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I n  shallow environments, particle resuspension can induce large ecological 
effects. Under some certain conditions of fetch, wind velocity, bathymetry and 
bed roughness, resuspension is generated by wind induced waves. During 
December 1991, a shallow station (1 m depth) in the north shore of a tropical 
lagoon (Côte d’Ivoire) was investigated in order to study the impact of wind 
induced resuspension on the ecosystem. In this area, Austral Trade winds are 
dominant almost all year long, and their velocity shows a markcd diel pattem. 
During the survey, three sequences were distinguished a period of Austral 
Trade winds (with possible resuspension), a period of Boreal Trade winds (no 
wind induced waves at the station) and a period of transitional Trade winds. Only 
Ausual Trade winds with a speed > 3 m s-’ allowed particle resuspension. For 
chlorophyll, mineral seston and ammonia, significantly higher values were noted 
during the windy sequences. Conductivity and water colour varied in relation to 
tides. Granulometric and mineralogical analyses showed that only the 0-3 cm 
superficial level of the sediment was involved in resuspension. This process 
induced several effects: (1) an increase of suspended matter concentration in the 
water and thus a light attenuation due to a higher turbidity, (2) a distribution in 
the whole water column of nutrients from the pore water, (3) a modification of the 
sediment granulometric characteristics and (4) an increase in the food available 
for planktonic filter feeders since algal cells were periodically resuspended in the 
whole water column. Wind induced resuspension occurred in loo/, of the Ebrit 
ìagoon. In this area, the daily alternate of resuspension-sedimentation sequence 
is then amajor factor controlling the productivity of a system which is potentially 
highly productive (high nutrient load, favourable climatic conditions) yet 
characterized by high turbidity. These observations can be generalized to 
comparable systems in the tropical area. 

Introduction 

Once sedimented, living or inert particles are considered as lost from the pelagic eco- 
system. However, resuspension generated by tidal currents or by wind induced waves 
can, to some extent, balance the sedimentation process. The tidal currents are linked to 
the neap-spring cycle. Their effects on the sediment are strongly influenced by the 
bathymetry and the bed roughness lengthscale. Wave effects are also related to these 
factors, but they depend additionally on the wave height and the wave period which are 
directly linked to the fetch and the wind velocity. 
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Figure 1. Map of the EbnC lagoon showing the location of the sampling sration and the 
Jacqueville dike (A), the yearly wind direction panem recorded at Adiopodoumé 
weather sration (*) and an enlargement of Layo area. 

the bioIogicaI impact of the turbulent mixing on phytoplankton through the nutrient 
availability and the chlorophyll biomass and (ii) the impact of resuspension on the water- 
sediment interface by a comparison of the characteristics of sedimented and suspended 
mineral particles. 
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Material and methods 

The sampling site (mean depth 1 m) is located 400 m offshore from the Layo Aquaculture 
Station (5"20", 4"20'W), on the north shore of the Ebrié lagoon and near the mouth of a 
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TABLE 1. Symbols and abbreviations used in equadons (1)-(4) 

Symbol Unit or value 

m 
m 
m 

s- 1 

m-I 

9.81 m s-* 
m s-*  
m 
S-2 

1.025 IO’kgm-) 

S 

1.2lrgm-3 
1.3 103 
4 102 

0.01 an’s-’ 

station depth 
wavelength 
wave height 
wave period 
wave frequency 
wave number 
grar-itational constant 
wind speed 
eflective fetch 
Brunt-\’äida frequency 
wafer density 
air density 
drag coefficient 
wind coefficient 
verrical density gradient in z metres 
hematic viscosity of water 

(CERC, 1977) using the half wavelength method. Wavelength in deep open water is 
related to its period following the equation: 

L = gTZ/2n ? (1) 

Assuming that the wind has a constant velocity over one hour, T is related to wind speed 
0 and a given fetch (F) following the empirical equation: 

(2) 

