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ABSTRACT

Using numerical modeling, this work estimates sediment dispersion patterns caused by the incidence of waves in five

distinct coastline contours of the Jequitinhonha River delta plain during the Late Holocene. For this study, a wave

climate model based on the construction of wave refraction diagrams relative to the current boundary conditions was

defined and assumed to be valid for the five coastlines. Numerical modeling from the refraction diagrams was carried

out considering the angle of incidence and wave height along the coastline. This work has allowed us to reproduce

past and current patterns of net longshore sediment drift defined by a conceptual model developed from the integration

of sediment cores, aerial photograph interpretation, C14 datings and geomorphic indicators of longshore drift. These

results show that, on average, current wave conditions in the east-northeastern Brazilian region seem to have remained

characteristically the same from approximately 5100 years BP until the present time. This type of information can

be important when attempting to simulate possible future situations in terms of the long-term general behavior of the

east-northeastern Brazilian coastal region.
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INTRODUCTION

Numerical modeling is used to study the evolution of

coastal systems because it facilitates the investigation of

processes that have occurred in the past (Cowell and

Thom 1994). Accordingly, as stated by Cowell et al.

(1995), the degree to which a simulation can reproduce

the features observed in nature is a measure of its suc-

cess. However, it is important to understand that the

Correspondence to: Iracema Reimão Silva
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confirmation of the results of a model does not neces-

sarily prove its veracity, but merely does not invalidate it

(Oreskes et al. 1994).

Based on numerical modeling performed on wave

refraction diagrams and under current boundary con-

ditions, Bittencourt et al. (2005) presented a model of

sediment transport that reproduces, on a regional scale,

the directions of net longshore drift along a coastal

stretch of approximately 3000 km in length in the east-

northeastern Brazil. These directions were shown by

these authors to correspond in large scale to those pro-
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posed by Dominguez et al. (1992) based on paleogeo-

graphic reconstructions, which have persisted in the

east-northeastern Brazilian coast since the Late Quat-

ernary. In general, such persistence seems to be basi-

cally related to the marked stability of the barometric

high pressure of the South Atlantic cell, which causes the

trade winds system generated within it to be markedly

stable. This stability results in a pronounced consis-

tency in the direction and velocity of these winds

and, consequently, in the dispersion of sediments along

the east-northeastern Brazilian coast (Dominguez et al.

1992). J.K. Guimarães and J.M.L. Dominguez (unpub-

lished data) and Bittencourt et al. (2007a) used the same

method utilized by Bittencourt et al. (2005) and the cur-

rent boundary conditions to estimate via inverse numer-

ical modeling the patterns of net longshore drift under

different scenarios during the quaternary evolution of

the São Francisco River delta (in the central part of

the east-northeastern Brazilian coast) and Doce River

delta (in the south part of the east-northeastern Brazilian

coast), observing that these patterns were comparable

to those estimated from paleogeographical reconstruc-

tions. Subsequently, Bittencourt et al. (2007b) used a

similar approach in the São Francisco River mouth to

explain the different erosive phases that historically

have been occurring there.

The above results may mean that, on average, re-

garding the east-northeastern Brazilian coastal region,

the current boundary conditions (waves and wind) seem

to have maintained their characteristics at least since

the Late Quaternary.

The objective of this study was to experimentally

develop a numerical simulation to assess the scope of

applicability of the method used by Bittencourt et al.

(2005). In this way, it was used the using the current

boundary conditions imposed by the incident ocean

waves and the intensity and direction of surface winds

to reproduce the sediment dispersion patterns along the

east-northeastern Brazilian coast that have developed

since the Late Quaternary. Therein, the Jequitinhonha

River delta plain was studied (state of Bahia) (Fig. 1),

whose development during the Late Holocene (Domin-

guez et al. 1987, 2009) has shown evolutionary parti-

cularities that are distinct from those of the Doce River,

which has been studied by Bittencourt et al. (2007a).

