios of b) 3:2, d) 4:1 and f) 1:4. Solid vertical lines indicate timing of neap tide and dashed vertical lines indicate timing of 

spring tide.   

 
Figure 3. Development of tidally-filtered bay-average salinities 

over time for a) average discharge during spring tide, b) average 

discharge during neap tide, c) extreme discharge during spring tide 

and d) extreme discharge during neap tide. Dotted black line: 3:2 

ratio; dashed red line: 4:1 ratio; solid green line: 1:4 ratio. Solid 

vertical lines indicate timing of neap tide and dashed vertical lines 
indicate timing of spring tide. . 
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independent of timing or amount of discharge. 

Vertical salinity differences between the bottom and the top 

layer over a cross section across the bay's mouth were calculated 

and are shown in Figure 4. Only runs with extreme discharge are 

represented here. All runs showed an alternating strengthening and 

weakening/absence of vertical salinity differences with 

semidiurnal frequencies.  

Earliest signs of significant vertical salinity differences were 

found after approximately 50 hours for discharge introduced 

during neap tide (Figure 4, right column) and 72 hours for 

discharge during spring tide (Figure 4, left column). When 

discharge occurred during neap tide, the vertical salinity 

differences in the beginning of the simulation were larger than 

when discharge occurred during spring tide, however, they did not 

remain present over a long period of time. Vertical salinity 

differences were generally first found approximately 5 – 9 km 

southwest of station CB5, located at the northeastern part of the 

bay’s opening, later spreading further across the opening. 

Generally, vertical salinity gradients were largest during and 

just after neap tide and usually near zero during spring tide. 

Comparing different ratios of river discharge, it can be seen that 

the vertical salinity gradients were present earlier when the 

discharge of the Incomati was larger (4:1 ratio, Figures 4 c and d). 

For a larger Maputo discharge, on the other hand, vertical salinity 

differences were present over a longer period of time and extended 

over a larger section of the bay’s opening. If this discharge ratio 

was introduced during neap tide (Figure 4 f), the vertical salinity 

gradients only appeared just before the following neap tide, 

approximately 300 hours after the beginning of discharge. 

However, these later vertical differences were stronger than for 

other discharge ratios. 

Figure 5 shows the development of bay-wide concentration of a 

tracer introduced evenly throughout the bay at the beginning of the 

discharge, with a concentration of 1 kg/m3.  

After the discharge of freshwater (72 hours), tracer 

concentrations had dropped to approximately 0.92 kg/m3 for 

average-discharge runs and 0.86 kg/m3 for extreme-discharge 

runs.  

Afterwards, the average discharge runs showed a large rate of 

change during neap tide (for runs with discharge during spring 

tide) or just after neap tide (for runs with discharge during neap 

tide) and in the transition from neap to spring tide. During spring 

tide and in the transition from spring to neap tide the rate of 

change was smaller, decreasing even further just before neap tide. 

The extreme-discharge runs showed very large rates of change 

during neap tide and significant rates of change in the transition 

from neap to spring tide. During spring tide and in the transition 

from spring to neap tide, the rate of change of tracer concentration 

was smaller. 

The average discharge runs did not show significant differences 

for varying discharge ratios, while for the extreme-discharge runs, 

tracer concentrations dropped more when the discharge of the 

Maputo was larger (1:4 ratio), indicating larger residence times. 

DISCUSSION 
In the first 72 hours of the simulations, corresponding to the 

duration of the input of river discharge, bay-average salinities 

decreased for all runs. Rates of change for bay-average salinities 

and tracer concentrations were larger for the runs with a larger 

discharge. When an extreme discharge occurred during neap tide, 

bay-average salinities after 3 days were larger and tracer 

concentrations were smaller than for a discharge during spring 

tide. The differences between discharge during spring and neap 

tide can be explained by tidal mixing. A discharge that is 

introduced during spring tide is, in the first days in the bay, 

influenced by decreasing tidal mixing. This produces the large 

vertical salinity differences. When a discharge is introduced 

during neap tide, however, tidal mixing increases over the first 

days, leading to smaller vertical salinity differences.  

This pattern was also observed further on in the simulations, 

when neap tides generally coincided with large decreases in tracer 

concentrations and increases in bay-average salinities, especially 

in the runs with an extreme wet season discharge. Here again, 

neap tide lead to a stratification of the water column, whereas 

larger mixing during spring tide eroded the stratification. 

Taking into account the dynamics described above it is 

assumed that low tidal mixing during neap tide allows the 

intensification of baroclinic circulation, in accordance with the 

conclusions by Linden and Simpson (1988), which is more 

efficient in the bay-shelf exchange than the barotropic circulation 

from the larger tidal forcing during spring tide. The larger bay-

shelf exchange during neap tide leads to larger rates of change in 

salinities and tracer concentrations. During spring tide, the 

stratification and the baroclinic circulation are eroded. 