From L, the depth reached by the minimal movement (h=L!2) is calculated. This model 
was used by Carper and Bachmann (1984), Shideler (1984) and Simon (1989) in shallow 
water of lacustrine and estuarine systems. (b) the second one was proposed by Demers 
et al. (1987), using the turbulent kinetic energy (TKE) and the Brunt-Väisäla fre- 
quency (N2) related to overturning eddies. The minimum wind speed inducing vertical 
turbulence in the water column is calculated from: 

gT/2nU = 1.20 tanh (0*077(gF/U2)0’25) 

U,, = hN[ (r, 10 -’)/(r,c, 0 ~ > ] ” 3  (3) c c 
1 where N2 is the Brun-Väisäla frequency, 

(g/r,X~r,/W (4) 

Complementary details on that method can be found in Denman and Gargett (1983). 
Data necessary to calculate the water density (temperature and conductivity in the water 
column every 10 crn between surface and bottom) were measured on several occasions 
during the survey. 

From the wave characteristics (wave height, periodiciq and wavelength) in a well 
established wind situation (wind speed > 3 m s-’), the bottom stress associated with the 
waves (t,,,,,) was estimated from the relation proposed by Luettich et al. (1990) for smooth 
turbulent flow: 

twav, = Hr,(nd)0.5/2sinh(kh) (5) 
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TABLE 2. Percentage of wind direction occurrences at Adiopodoumé weather station in 
December 1991 

~~~ 

Harmanan East winds Trade winds West winds 
O 

O 

Whole sequence 29 9 54 8 
4-15 December 9 11 74 6 
16-1 9 December 93 O 7 O 
20-26 December 36 O 48 16 

Results and discussion 

Winds in the Ebrié lagoon 
In this coastal area of West Africa, winds are usually weak and regular (Monteny, 1984). 
In an average year, South-West Trade winds (Austral Trade winds deviated at the 
Equator) are predominant between March and November. Their velocity decreases 
inland from the coastline, and on the north bank of the lagoon, they can be compared to 
solar winds, characterized by a marked diel pattern (Durand & Guiral, 1992). From 
December to February, North-Eastern winds (Boreal Trade winds, ' Harmattan ') are 
predominant, with a marked interannual variability of intensity and southern extent. At 
the beginning of the Harmattan period, alternation of Trade winds and North wind 
sequences is often observed. 

1 

Winds in Layo area during December 1991 
During the study, three sequences were distinguished according to the prevailing wind 
direction (Table 2): a period of Trade winds from 4-15 December, a period of Harmattan 
from 16-19 December, a transitional Trade winds period from 20-26 December, 
characterized by winds oriented more West and North than during the first sequence. 

The periodogram of the Trade wind velocity time series ( P l 5  December) showed a 
marked periodicity [24.4 h, Figure 2(a)]. This diel pattern was also observed for the 
transitional Trade winds, whereas an opposite pattern characterized the Harmattan 
period [Figure 2(b)]: 

- o n  an average day, the hourly mean of Trade winds' speed was minimum (1 m s-') 
between 8 and 9 am, and increased until 2 pm. Maximum values were recorded between 2 
and 5 pm (> 3 m s"). After sunset, wind velocity decreased slowly until midnight and 
values were close to 2ms- '  between 1 and 7am. Once established, these winds blew 
regularly from the south. But at the end of the night and before smise ,  a rotation of the 
wind direction to the west was often observed. 

-the mean diel pattern during theHarmattan sequence featured minimum speeds after 
sunset (around 1 m s-' between 6 and 1 lpm), an increase duringthenight, and high values 
