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Abstract: The Senegal River is one of the largest in Western Africa. It 
rises in the highlands of Guinea, and flows to the Atlantic Ocean through a 
delta bounded on the seaward side by a southward-extending sand spit, 
the Langue de Barbarie. The Senegal River ranks seventh in terms of basin 
area and runoff among African rivers and second in Western Africa after 
the Niger River.   

The Senegal River mouth area lies in the Sahel zone, situated between the 
wet subequatorial belt and a dry tropic climatic belt. This zone features the 
presence of two distinct seasons within the year, a dry and a wet season 
(raining season). Until recently, the major processes that were taking place 
in the Senegal River mouth area involved the propagation of tidal varia-
tions in water surface elevation over large distances and the penetration 
(intrusion) of saline water into the river against the background of annual 
long-lasting periods of weak flow. Also, there are changes in configuration 
of the estuary and the growth of the spit (Langue de Barbarie) that bounds 
this mouth area from the ocean side.   

The hydrological regime of the Senegal River mouth area radically 
changed in 1986, after the Diama Dam was constructed in the delta area 
and formed an obstacle for the upstream propagation of both tidal vari-
ations in water level and seawater. The river mouth to the ocean also 
changed in 2003 after the construction of an artificial channel through 
Langue de Barbarie. This breach has grown considerably since its original 
construction and raised concerns about the potential threat to the city of 
Saint Louis. It is the purpose of this report to analyze both historical and 
recently collected data on the growth of the breach, assess the potential 
threat to the city, and develop conceptual alternatives of stabilizing the 
river mouth.   

 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 
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1 Introduction 

The Senegal River is one of the largest in Western Africa (Figure 1). The 
Senegal River rises in the highlands of Guinea, and flows through Mali and 
then between Mauritania and Senegal to the Atlantic Ocean through a 
delta bounded on the seaward side by a southward-extending sand spit, 
the Langue de Barbarie. The Senegal basin is a trans-boundary system and 
is bounded by parallels 10°30′ and 17°30′N and meridians 7°30′ and 
16°30′W (Figure 2). The Senegal ranks seventh in terms of basin area and 
runoff among African rivers and second in Western Africa after the Niger 
River.   

The Senegal River mouth area lies in the Sahel zone, situated between the 
wet subequatorial belt and a dry tropic climatic belt. This zone features the 
presence of two distinct seasons within the year, a dry and a wet season 
(raining season). A large population practices riparian agriculture, grazing 
and fishing, for which seasonal flooding has been traditionally important.  

 
Figure 1. Saint Louis River System location on Western Coast of Africa.   
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Figure 2. Saint Louis River System.   

The Senegal River mouth also belongs to the rare type of “blocked 
mouths,” the significance of which will be discussed subsequently. Figure 3 
illustrates the extreme length of this still-growing spit.   

Until fairly recently, the major processes that were taking place in the 
Senegal River mouth area involved the propagation of tidal variations in 
water surface elevation over large distances and the penetration (intru-
sion) of saline water into the river against the background of annual long-
lasting periods of weak flow, as well as changes in the structure of the 
estuary and the growth of the spit that bounds this mouth area from the 
ocean side.   

In view of the drought that has aggravated Western Africa since the early 
1970s, the OMVS (translated from the French as Organization for the 
Development of the River Senegal), involving Senegal, Mali, and 
Mauritania, was established in 1972 to maintain the favorable conditions 
for irrigation, navigation, and energy production in the Senegal basin. The 
aim of this organization was to facilitate the economic development and 
integration of countries in the Senegal basin and to control the use of the 
resources of the river and its valley. To further these goals, the organiza-
tion supported the construction of the dams of Manantali and Diama.   
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Figure 3. Senegal River mouth in photograph  

illustrating great length of spit  
Langue de Barbarie.   
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The hydrological regime of the Senegal River mouth area radically 
changed in 1986, after the Diama Dam was constructed in the delta area 
and formed an obstacle for the upstream propagation of both tidal vari-
ations in water level and seawater. The river mouth to the ocean also 
changed in 2003 after the construction of an artificial channel through 
Langue de Barbarie (Figures 4 and 5). This breach has grown considerably 
since its original construction and raised concerns about the potential 
threat to the city of Saint Louis (Figures 6 to 11). It is the purpose of this 
report to analyze both historical and recently collected data on the growth 
of the breach and assess the potential threat to the city. Conceptual solu-
tions for stabilization of the Senegal River mouth to the Atlantic Ocean are 
then given.   

 

 



ERDC/CHL TR-09 20 5 

 
Figure 4. Region of Langue de Barbarie where initial breach was made.   
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Figure 5. Initial canal (breach) cut through Langue de Barbarie.   

 

 
Figure 6. Breach a few hours after initial opening.   
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Figure 7. Breach 1 day after opening, showing standing waves and widening.   

 

 
Figure 8. Breach a few days after opening, viewed from Atlantic Ocean.   
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Figure 9. Breach a few weeks after opening, view toward Atlantic Ocean.   

 

 
Figure 10. Breach a few months after opening.    
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Figure 11. Breach, now an inlet, approximately 1 year after opening.   
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2 Site Description 
Hydrography 

The present-day mouth area of the Senegal River (Figure 12) belongs to 
the estuarine-deltaic type and includes both a delta and an estuary. The 
head of the Senegal delta lies 10 km downstream of Richard Toll town and 
some 130 km from the river mouth into the ocean (inlet area). In the delta 
head, the river divides into two arms: the Senegal (main, right arm with a 
length of some 104 km to the estuary head) and the Lampsar (lateral, left 
arm), which joins the main arm some 20 km upstream of the old mouth 
section of the estuary.   

 
Figure 12. Present-day mouth area of Senegal River. DH is delta head, UE is upper boundary 

of the estuary; (1) delta boundary,(2) dams; estuary mouths: (1) old, (2) new; (3) Bounoum R., 
(4) Taouey Can., (5) Diama, (6) Djoudj; populated localities: (7) Dagana, (8) Richard-Toll, 

(9) Rosso, (10) Boundoum, (11) Saint Louis, and (12) Gandiolais  
(source: Isupova and Mikkailov 2008).   