GEOLOGICAL – PHYSIOGRAPHIC SETTING

Dominguez et al. (1987, 2009) have shown that the

coastal plain associated with the Jequitinhonha River

mouth is bounded by ancient cliffs carved in Miocene

age deposits of the Barreiras Formation (Suguio and

Nogueira 1999). This plain is composed of Quaternary

deposits including regressive marine terraces, fluvial

terraces and wetlands (Fig. 1).

These marine terraces, composed primarily of me-

dium to fine terrigenous sands, can be classified as

one of two types (Dominguez et al. 1987): a) Pleisto-

cene terraces that are associated with the subsequent

regression of a transgressive maximum dated from

123,000 years BP, and b) Holocene terraces that are

associated with the subsequent regression of a trans-

gressive maximum dated from 5100 years BP. These

terraces can be differentiated, based on patterns of ori-

entation and truncation of beach ridges present in the

surface, into three different ridge systems. These sys-

tems were identified by these authors to be associated

with three successive mouths occupied by the Jequi-

tinhonha River during the Holocene, corresponding to

rapid phases of emergence (5100 to 3800 years BP,

3500 to 2700 years BP, and 2500 years BP to the pres-

ent) and submergence (3800 to 3500 and 2700 to 2500

years BP) from sea level on the Brazilian east coast,

as described by Martin et al. (2003). Thus, these short

duration emergences resulted in the drowning of the

river mouths, which can be associated with the change

of the river’s course by an avulsion process. New deltaic

features were built in the new mouths occupied by the

river during the submergences (Dominguez et al. 1987).

Based on these data, these authors were able to recon-

struct, in time and space, paleogeographical maps cor-

related to the aforementioned sea level oscillations

(Fig. 2).

As for the sediment dispersion patterns along the

coastline during the evolution of the Jequitinhonha

River delta, Dominguez et al. (1987) conditioned their

evolution model for this delta plain in the general direc-

tion of the net longshore drift of sediments from south

to north, similar to that observed by others (Bittencourt

et al. 2005, Dominguez et al. 2006) and assessed in

the present study. Furthermore, for the current coast-
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Fig. 1 – Geological map of the coastal plain associated with the Jequitinhonha River mouth and the

morphology of the continental shelf (after Dominguez et al. 1987). Is also shown the limit of Figure 7.

line, which is composed primarily of medium to fine

terrigenous sands, Dominguez et al. (2006) identified

a divergence in the direction of the net longshore drift

in the region of the most prominent deltaic cusp that is

associated with the mouth. Several geomorphic indica-

tors of longshore drift that point toward the north can

be found in the northern half of the current coastline,

whereas a single indicator in the southern half relative

to the deltaic feature associated with the emergence

phase between 3500 to 2700 years BP can also be ob-

served pointing to the north (Dominguez et al. 1983,

1987) (Fig. 1).

The Jequitinhonha River (Fig. 1), a wave-domin-

ated delta, drains into an area of approximately 66,000

km2, showing a deltaic area of about 800 km2. In the

vicinity of its coastal plain, the continental shelf can be

subdivided into two parts with well-distinguished char-

acteristics. At the north of the mouth the continental

shelf presents an average width of 26 km, with isobaths

that are generally parallel to the coastline. The mean

slope in this section is on the order of 3 m/km, and its

primary feature is the Belmonte Canyon. At the south

of the mouth the shelf broadens, reaching a maximum

of 105 km. In this section, the primary feature is the

Royal Charlotte Bank, which presents a flat surface with

a mean slope of about 0.40 m/km. The shelf break oc-

curs between the 60 and 80 m isobaths (França 1979).

ATMOSPHERIC CIRCULATION ON THE SURFACE

The study area is located within the South Atlantic trade

wind belt associated with the anticyclone circulation

around the South Atlantic Subtropical High (Bigarella

1972, Kousky and Chu 1978, Martin et al. 1998). This

high has a strong quasi-stationary character, but has a

well-defined seasonal cycle that imposes a change in di-

rection and average wind intensity along the coast of

the state of Bahia.