after sunrise (maximum of 3 m s-' around 8 am). During the day, wind velocity Auctuated 
between 1.8 and 2.2 m s-'. Wind direction was steady and orientated from the North all 
day long. 

f 
8 
c 

Wind induced waves 
In this environment where tides play a limited role in turbulence generation (very slow 
tidal currents), the wind is the main factor setting up vertical circulation. Owing to the 
geographical configuration of the Layo site, a sufficient fetch is only possible for south and 
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Figure 3. Time series of wind velocity (a) and water level (b, combining tide and wavelet 
effects, in arbitrary units from a theoretical basic line) from 4-6 December (Trade 
winds) and 16-18 December (Harmattan). c 

i 
i 

after the wind speed had increased and (2) after 2 am, the waves disappeared completely in 
spite of a significant wind speed. Lags observed on the Trade winds hourly pattern 
between the wind speed and wave heights might be due to wind difference. Flat water 
sequences were clearly related to a reorientation of the winds at the end of the night: a 
rotation to the west direction (winds blowing from 230 to 300") with a comparable wind 
velocity was enough to break down the wavelet effect, since the fetch was then consider- 
ably reduced. In the morning, the winds rotated back to the south direction (180 to 225"), 
allowing an increase of the effective fetch and thus production of waves. 

The relation bemeen south to south-west wind speed and wave height based on suc- 
cessive thresholds. For wind velocity < 1.5 m s-', wave heights were low (estimates 
<2 cm); a significant increase was observed for wind speeds between 1.5 and 3.5 m s-' 
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Figure 6. Periodograms of (a) part of t he  wave height rime series (n = 720, rime lag 1 s), 
(b) the water level time series (n=300, time lag 1 h) and (c) &e conductivity series 
(n = 92, t i m e  lag 3 h) recorded during the Trade winds period. ? ... 

TABLE 3. Statistical ralues for the hydrological descriptors 

Cond. Colour Chl. Si0,-Si PO,-P NO,-N NH,-N Seston 
mSan-’ abs. mgm-3 a p M  ph4 pM mg1-’ 

Whole rime series 
average 3.91 0.08 20.2 115.1 0.8 3.0 4.4 12.1 
SD 1-00 0.06 8.5 32.5 0.4 2.7 3.8 5.2 

(%I 25 74 42 28 49 88 87 43 
minimum 2.36 0.04 5-6 8.1 0-1 0.5 0.5 3.3 
“um . 6.16 0.81 47.9 158.1 3.1 15.2 2 4 5  45.0 c 

L. 
1 

Cond.: conducriviry; Chl.: chlorophyll biomass. 
. .  

Hydrological characteristics at the sampling station 
Table 3 summarizes the statistics of hydrological parameters. All the time series were 
characterized by a high frequency variability, which originated from two processes, tide 
effects and wind induced waves. The conservative variables (conductivity, water colour) 
were influenced only by tidal effects, while non-conservative parameters (nutrients, 
pigment biomass and mineral seston) were mainly influenced by wind effects. 

Tide effects 
The experiment was conducted at the end of the rainy season when the water in Layo area 
was least saline (mean conductivity: 3.91 mS an-’, SD: 1-00 mS c m - I ) .  At this time of 
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TABS 4. Results of Student t-test performed on data sampled during the Trade winds 
and Harmatran periods, comparing calm and windy sequences 

Ho: equality of means Trade wind period Harmanan period 

Descriptors 
wind velocity 
conductivity 
water colour 
chlorophyll 
ammonia 
silicate 
phosphate 
nitrate 
seston 

I-& ( ) significance 
rejected (<0.001) 
accepted 
accepted 
rejected (<0.001) 
rejected (<0.001) 
accepted 
accepted 
accepted 