Another large arm, the Gorom, separates from the main arm of the 
Senegal, some 25 km downstream of the delta head; it discharges into the 
main arm 70 km upstream of the old mouth (inlet) section. Before con-
struction of the Diama Dam in the delta in 1986, the Senegal mouth area 
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included a relatively long reach of the river, the upstream limit of which 
coincided with the maximum penetration distance of tidal water level 
variations (400–500 km from the river mouth section) (Samoilov 1952; 
Gac et al. 1986).   

The river delta includes a few arms, all of which are concentrated in the 
northern part. Downstream of the inflow of the Lampsar arm into the 
main, Senegal arm, the arms converge to form a single channel bounded 
by a continental bank from the north and a sandy, wave-cut spit Langue 
de Barbarie. This channel becomes wider further downstream and forms a 
narrow estuary. Until October 2003, the Senegal estuary was connected 
with the Atlantic Ocean through a narrow strait 26 km downstream of the 
city of Saint Louis. For the past few years, the new mouth section is 
assumed to be the artificial channel situated 7 km downstream of the city 
of Saint Louis. Part of the estuary with a length of 19 km, bounded by the 
new and old mouth sections, is at the stage of lagoon formation.   

The Senegal mouth area, which contains both the delta and the estuary, is 
an unusual type often referred to as a “blocked mouth” (Samoilov 1952). 
The mouth is blocked by the Langue de Barbarie, a long spit (according to 
different data, from 24 (UNESCO report 2004) to 30 km in length, from 
120-400 m (Harouna 2005) to 3.4 km (Marico et al. 2006) in width, and 
no more than 10 m in height (Marico et al. 2006). This spit has formed by 
strong net longshore sediment drift from the north that is generated by the 
predominant northwestern winds and high waves of the same direction.   

Data on the Senegal delta area are contradictory: they vary from 1,500 km2 
(Samoilov 1952) to 4,254 km2 (Koleman and Rait 1979; Coleman and Huh 
2007). Based on satellite imagery, delta area has been independently esti-
mated at 3,240 km2 (V. I. Kravtsova, Moscow State University, personal 
communication, 2008).   

Geomorphology 

The Senegal mouth area is situated within the Pre-Cambrian African Plat-
form (Kaplin et al. 1991). Fluvial–accumulative lowlands predominate in 
the relief of the lower reaches of the river, while forms associated with 
ancient marine, alluvial-marine, and lacustrine-marine accumulation are 
common in the delta and on the shores of the estuary (Kaplin et al. 1991). 
The oceanic coast near the mouth of the Senegal River has formed mostly 
under the effect of wave processes; the shores are mostly accretionary, i.e., 
of the lagoon, liman–lagoon and beach types. A straight depositional 

 



ERDC/CHL TR-09 20 12 

shore, consisting of a series of dunes separated by depressions, which are 
called Niayes, extends to the south up to the Salum River (Marico et al. 
2006). Coastal denudation plateaus reach the ocean shore in some places, 
where they form benched steeps and capes, bounded by cliffs up to 40 m 
in height (Cape Vert).   

The Senegal River delta is characterized by mostly lowland topography, 
with its lower parts often inundated by river water (UNESCO report 
2004). The lower part of the delta, the elevation of which does not exceed 
1.4 m average sea level (ASL), has a wide flood area with halomorphic, 
weakly drained soils, as well as depressions below sea level occupied by 
salt marshes (Hamerlynck and Duvail 2000). Typical elements of the delta 
relief are continental “red” dunes with a height of no more than 6 m ASL. 
These red dunes become lower toward the ocean and are gradually 
replaced by younger sandy coastal spits and dunes. Under the effect of 
high waves and longshore sediment transport, the bay was dammed by a 
coastal sand spit.   

Features of water regime 

The Senegal can be classified as a river with a tropical rainfall nourishment 
type (Gac and Kane 1986). Its water regime features the presence of two 
distinct seasons: a high-flow season (summer rainfall flood) from June-
July to October-November with a peak in mid-September to early October, 
and a low-flow season in the rest of the year with a gradual decline in river 
flow until the beginning of the next flood.   

According to different sources, estimates of the mean annual values of 
river discharge and runoff in the lower reach of the Senegal River are 
868 m3/sec (27.4 km3/year) (Koleman and Rait 1979), 841 m3/sec 
(26.5 km3/year) (Coleman and Huh 2007), 22 (Dai and Trenberth 2002; 
Milliman et al. 1995), 20.2 (Kane 2005), and 18.8 (Aochycos.ird.ne) 
km3/year. Based upon data from the recent publications, 19-22 km3/year, 
is considered the most reliable. Interestingly, the runoff value tends to 
decrease with the renewal of data and extension of observational time 
series. This can be due to the increase in water consumption in the river’s 
basin and to the general increase in climate aridity in Western Africa 
(Isupova and Mikkailov 2008).   

The construction of reservoirs strongly altered on the hydrological regime 
of the Senegal River. Studies have shown that almost half of the runoff 
passing near the Bakel gauge is regulated by the Manantali Reservoir 
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(Kane 2005). Runoff regulation made it possible to reduce the deficiency 
of water in the upper reaches of the Senegal River in the period of 1972-
1995 caused by a drought: the normal annual discharge of the Senegal 
River (Bakel gauge) for this period was 473 m3/sec (water discharge 
deficiency relative to the normal annual discharge over the entire obser-
vational period 1903-1995 averaged 30 percent), whereas that for 1988-
1995 was 541 m3/sec (the average deficiency was 20 percent). The defi-
ciency in water discharge in the upper reaches of the river still cannot be 
completely eliminated (Kane 2005).   

Mean annual water discharge at the Senegal River mouth (Saint Louis) is 
640 m3/sec; this value corresponds to a runoff volume of 20.2 km3/year 
(www.ird.fr). The runoff can vary widely from year to year (from 1 to 
45 km3/year) depending on the precipitation onto the river basin area.   