Over a large part of the simulation, bay-average salinities for 

the average discharge runs were dropping even after all discharge 

occurred. This was due to the freshwater still present in the river 

arms which were not taken into account for calculating bay-

average salinities.  

The relative differences between runs with different discharge 

ratios can be explained by the locations of the river mouths in the 

bay. The Incomati River mouth is located close to the 

northwestern part of the opening of Maputo Bay, whereas the 

Maputo River mouth is located in the southern part of the bay. 

Discharge introduced to the Incomati therefore tends to leave the 

bay quicker, without influencing a large area of the bay, which is 

confirmed by the earlier arrival of vertical salinity differences for 

a larger Incomati discharge. Discharge induced to the Maputo, on 

the other hand, influences a larger area of the bay and takes 

longer to reach the bay's opening. Therefore, a larger discharge of 

the Maputo decreases bay-average salinities more significantly. 

 
Figure 5. Development of tidally-filtered bay-average tracer 

concentration over time for a) average discharge during spring tide, 

b) average discharge during neap tide, c) extreme discharge during 

spring tide and d) extreme discharge during neap tide. Dotted black 

line: 3:2 ratio; dashed red line: 4:1 ratio; solid green line: 1:4 ratio. 

Solid vertical lines indicate timing of neap tide and dashed vertical 

lines indicate timing of spring tide. . 
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Furthermore this increase in salinity during weaker mixing 

associated with neap tide can also be found in the runs with a 1:4 

discharge ratio introduced at spring tide. After an initially strong 

decrease of salinities in the first 100 hours, the bay-average 

salinities reach a minimum at around neap tide and then increase 

visibly, at a decreasing rate towards the larger mixing associated 

with spring tide. The effect is largest for an extreme discharge 

with a ratio of 1:4 (more Maputo discharge), as the Maputo plume 

influences a larger area of the bay.  
The stronger vertical salinity differences during the last neap 

tide in the run with an extreme discharge during neap tide with a 

1:4 ratio, indicates the presence of larger buoyancy forcing inside 

the bay. Also taking into account the small rates of change in 

tracer concentration during the spring tide and large rates of 

change during neap tide it is assumed that the estuarine plume is in 

fact arrested during spring tide and released during neap tide, 

especially when controlled by a larger Maputo discharge.  

CONCLUSION 
The three-dimensional hydrodynamic model Delft3D was 

applied to Maputo Bay to investigate the effect of different river 

discharges on the salinity field. The improvements in a previous 

implementation of the model conducted to generally successful 

calibration of the model, representing the stratification-mixing 

cycles of the bay. However, salinities remained lower than those 

observed in the field. The availability of only forecasted data for 

the Maputo River catchment is a possible source for the 

underestimation of salinity, which increased towards the mouth of 

the Maputo River. 

The results for an extreme discharge suggest a confirmation of 

the findings by Linden and Simpson (1988), with lower turbulent 

mixing during neap tide assumedly leading to efficient density 

currents and larger mixing during spring tide associated with an 

erosion of baroclinic circulation. If an average discharge was 

introduced, on the other hand, buoyancy input and the associated 

density forcing were smaller and tidal advection played a larger 

role in forcing the bay-shelf exchange. 

Even though varying the moment of the release of the 

freshwater into the bay between spring and neap tide has created 

significantly different results for the duration of the simulation, it 

remains difficult to come to any conclusions on the effect of the 

timing of discharge after several spring-neap cycles.  

Varying the ratios between Incomati discharge and Maputo 

discharge has shown that the different locations of the river 

mouths influence the salinity field and exchange with the shelf 

significantly. When the discharge of the Incomati is larger, 

discharging close to the bay’s opening, much of the freshwater 

leaves the bay early in the simulation, without influencing a large 

area of the bay. The Maputo river plume, discharged in the 

southern part of the bay, needs longer to reach the bay’s opening 

and influences a larger area of the bay.  

The results suggest that the Maputo River has a larger influence 

on the salinity field in Maputo Bay. Through its dam system, the 

input of freshwater can be managed, helping to sustain the 

salinities needed for an optimal growth of the economically 

important resources.  

Furthermore, the results suggest that the estuarine plume was in 

fact arrested during high mixing periods of spring tide and 

released during stratified periods of neap tide. 

Future research should be taken to investigate how the effect of 

varying the river discharge over different time intervals influences 

the exchange with the shelf and the salinity field. The dynamics of 

the plume arrestment in dry and wet season conditions would be 

another interesting topic for further investigations. 
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