rejected ( < 0.0 1) 

H, ( ) significance 
accepted 
accepted 
accepted 
accepted 
accepted 
accepted 
accepted 
accepted 
accepted 

&: mean equality. 

TABLE 5. Granulomemc characteristics (percentage by weight) of the mineral fraction 
(sediment and suspended particles) 

Coarse Fine Coarse 
Samples’sediment Clay Silt silt sand sand 

to -3- 16.4 4.7 18.0 32.5 :. 28.2 
- 3 t O  - 6 m  15.3 2.4 4.7 18.9 .. 58.7 
-6to -9cm 15.5 3.2 4.1 15.1 62.2 
-9 to-12cm 23.5 19.2 10.7 40.5 6-0 
-12to-15cm 18.9 18.4 14.3 47.1 1.2 

Suspensions Clay Fine silt Coase silt Sand (fine and coarse) 

SI 
s2 
s3 

5 5 4  25-4 13.2 6.3 
67.5 247 2.8 4.9 
58-1 24.7 12.4 4.8 

nutrients showed nore  important fluctuations in spring tide situations. The enhancement 
of hydrodynamism in the area allowed a rapid succession of nutrient-rich and nutrient- 
poor waters (independently of their conductivity); this phenomenon was probably related 
to biological processes of nutrient uptake and excretion. 

C 

Suspended and sedimented particles 
The sampling station was located close to the mouth of the Agnéby river and near-shore. 
At this site, the sediments were characterized by the superposition of two distinct sedi- 
mentological assemblages: between O and - 9 cm, a level of coarse sand made of fluviatile 
quartz, muscovite and geothite iron hydroxide pseudo-oolithes (Tables 5 and 6); from 
- 9 cm and over, a marked transition to a fine sand layer made of quartz and muscovite, 
while the geothite pseudo-Oolithes were not observed. 

In the w7hole core, clays were not abundant. Kaolinite and illite were present over the 
whole core and smectite was only observed in levels under 6 cm (Table 6). 
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movement to reach the bed was calculated for different water levels. It was estimated to be 
2.1 m s for the neap tide (h= 1 m), 1.8 m s-’ for the spring tide, low tide, and 2.5 m s-’ 
for the spring tide, high tide. In  these situations, the wavelet periods would be respectively 
1.1,l.Oand 1.2 S. 

On some occasions during the Trade winds sequence, the TKE method was tested. 
From relations (3) and (4), at the sampling station depth and for an average environmental 
situation at noon (conductivity around 3 mS an-’, water temperature close to 35C, 
reduced vertical density gradient), the minimum wind velocity required to induce a sedi- 
ment resuspension was also calculated. It was estimated to be 2.6 m s-’ for the neap tide, 
2.3 m s-l for the spring tide, low tide, and 2.8 m s-’ for the spring tide, high tide. 

The two methods give similar values for the minimum wind velocity necessary to allow 
the oscillatory movement to reach the sediment. For these wind velocities, typical wave 
heights were between 6 and 8 cm (Figure 4). The bottom stress induced by the waves 
associated with these values was estimated as 0.2-0-3 dyn using the relation (5). A 
higher shear stress was probably necessary in order to initiate a turbulence near the bed, 
and to resuspend the sediment. The wind speed threshold for resuspension seemed to be 
> 3  m s-I (period: 1.4 s, wavelength: 3 my wave height comprised between 10 and 12 cm, 
bottom stress > 0.5 dyn During the survey, such velocities were observed every 
day of the Trade winds sequence between 2 and 5 pm. 

In spite of a poor knowledge of lagoon bathymetry, the area likely to be affected by 
sediment resuspension was estimated by using a planimeter to be lo?; of the Ebrié lagoon 
surface, and 15% of the surface of the lagoon situated west of Abidjan. 

? *. 

Conclusions 

During the sequence characterized by Trade winds, the day was divided in two roughly 