During the flood period, the Senegal River mouth area turns into a huge 
lake with small islands and the tops of inundated trees above water sur-
face. A network of temporary channels can form among vast mangroves 
during water recession (Samoilov 1952).   

The natural water regime of the Senegal mouth area changed into a regu-
lated regime when the Diama Dam was constructed in 1986 (Figure 13). 
Water releases are made only during spring floods, though they facilitate 
periodic inundations of Saint Louis, which were especially high in 1994, 
1999, and 2003 (Dumas and Mietton 2006). Examples of these inunda-
tions may be seen in Figure 14. Half of the city of Saint Louis resides on an 
island within the estuary and is susceptible to flooding (Figure 15). The 
reach from Diama Dam to the city may be seen in Figure 16. Dam gates are 
closed during the rest of the year; therefore, seawater delivered by the tide 
predominates in the river delta downstream of the Diama Dam and in the 
estuary. However, the water upstream of the dam remains fresh the year 
round because the dam prevents saline seawater from penetrating into the 
river.   
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Figure 13. Diama Dam on Senegal River.   

 

Figure 14. Photographs of flooding in city of Saint Louis.    
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Figure 15. City of Saint Louis.   
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Figure 16. Reach of Senegal River from Diama Dam to the city of Saint Louis.   
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Characteristics of coastal oceanic zone 

The bed of the Atlantic Ocean near the Western Africa shore at the mouth 
of the Senegal River is a shelf abrasion-accumulation plain, subject to the 
permanent impact of wind waves and is covered mostly by terrigenous, 
slightly carbonate sandy deposits (particle diameter of 1.0-0.1 mm) (Atlas 
Okeanov 1977).   

Oceanic surface water temperature varies on the average from 21 
(February) to 25 deg Celsius (July). In the cold season (November-June), 
which corresponds to the dry season on the continent, water salinity on 
the oceanic surface reaches 36-37 ppt. In the same period, cold deep water 
rises by upwelling caused by winds primarily from the north-northeast and 
northwest (Atlas Okeanov 1977). Conversely, in the warm season (July-
October), water salinity drops to 35 ppt because of river water inflow (Gac 
et al. 1986).   

Oceanic temperatures in the coastal zone depend on the season of the year. 
The lower axis of the subtropical jet, which is directed along the shore 
from the north to the south, affects the area near the Senegal River inflow. 
In August, southern spurs of the warm inter-trade countercurrent reach 
this zone. The northern spurs of the warm Guinea Current can also reach 
this zone and cause an increase in water temperature on the surface to 
increase by 27-28 deg (Isupova and Mikkailov 2008).   

The coast is subject to large waves. The average wave height is 1.0-1.5 m, 
the maximum height is up to 5 m, and the typical wave period is reported 
at 4-5 sec (Atlas Okeanov 1977). Seasonal variations in the ocean water 
level amount to 2-4 cm (Atlas Okeanov 1977). Recently, the mean level was 
found to be rising with the rate of a few millimeters per year (Gac et al. 
1986).   

Tides in the coastal zone of the Atlantic Ocean near the Senegal mouth are 
semidiurnal. Their maximum level is about 1.4 m (Atlas Okeanov 1977), 
but it increases further southward and reaches 1.7 m at Dakar. According 
to more accurate data of the State Oceanographic Institute (Isupova and 
Mikkailov 2008), the mean spring tide range near the cities of Dakar and 
Saint Louis amounts to 1.2 and 1.1 m and the maximum tide range is 1.9 
and 1.8 m, respectively.   
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Morphological processes in estuary 

A characteristic feature of the Senegal estuary is that it becomes more 
narrow and shallow toward the ocean because of the progressive accumu-
lation of sediments (Kane 2005). Thus, the depth in the estuary decreases 
from 5−9 m near Saint Louis to 3 m at the exit into the ocean.   

The Senegal estuary, bounded by the continental shore and the spit of 
Langue de Barbarie, is a dynamic system that continually changes its exit 
to the ocean (Figure 17). Langue de Barbarie, composed of sand, was 
formed by waves out of the northwest predominating in this part of the 
western African coast. The spit is subject to impact from both the river and 
ocean (Samoilov 1952; UNESCO Report 2004). The sand that composes 
the spit arrives mostly along its outer (oceanic) side and originates from 
the erosion of shore north of the Senegal mouth. Presently, the Senegal 
River has no significant influence on the formation of the spit. The inner 
(estuarial) side of the spit is slightly supported by the bed load sediments 
of the river (Isupova and Mikkailov 2008). The dynamics of the spit are 
also under a considerable impact of the intense sediment transport by 
wind. During the dry season (low-water period of the river), the spit 
rapidly extends southwards. During the high-flow period, shore erosion in 
the estuary, especially along its southern extreme, becomes more active. 
The stronger flow facilitates sweeping away into the ocean of the sedi-
ments moving along the outer side of the spit. The growth of the spit stops 
during this time period (Samoilov 1952; Kane 2005; UNESCO Report 
2004). Storms are common on the coast in September and October, when 
heavy waves sometimes scour the subsurface seaward slope of the spit.   

Presently, Langue de Barbarie continues growing southward. After the 
construction of the Diama Dam, the rate of spit growth averaged 
550 m/year (Niang 2005). From 1986 to 1990, the spit extended south-
ward by some 3.5 km (www.ird.fr), and by 2002 its length exceeded 30 km 
(Niang 2005). This growth is illustrated in Figures 17 and 18. A significant 
consequence is that the southerly growth of the spit changes the position 
of the estuarine mouth (inlet), altering the equilibrium of estuary.   
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Figure 17. Illustration of elongation of Langue de Barbarie from 1983 to 1998 (source: 

Ibrahima Diop, Chief of Regional Ministry of Office of Hydrology).   
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Figure 18. Satellite Imagery illustrating growth of Langue de Barbarie from 1972 to 1998, 

highlighting difference in length of spit between those years (source: Ibrahima Diop, Chief of 
Regional Ministry of Office of Hydrology).   
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The Senegal River mouth into the ocean (also referred to as the estuarine 
inlet) is permanently moving (Figure 19) by two major processes, the 
southward extension of the spit, and its breakthroughs to the ocean, 
representing a cyclic geomorphologic behavior. Such cyclic breakthrough 
in a spit has been documented by Giese (1988) for Nauset Spit, MA, USA. 
As the spit elongates south, the distance the water must flow until it 
releases to the sea increases and consequently the resistance to flow felt by 
the river upstream (for example, at the city of Saint Louis) increases. This 
situation is analogous to pumping water through an increasingly longer 
pipe. As the length of the pipe increases, so must the pressure head differ-
ence necessary to pump the water. In the Senegal River estuary, this head 
difference (water surface elevation) continues to increase as the spit grows 
until there is eventually some section of the Langue de Barbarie that can 
no longer resist the pressure forces, at which point a break is created. 
Kraus et al. (2008) discuss this breaching process in relation to rising 
water level in coastal freshwater lagoons. Historically, breaks of the spit 
have occurred during especially high floods or during long-lasting oceanic 
storms and tornados (Isupova and Mikkailov 2008). Seven breakthroughs 
of the spit were recorded in 1850-1900. According to the data of Gac et al. 
(1986), the most severe took place in 1894 (the site of this breakthrough is 
not exactly known and therefore does not appear in Figure 19), when the 
spit was destroyed within a segment some 4 km in length. Starting from 
1900, 13 breaks of the spit were recorded, the most significant ones having 
taken place in 1959 and 1973 (Gac et al. 1986).   

The breakthroughs that do not fill or heal in a relatively short period of 
time have most likely resulted in the formation of a new mouth of the estu-
ary. The estuary can only support a limited total channel cross-sectional 
area. The reasons for this will be discussed in the next section. Conse-
quently, with the creation of a new breakthrough, the estuary will have a 
preferential and more hydraulically efficient opening to the sea. Therefore, 
this new opening will most likely become the new inlet and the old inlet 
will close. In addition, because of the strength and the direction of the 
littoral current, this new break will continue to move southward until it 
reaches the tip of the spit. At this point, the cycle is complete. With the 
new mouth at the tip, the spit will continue to grow until the resistance to 
flow becomes great enough that a new break occurs.   
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Figure 19. Schematic of Senegal River estuary.  

(1) Diama Dam, (2) upper boundary of estuary, (3) new,  
and (4) old mouths of estuary, and (5) Saint Louis.  

Arrows point to sites of breakthroughs of La Langue  
de Barbarie in year of occurrence according to  

(Isupova and Mikkailov 2008).   
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According to the data of Kane (2005) and Dumas and Mietton (2006), a 
canal 100 m in length, dug for the first time across Langue de Barbarie, 
became a new outlet of the estuary into the ocean on 3 October 2003 
(Figures 5-10). The canal was dug with the objective of protecting the city 
of Saint Louis against a considerable flood that would pose an inundation 
hazard. The trend of increasing water surface elevation during the rainy 
season at the city of Saint Louis, especially for the 3 years leading up to 
2003, may be seen in Figure 20. This plot also demonstrates the effec-
tiveness of the canal on the flooding problem as it shows just how quickly 
the water surface elevation dropped after the cut and how it has remained 
low since. However, within the first 10 days of its existence, the width of 
the canal, now inlet, increased from 4 to 400 m due to scouring by the 
strong flow through it. The canal was still functioning in the following 
years and continued widening at a rate of about 1 m/day and migrating 
under the joint effect of flows (both river and tidal), waves, and longshore 
sediment transport. The net effect of this combined forcing is deposition 
on the northern end of the breach and erosion on the southern end 
(illustrated in Figure 21 and can be seen clearly in Figures 22 through 24). 
In general, the width of the inlet is increasing while moving to the south.  

 
Figure 20.  Water surface elevation at Saint Louis with 2003 highlighted in red and the 

2 years proceeding in blue (source: Ibrahima Diop, Chief of Regional Ministry of Office of 
Hydrology).   
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Figure 21. Geomorphologic patterns around breach (from Kane 2005).   

The width of the new inlet was reported to be 1.4 km as of 14 February 
2006, and its cross sectional area was reported as remaining virtually 
constant (Dumas and Mietton 2006), which is significant and will be dis-
cussed in the next section. Surveys have shown the width to have grown to 
2.2 km as of February 2009. Only one inlet to the ocean is present in the 
estuary. The old inlet gradually decayed to the point that it closed, as 
expected, because of hydraulic inefficiency.   

Formation of the new mouth of the estuarine system provided a much 
more hydraulically efficient exchange with the sea and consequently 
changed the hydrological conditions in the estuary. The water level during 
tides has been shown to increase since 2003. The effect of tides near the 
Diama Dam (the boundary of tide propagation) is now more pronounced 
year round. The height of the neap tide near the lower pool of the 
hydraulic structure increased threefold (from 0.3 to 0.93 m) (Dumas and 
Mietton 2006).   
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Figure 22. Illustration of time-space evolution of new mouth between October 2003 and April 

2006 (data obtained from N. Guigen and authors, and image obtained from Kane (2005)).   
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Figure 23. Measured inlet shape profiles demonstrating time-space evolution of new mouth 

between April 2004 and February 2009 (data obtained from Ibrahima Diop and 
Alioune Kane).   
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Figure 24. Plot of measured inlet shape profiles demonstrating time-space evolution of new 

mouth between December 2003 and February 2005 (data obtained from N. Guigen and 
authors, and image obtained from Kane (2005)).   