equal periods, with (between noon and midnight) and without (between midnight and 
noon) waves. During the calm period, sedimentation was enhanced, and particles entering 
the water column (lateral inputs, new algal production, fecal pellets) sedimented more or 
less rapidly according to their weight and shape. In that shallow environment, typical 
sinking rates for living and inert particles proposed in the literature (0.1-1 m h-’, 
Lännergren, 1979; Bienfang, 1980; Bums & Rosa, 1980) allowed the seston to reach the 
bottom in few hours. During the windy period of the day, wave induced resuspension was 
certainly possible between 2 and 5 pm. But this process which occurs over at least a 10 
month period each’ year can be the main physical factor structuring the pelagic ecosystem 
in this part of the Ebrié lagoon. This phenomenon induces resuspension of sedimented 
particles with several consequences: 

(a) A periodic redistribution of phytoplankton into the euphotic layer. The diel pattern 
induced by the physical forcing (minimum chlorophyll concentrations between 6 and 
9 am, maximum between 3 and 6 pm) is different than that observed in area of the Ebrié 
lagoon not concerned by resuspension (fetch not effective, deepest water column). In  this 
case, the minimum chlorophyll concentrations were observed between 12 pm and 4 am, 
and the maximum between 10 am and 2 pm (Torréton, 1991). This discrepancy can be 
explained by cell number variations when physical control occurs. In  case of biological 
control, this difference may be related to the grazing processes in relation to the zoo- 
plankton vemcal migration. Altematively, it may be based on variations of the cellular 
chlorophyll content, in relation to the light diurnal cycle. 

f t 
. .. . . .  . . . .) . .. . 
. . .. . . .. 

. .  . .  
. _  . .  . . .  . .  



t 
Wind-induced resupension in a tropical lagoon 603 

.li 

‘I 
* 

Carper, G. L. & Bachmann, R. W. 1984 Wind resuspension of sedimenrs in aprairie lake. CanudianJournalof 
Fisheries and Aquatic Sciences 41,1763-1767. 

Collier, K. J. 1987 Spectrophotometric determination of dissolved organic carbon in some South Island 
streams and rivers. Neai ZealandJournal of Marine and Freshwarer Research 21,349-351. 

CERC 1977 Shore protection manual. Volume 1. U.S. Army corps of Engineers, Coastal Engineering Res. 
Center. U.S. Printing Office. 

Dcmers, S., Therriault, J-C., Bourget, E. & Bah, A. 1987 Resuspension in the shallow sublittoral zone of a 
macrotidal estuarine environment: Wind influence. Limnology and Oceanography 32,327-339. 

Denman, K. L. & Gargett, A. E. 1983 Time and space scales of verrical mixing and advection of phyto- 
plankton in the upper ocean. Limnology and Oceanography 25,801-815. 

DoAdil, M. 1984 Assessment of components controlling phytoplankton photosynthesis and bacterioplanlrton 
production in a shallow, alkaline turbid lake (Neusiedlersee, Austria). Ititemtionale rmue der Gesamten 
Hydrobiologie 69,679-727. 

Dufour, Ph. & Slepoukha, M. 1981 Etude de la fertilité d’une lagune tropicale de Côte d’Ivoire au moyen de 
tests biologiques sur populations phytoplanctoniques naturelles. Revue d’tlydrobiologie Tropicale 14, 
103-114. 

Durand, J-R. &’ Chantraine, J-M. 1982 L’environnement climatique des lagunes ivoiriennes. Rmue 
d’Hydrobiologie Tropicale 15,85-113. 

Durand, J-R. & Guiral, D. 1993 Hydroclimat et hydrochimie. In Erväronnonent et ressources aquariques de 
C6te d’Ivoire. Les milieux saumâtres: l‘exemple de la lagune Ebrii. Editions de I’ORSTOM, in press. 