With the closing of the old inlet, a lagoon started forming in the place of 
the southern, cut-off part of the estuary (Kane 2005). These morphological 
changes in the estuary brought about some problems as described by 
Niang (2005). The construction of the canal and the filling of the mouth of 
the estuary caused a drop in the water level and an increase in water 
salinity in the southern part of the estuary, especially near Gandiolais 
(15 km downstream of Saint Louis). The salinity increase has had an 
average impact on the irrigation conditions on the nearby lands. It is noted 
that these estuarine changes in the south would most likely be part of the 
eventual cycle of breakthroughs and would be alleviated if the new mouth 
were allowed to continue its movement to the south.   
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3 Procedure 
Escoffier Inlet stability analysis 

Despite the general migration of the inlet to the south, it is still central for 
management of the entire Senegal River system, and determination of the 
relative threat to the city of Saint Louis from the new inlet, to estimate the 
maximum growth of the inlet. From six decades of inlet research and 
engineering, there exists a standardized and effective tool for estimating 
inlet cross-sectional area stability, called the Escoffier analysis.   

Wave-generated and other currents along the coast move sand into the 
inlet channel, tending to reduce its cross-sectional area. Inlet flow, 
produced by tidal, wind-generated, seiche-generated, and river inflow will 
tend to scour any deposition, which reduces the channel cross section 
below its equilibrium value. This concept was first developed analytically 
by Escoffier (1940, 1977). He proposed a diagram for inlet stability 
analysis in which two curves are initially plotted (Figure 25).   

 
Figure 25. Escoffier (1940) diagram, maximum velocity and equilibrium velocity versus inlet 

cross-sectional area.   
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One curve is the maximum velocity versus the inlet cross-sectional flow 
area Ac. A single curve represents the changing inlet cross-section area 
conditions if ocean tide parameters and bay and inlet plan geometry 
remain relatively fixed. As the channel area approaches zero, the velocity 
through it must approach zero because of increasing hydraulic friction, 
which is inversely proportional to channel area. As channel area increases, 
friction is reduced, but on the far right side of the curve, velocity decreases, 
as tidal prism reaches a maximum, and any channel area increases 
decrease velocity as determined by the continuity equation. This curve can 
be constructed by calculating the maximum velocity Vm, resulting by vary-
ing channel area Ac. Vm can be determined by an analytical or numerical 
model, remembering that, if a simple analytical model is used, an average 
maximum velocity for the inlet is determined. The continuity equation 
VavgAavg = VmAc can then be used to determine maximum velocity at the 
minimum cross section. As a desk-study approach, because a variable area 
over the inlet length is not considered, a representative area will be con-
sidered the minimum area. The other curve, plotted as VE, is an empirical 
stability criterion curve such as O’Brien’s (1931) and Jarrett’s (1976) tidal 
prism versus cross-section area relationships. Escoffier (1940) originally 
proposed a constant critical velocity at about 1 m/sec, which would plot as 
a straight horizontal line. Dean (1971) equated the expression for tidal 
prism, P = TVmAc/π to O’Brien’s (1931) original tidal prism, inlet area 
relationship (P = 5 x 104 Ac) and determined that for a tidal period of 
44,640 sec, Vm for the inlet is about 1 m/sec. In other words, 1 m/sec 
might be interpreted as an estimate of velocity necessary to maintain an 
equilibrium flow area. Therefore, as wave action supplies sand to the inlet 
channel and tends to reduce the cross-sectional area, the inlet flow will 
scour depositions, which reduces the channel cross section below its 
equilibrium value. If a P versus A, relationship is used, the appropriate 
equation can be selected to relate Vm to tidal prism.   

In Figure 25, the possibilities of intersection of the two curves are at two 
locations, one location (a tangent), and no intersection. In the first case, 
Point b is a stable root in that any deviation in area returns movement 
along the stability curve to its starting point. If channel area increases 
(moves right on the curve from Point b), velocity will fall and more sedi-
ment can fill in the channel to bring it back to equilibrium. If area 
decreases, velocity will increase, scouring to the equilibrium point. Point c 
is an unstable root, where if the area decreases, velocities decrease until 
the inlet closes. Moving to the right of Point c, as velocity increases, area 
increases until the velocity starts falling, and the stable root at Point b is 
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reached. If the stability curve becomes tangent to or below the stability 
criterion curve, the inlet will close. If the inlet area is to the right of the 
unstable equilibrium point, and a storm occurs that provides a large 
sediment input to the inlet region, a possibility would exist that it could 
shift the area to the left of that point and the inlet will close. Van de Kreeke 
(1992) presents informative commentary on application of the Escoffier 
stability analysis, where he notes that separation of stable and unstable 
inlets is not determined by the maximum in the maximum velocity curve 
(sometimes called the closure curve) of Figure 25, but Point c of that curve. 
Also, he emphasizes the integral use of O’Brien-type stability correlations 
plus Escoffier’s curve, rather than the use of stability equations alone.   

Data requirements for Escoffier method 

The minimum five data requirements of the Escoffier method are as 
follows: the tidal signal at the ocean-side of the breach, the tidal signal 
inside the bay, the area of the bay, the dimensions of the inlet, and the 
average inflows of the rivers flowing into the bay.   

Tidal signal at ocean-side of breach 

This data type consists of a water surface elevation record outside (ocean-
side) of the breech. It represents the change of water surface elevation with 
time and is commonly recorded by a simple submerged pressure sensor or 
a mounted permanent tide gauge. From these data, one can determine the 
following more specific data requirements of the model.   

Fundamental ocean tide amplitude 

This value is one half the tide range (full excursion of the tide). For 
equilibrium area calculations, spring tide amplitude is typically used.   

Ocean over-tide amplitude 

Once the tidal constituents (harmonics) are determined from the ocean 
tidal signal, the M4 over-tide amplitude may be used. This will permit an 
analysis of flow predominance for the inlet, i.e., whether there is flood or 
ebb dominant, characterizing typical net sediment transport in the 
absence of river and other non-tidal flows.   
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Tidal or seiche period 

This is the period of the predominant tidal signal and can be determined 
from the ocean tidal record.   

This particular data type was obtained from both Professor A. Kane and 
Ibrahima Diop, Chief of the Regional Ministry of the Office of Hydrology, 
and the Ohio State University TOPEX database.   

Tidal signal at bay side of breach 

This data type consists of a water surface elevation record inside (estuary 
or bay side) of the breach. It represents the change of water surface eleva-
tion with time and is commonly recorded using a simple submerged pres-
sure sensor or a mounted permanent tide gauge. The data type used in this 
study were obtained from Ibrahima Diop, Chief of the Regional Ministry of 
the Office of Hydrology.   

Area of bay 

The bay tidal signal can be analyzed to determine the mean water level. 
Once this is done, aerial photography or satellite imagery may be analyzed 
to determine the mean surface area of the bay.   

Tidal mean estuary surface area 

A mean surface area of the bay or lagoon is the specific input required by 
the model.   

This data type was calculated using geo-referenced imagery obtained from 
Dr. Landing Mane, Head of the Monitoring Evaluation Division of the 
National Company for Senegal River Valley Planning and Exploitation 
(SAED). Figure 26 illustrates the surface area used for the tidal mean 
basin surface area.   

Dimensions of inlet 

The dimensions of the inlet need to be measured and ultimately entered 
the determination of hydraulic losses through the inlet. The specific 
requirements are as follows:   
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Figure 26. Area of the Senegal River estuary entering  
tidal mean basin surface area (geo-referenced image  

obtained from Landing Mane, Head of Monitoring  
Evaluation Division, National Company for Senegal  

River Valley Planning and Exploitation, SAED).   
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Hydraulic radius 

Because typical inlets without stabilization structures are relatively wide, 
this value could be considered an average depth and can be determined by 
dividing the channel area by the width.   

Channel width 

Use the width at the minimum cross sectional area.   

Channel length 

The simplest initial approximation would involve examination of a plan 
view of the inlet. Determine where enlargement of the cross-sectional area 
would cause velocities to significantly decrease at the seaward and bay-
ward ends of the channel. Then, identify the distance between these two 
points as the initial length.   

Several data sources were analyzed to determine values for these param-
eters including two bathymetric profiles of the breach obtained by 
Ibrahima Diop. These profiles may be seen in Figures 27 through 30. A 
detailed description of the analysis techniques used to make these 
determinations is given in the U.S. Army Corps of Engineers Coastal 
Engineering Manual (2002).   

Results from inlet equilibrium area analysis 

An analysis package developed by Seabergh and Kraus (1997) as part of 
the U.S. Army Corps of Engineers, Coastal Inlets Research Program, was 
applied to model the inlet and determine its equilibrium cross-sectional 
area. Figures 31 and 33 represent the graphical output of the program and 
provide the equilibrium curves for the breach (inlet) at Saint Louis. Fig-
ure 31 represents the typical (dry season and normal tidal range) condi-
tion, which had an equilibrium cross-sectional area of 3,576 m2, matching 
well with the calculated inlet cross-sectional areas based upon the surveys 
from 2004 and 2005. The inlet cross-sectional area in 2004 towards the 
end of a dry season was 3,316 m2. The inlet cross-sectional area in 2005 at 
the end of a rainy season was 3,749 m2. These values are plotted on 
Figure 32.   
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Figure 27. Geo-referenced scatter set data of bathymetric profile for 2004 (data obtained 

from Ibrahima Diop and Alioune Kane).   
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Figure 28. Geo-referenced scatter set data of bathymetric profile for 2004 (data obtained 

from Ibrahima Diop and Alioune Kane).   
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Figure 29. Bathymetric profile for Saint Louis Inlet in 2004 with the vertical scale exaggerated 

(data from Ibrahima Diop, Chief of Regional Ministry of Office of Hydrology).   

 

 
Figure 30. Bathymetric profile for Saint Louis Inlet in 2005 with vertical scale exaggerated 

(data from Ibrahima Diop, Chief of Regional Ministry of Office of Hydrology.).   
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Figure 31. Escoffier Equilibrium curve for Dry Season Alternative.   

 
Figure 32. Escoffier Equilibrium curve for Dry Season Alternative with comparison to 2004 
(during dry season) and 2005 (during wet season) areas calculated from measurements.   
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Figure 33 represents the curve for extreme conditions (rainy season and 
constant spring tidal range) and the largest value to which the inlet should 
grow, which was determined to be 4,620 m2. It is consequently reliable to 
conclude that the inlet has reached its stable equilibrium cross-sectional 
area and will oscillate around this value in response to changes in the 
hydraulic and sediment transport forces (Kraus 1998).   

 
Figure 33. Escoffier Equilibrium curve for Wet Season Alternative.   
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4 Conceptual Solutions 

In the vicinity of coastal inlets, there is a delicate and difficult balance 
between environmental benefits and alterations made for the benefit of 
society. For the Senegal River estuary and mouth, this balance must be 
struck among such considerations as access of fishing boats to the ocean, 
reduction in river flooding of the city of Saint Louis, threat to the city by 
increased tidal variation, and change in salinity and its gradients in the 
estuary, which would promote or degrade fishing. Habitat and organisms 
in the estuary depend on certain salinity values and on water and nutrient 
exchange with the ocean. Circulation, water elevation, and salinity will 
change according to the alteration. Manipulations of the Senegal River 
mouth will bring long-term morphologic consequences that must be care-
fully evaluated (Kraus 2005). Detailed analysis of these consequences was 
beyond the scope of the present study. Morphologic alterations will also 
occur on the ocean-facing coast through redistribution of the sediment by 
the presence of the river mouth, especially if it is stabilized with structures.   

Typically, inlets near coastal cities are locationally stabilized to avoid 
damage to neighboring private and public property and infrastructure 
through inlet migration as occurs along the Langue de Barbarie. Stabilized 
inlets and river mouths also promote reliable navigation. At present, there 
is no substantive commercial navigation to the city of Saint Louis. 
Stabilization of the river mouth near the city of Saint Louis would benefit 
shallow-draft navigation, such as for fishing boats.   

Four solution concepts were developed to cover a range of costs and 
probable change in the river mouth, coast, and estuary. Total cost can 
include a one-time construction cost and subsequent maintenance coast. 
The concept solutions also offer a range of costs from minimal to sub-
stantial. The solutions are: (1) no action, (2) relocation and minimal 
maintenance of the mouth on the southern terminus of the Langue de 
Barbarie, (3) relocation and minimal maintenance at an intermediate 
location, (4) stabilization near the city of Saint Louis, and (5) an option of 
dividing the estuary to create a second inlet.   