Dyer, K. R. 1980 Velocity profiles over rippled bed and the threshold of movement of sand. Estuarine and 
Coastal Marine Science 10,181-200. 

Fanning, K. A., Carder, K. L. & Betzer, P. R. 1982 Sediment resuspension by coastal waters: a potential 
mechanism for nutrient recycling on the ocean’s margins. Deep-sea Research 29,953-965. 

Rodeas, S & Pihl, L. 1990. Resuspension in the Kanegat: impact of rariation in wind climate and fishery. 
Estuarine, Coastal and Shelf Science 31,487-498. 

Frechene, M., Demers, S. & Grant, J. 1988 An in situ esrimation of the effect of wind-driven resuspension on 
growrh of the mussel, Myrilus edulis.Joum1 of Shellfish Research 7,193. 

Gabrielson, J. O. & Lukatelich, R. J. 1985 Wind related resuspension of sediment in the Peel-Harvey 

Garcia-Soto, C., de Madariaga, I., Villate, F. & Orive, E. 1990 Dar-to-day variability in ‘de plankton 
community of a coastal  shallow^ embayment in response to changes in river runoff and water turbulence. 
Estuarine, Coasrdand SheZf Science 31,217-229. 

Guiral, D. 1983 Physicochimie et biogéochimie des eaux et des sédimenn de la station d’aquaculture de Layo 
(lagune Ebrié, G t e  d‘Ivoire). Documents Scientifiques du Centre de Recherches Océanographiques 14,l-29. 

Guiral, D. 1986 Modifications et transformations des écosystimes skdimentaires par des élevages piscicoles 
en lagune Ebrié ( a t e  d’Ivoire). Aquaculture 52,287-302. 

Guiral, D. 1992 L‘instabiliti. physique, facteur d’organisation et de structuration d’un écosystème tropical 
saumâtre peu profond la lagune Ebrit. Vie et Milieu 42,73-92. 

Heathershaw, A. D. & Langhorne, D. N. 1988 Observations of near bed velocity profiles and sea bed 
roughness in tidal currents flowing over sandy gravels. Estuarine, Coastal and Shelf Science 26,459-482. 

Hellström, T. 1991 The effect of resuspension on algal production in a shallow lake. Hydrobiologia 213, 
183-190. 

Kennish, M.J. 1986 Ecology of estuaries. Vol. 1: Physical and chemical aspects. CRC Press, Boca Raton, 
254 pp. 

Kinsman, B. 1965 Wind waves: their generation and propagation on the ocean surface. Prentice Hall, Jersey, 
676 pp. 5 

Lännergren, C. 1979 Buoyancy of natural populations ofmarine phytoplankton. Marine Biology 54,l-10. 
Legendre, L. & Legendre, P. 1984 Ecologie numérique. Tome 2. La structure des donnies écologiques. 

Masson, Paris, 335 pp. 
Lehay, D. 1984 Système lagunaire Ebrié (Abidjan, G t e  d’Ivoire). Synthese des donnies, modelisation de la 

courantométrie, dispersion. Mémoire DEA Océanographie Physique, Université de Brest, 11 1 pp. 
Luetrich, R. A., Harleman, D. R. F. & Somlyody, L. 1990 Dynamic behaviour of suspended sediment 

concentrations in a shallow lake perturbed by episodic wind events. Limnology and Oceanography 35, 
1050-1067. 

Mooismith, S. G. 1985 Wind forced motions in stratified lakes and zheir effects on mixed-layer shear. 
Limnolofl and Oceanography 30,771-783. 

Monteny, P. A. 1984 Données climatiques recueillies B la station ORSTOM Adiopodoumé (1948-1984). 
Orstom Adiopodoumé, 45 pp. 

Pagano, M. & Saint-Jean L. 1988 Importance et rôle du zooplancton dans une lagune tropicale, la lagune 
EbriC (Côte d’Ivoire): peuplements, biomasse, production et bilan metabolique. Thhe  de Doctorat 
d’Etat, Universiti. Aix-Marseille II, 390 pp. 

Pagis, J., Lemasson, L. &Dufour, P. 1979 Elements numtifs et production primaire dans les lagunes de G t e  
d’Ivoire: cycle annuel. Archives Scientifiques du Centre de Recherches Océanographiques d’Abidjan 5,140. 

estuarine system. Estuarine, Coastal and Shelf Science 2,135-145. F 

r: . ,  . .  . .  
. .  . . .  

. .  
. . .  ... 

L .  .:. . . - , . 