The exact dimensions of stabilized entrances should be subject to 
thorough investigation. The present study has identified the equilibrium 
channel cross section and will enter both preliminary and sophisticated 
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design efforts. A narrower inlet width, as provided by stabilization, will 
scour the mouth to create a deeper channel. However, too much narrowing 
can lead to excessively strong entrance currents and unsafe and unreliable 
navigation. Sediment will also be jetted further offshore by stronger cur-
rents, decreasing natural bypassing. The river mouth is bypassing some 
amount of sediment, as can be seen by the fresh (white material) beach on 
the south side in Figure 27, which indicates a likely arrival area or “attach-
ment bar” of the ebb tidal delta (Kraus 1995).   

In the following, stabilization structures might be short jetties or artificial 
headlands (for example, rubble stone piles) (Shore Protection Manual 
1984). The stabilization structures could be (a) minimal length, as short 
jetties or artificial headlands, or (b) substantial jetties that would provide 
benefits for promoting either shallow- or deep-draft navigation. Initial 
construction for option (a) could be done with a view of structure length-
ening for option (b). A concern with placement of any structure on the 
coast is interruption of longshore sediment transport. Longer jetties will 
impound more sand to the north and create a greater sediment deficiency 
to the south. Sediment deficiency would cause erosion and weakening of 
the barrier island to the south if no sediment were artificially (mechan-
ically or hydraulically) bypassed. Therefore, it is recommended that the 
stabilization structures be relatively short to allow sediment to bypass 
naturally along the coast to nourish the down-drift (southern) beaches.   

Stabilization structures must extend landward for considerable distance to 
preclude breaching of the adjacent beach as caused by a storm or erosion 
that might occur on the down-drift (south) side. Such localized breaching 
at a structure is called “flanking” and can cause the formation of a new 
inlet that may become hydraulically dominant and strand the jetty or 
headland where it occurs. The stranded structure would become useless, 
as well as a navigation hazard. Therefore, jetties, groins, and headlands 
must be terminated well into the barrier island. Inlet stabilization struc-
tures are also prone to cause crescentic or headland bay formation inside 
the inlet (Seabergh 1999), which can also lead to flanking.   

As a practical detail, it is difficult to construct stabilization structures at an 
existing and wide inlet. Such construction would require substantial heavy 
equipment. In a relocation, the stabilization structures could be built first, 
and then the mouth reopened between the two structures and allowed to 
widen until reaching the structures. Some length of revetment along the 
banks of the expected inlet and termination of the stabilization structures 
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on land (tie-ins) should be made to prevent the inlet from widening 
excessively on the landward side.   

Cost estimates are based on comparable sized recent projects in the United 
States. However, the given costs could increase if construction stone and 
heavy equipment must be transported over great distance.   

Alternative 1: No action 

This alternative would allow the river mouth to continue migrating. As the 
city of Saint Louis and the lower river area develop, this alternative does 
not appear to be viable for fishing boats requiring access to the ocean, and 
it increases the potential of river flooding and degraded health and water 
circulation of the upper estuary. This alternative is not recommended 
because of its unpredictability to the city. It has no cost in the short term, 
but is considered to have increasing indirect cumulative cost consequences 
in that a breach would break through naturally to the north as part of the 
long-term geomorphic cycle. No initial cost.   

Alternative 2: Stabilize at distal terminus 

Alternative 2 would relocate and maintain the river mouth at or near the 
southern (distal) end of the Langue de Barbarie. This location would be 
stabilized by constructing short jetties or artificial headlands on each side 
of the mouth. Alternative 2 would maintain the functioning of the 
southern part of the estuary. Similar to Alternative 1, potential flooding to 
the city and loss of estuarine function to the north are expected. There 
would be uncertainty as to the time and circumstances of natural breach-
ing to the north, as might be caused by a storm, and capture of the tidal 
prism at this location to abandon and close the distal mouth. This rela-
tively moderate-cost alternative is not recommended. Initial construction 
cost is estimated at US $10 million.   

Alternative 3: Stabilization at an intermediate location 

Alternative 3 would place the river mouth at an intermediate distance 
between the city and the distal end of the spit. Such an entrance would 
need to be stabilized by short jetties or artificial headlands. The 
advantages would be maintenance of estuary function both north and 
south, relatively efficient reduction of river flooding, proximity to the city 
of Saint Louis for access, and non-extreme tidal variation at the city. This 
alternative would require tie-ins to the shore and a sturdy revetment along 

 



ERDC/CHL TR-09 20 42 

both sides of the entrance through the spit. If the short structures were 
flanked, the mouth could continue migrating to the south, and this must 
be prevented through the tie-ins and bank revetment. This would be a 
moderate-cost alternative. Initial construction cost is estimated at US 
$30 million. Some maintenance of the structure would be required after 
several years of operation due to settlement, wave forces, and scour.   

Alternative 4: Stabilization location near the city 

This alternative would place the entrance near the city of Saint Louis. The 
exact location should be considered within a plan for city expansion and 
estuary functioning. A reasonable first estimate of this location might be 
near that of the 2003 channel opening. A location near the city would 
provide maximum prevention from river flooding and allow most con-
venient access by fishing boats. However, some estuarine functioning 
might be lost on the southern end of the estuary. Cost of this alternative 
would be moderate for the short stabilization structures and substantial 
for longer structures. The stabilization structures must be tied back to the 
barrier and revetments extended along both sides of the entrance through 
the barrier spit.   

Initial construction cost is estimated at US $30 million for short jetties, 
tie-ins, and revetments. Some maintenance of the structure would be 
required after several years of operation due to settlement, wave forces, 
and scour. Longer jetties, placed to 6-m depth as described in the con-
ceptual design below, would cost on the order of US $100 million.   

Alternative 5: Two-inlet approach (variation of Alternative 4) 

Multiple inlets to the same estuary can lead to gradual dominance by one 
over the other, causing the weaker inlet to close. Alternative 4 is favorable 
for fishing, the city of Saint Louis, and the northern end of the estuary. 
However, the functioning of the southern end of the estuary is expected to 
be reduced.   

To improve functioning of the southern estuary, a land bridge or causeway 
might be considered to be placed at some location along the southern one-
third end of the spit, running from the spit to the mainland. The causeway 
would cut the estuary into northern and southern water bodies. The north 
estuary would be serviced by the stabilized entrance as described for 
Alternative 4, and the south estuary would be serviced by a stabilized 
entrance as described for Alternative 2. However, the inlet for the south 
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estuary should have less width between jetties, as for example 300 m, 
because the tidal prism will be reduced by two-thirds.   

Conceptual design 

Considerations in this section are based upon the inlet equilibrium analy-
sis in Chapter 3 and empirical information on 108 coastal inlets in the 
United States as compiled by Jarrett (1976). Figures 29 and 30 indicate the 
presence of a deep (6 m channel to average sea level) for an approximately 
800- and 1,000-m-wide inlet gorge (Thalweg). Therefore, an entrance 
width of 1,000 m is adopted for this concept design to support navigation 
at all stages of the tide. Inlets are most efficient and self scouring if they 
are relatively narrow, that is, with a relatively small width-to-depth ratio 
(W/d). (Strictly speaking, the depth should be the hydraulic radius, 
because the sides of an inlet exert friction, but for a wide inlet and this 
simple analysis, the hydraulic radius can be replaced by the average 
depth.) The equilibrium channel area cross section (to average sea level) 
was found in Chapter 3 to be 4,620 m2. The average depth of the channel 
associated with channel cross-sectional area and design width is then 
d = 4,620/1,000 = 4.6 m. The W/d ratio is 217, indicating an efficient 
channel.   

Concerning the length of the stabilization structures, short structures 
would extend to an ambient offshore depth of approximately 3 m (average 
sea level datum) to maintain stability at all stages of tide. Longer struc-
tures suitable for protecting navigation would extend to approximately 
6 m ambient depth to prevent filling of the channel.   

In summary, as a concept new or relocated inlet, it is recommended that 
the distance between stabilization structures should be 1,000 m and that 
short and long structures should be extended offshore to depths of 3 or 
6 m, respectively. Shorter jetties would cause minimum interruption of the 
longshore sediment transport to the south, whereas longer jetties would 
interrupt the drift, with the north jetty trapping sand and creating an 
accretionary fillet, and the beach to the south of the south (down drift) 
jetty eroding.   
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5 Conclusions 

Prior to construction of the Diama Dam (before 1986), tides during low-
flow periods propagated more than 470 km upstream the river, thus 
causing a considerable (up to 300 km) intrusion of saline water into its 
channel. The major causes of the propagation of the tide and saline water 
were the specific features of the Senegal water regime, as well as the small 
slope of its water surface and considerable evaporation losses. The con-
struction of the Diama Dam in the river delta eliminated propagation of 
tides and upstream intrusion of saline water, but did not allow for water 
storage during the rainy season. At the same time, the mouth area of the 
Senegal River decreased in size. Now, the river does not contain the near-
mouth part of the river, which is subject to the effect of tides, and its upper 
boundary coincides with the delta head.   

The estuary of the Senegal River, bounded by the continental shore and 
Langue de Barbarie, is a dynamic system, and the outlet of the estuary into 
the ocean permanently changes its position. The Langue de Barbarie con-
tinues growing southwards; after the construction of the Diama Dam, the 
growth rate of the spit averaged 550 m/year, and its length in 2002 was 
more than 30 km. The Senegal River estuary’s inlet is permanently moving 
under the effect of two major processes, the southward extension of the 
spit, and its breakthroughs to the ocean, representing a cyclic geomorpho-
logic behavior. As the spit elongates south, the distance the water must 
flow until it releases to the sea increases and consequently the resistance 
to flow experienced by the river upstream increases. This situation is 
analogous to pumping water through an increasingly longer pipe. As the 
length of the pipe increases, so must the pressure head difference neces-
sary to pump the water. In the Senegal River estuary, this head difference 
(water surface elevation) continues to increase as the spit grows (leading 
to flooding in the city of Saint Louis) until there is eventually some section 
of the Langue de Barbarie that can no longer resist the pressure forces, at 
which point a break (breach in the spit) is created.   

A canal dug across Langue de Barbarie on 3 October 2003 expedited the 
cyclic geomorphic behavior of the estuary and virtually became a new inlet 
of the estuary. The formation of this new inlet provided much more 
hydraulically efficient exchange with the sea and consequently changed 
the hydrological conditions in the estuary. The water level during tides has 
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been shown to increase since 2003. The effect of tides near the Diama 
Dam (the boundary of tide propagation) is now more pronounced year 
round. The inlet’s formation also, almost immediately reduced the water 
surface elevation at the city of Saint Louis, removing the flooding threat to 
the city during the rainy season.   

This new inlet’s apparent growth does not pose a threat to the city of Saint 
Louis. All indications are that the inlet has reached its equilibrium cross-
sectional area, is only oscillating around this equilibrium in response to 
seasonal variations in forcing, and is migrating to the south in the direc-
tion of the littoral current.   

Further study is recommended to determine the best course to manage the 
combined river, estuary, breach, and coastal system. The system’s man-
agers are currently faced with the decision whether to deepen and stabilize 
the inlet (retaining the benefits to the city’s fishermen and of protection 
against flooding) or to allow the system to restore itself to its natural con-
dition (translating the inlet down to the end of the Langue de Barbarie 
spit).   

Preliminary analysis suggests that relocation of the river mouth (digging of 
a new inlet) is a preferred alternative. The suggested location is that near 
the 2003 artificial breach. Stabilization structures should be constructed 
before the mouth is opened. A concept design indicates a width of 1,000 m 
between the stabilization structures. Five conceptual alternatives were 
developed for addressing issues caused by the migrating mouth of the 
Senegal River.   
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