In order to characterize the mean wind conditions

in the region of interest, climatological data were ob-
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Fig. 2 – Paleogeographic maps of the coastal plain associated with the

Jequitinhonha River mouth from 3800 to 2500 years AP (after Dominguez

et al. 1987). The limits of Figures 3-6 are also shown.

tained using the surface winds and reduced pressure at

sea level from global atmospheric analyses (based on

a temporal series extending from 1948 to 2000) per-

formed by the National Centers for Environmental Pre-

diction (NCEP/NOAA), USA (Kalnay et al. 1996), avail-

able on their webpage [http://www.ncep.noaa.gov]. In

the austral summer, the South Atlantic Subtropical High

reaches its lowest average intensity during the year,

around 1020 hPa, and its center is positioned more to

the south, at 30◦S, 5◦W. The winds in the coastal region

in the south of Bahia State with latitudes higher than

15◦S blow predominantly from the east-northeast, even-
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tually being altered to the southeast by traces of frontal

systems that penetrate these low latitudes (Kousky 1979,

Molion and Bernardo 2002). In the austral winter, the

Subtropical High reaches its maximum intensity, around

1024 hPa, and its center is located a little more to the

north and east, at approximately 28◦S, 10◦W. The pre-

dominant winds from east-southeast are then modulated

by the penetration of cold fronts with winds from south

to southeast. The seasonal cycle of winds and subtropi-

cal highs change the average position of the divergence

region of the surface windsin the Brazilian coast to ap-

proximately 13◦S in the summer and 20◦S in the winter.

WAVE CLIMATE MODEL

There are no direct wave measurements for the study

area. The wave statistics (height and period) used in this

study were extracted from Hogben and Lumb (1967).

Considering that, along the east Brazilian coastal region,

sea-type waves are much more common than swell-type

waves (Davies 1972), which was confirmed by the wave

statistics given in Hogben and Lumb (1967), wind cur-

rent data were used to derive the frequencies regard-

ing the wave fronts reaching the coastline. Therein, be-

cause winds and waves are subject to temporal and spa-

tial variability in different scales, we considered the av-

erage directions of winds. In this same vein, Cowell

and Thom (1994) and Hanson et al. (2003) pointed out

that the dependence of winds and waves on the stochas-

tic fluctuations becomes less important on geological

scales (millennia) – covering the present study – in which

coastal development occurs more often in response to

trends in average environmental conditions. The average

wind directions and frequencies used herein (the latter

re-dimensioned to 100%) (DHN 1993), which corres-

pond to a time series from 1951 to 1972 and are able

to generate waves in the direction of the coastline, are

shown in Table I. The predominant periods and heights

associated with these wave directions, also shown in

Table I, were considered according to Hogben and

Lumb (1967). It should be noted that the wave statis-

tics used herein are uncertain due to the inaccuracy in-

herently present in the way in which they were obtained.

This method relies on an observer’s ability to determine

some average height of the chaotic wave surface (Young

and Holland 1996) from visual estimates in ships that

usually follow standard routes. Based on these data, re-

fraction diagrams were manually constructed according

to procedures described in CERC (1984), resulting in

a generic wave climate model for the study area. The

bathymetric data used in the construction of these dia-

grams were extracted from a Brazilian Navy nautical

chart on an approximate scale of 1:300,000. Refraction

diagrams were constructed for the five distinct scenarios

of shoreline position defined by Dominguez et al.

(1987), from 5100 years BP until the present, as men-

tioned above (Figs. 1-2 and 3-7). The refraction dia-

grams constructed herein were based on current bound-

ary conditions, had their wave-rays refracted to the

10 m isobath, and from there held their last propaga-

tion direction extending to different prior coastlines. No

effort was made to rebuild the paleobathymetries because

enough data were not available. Thus, we are conscious

of the limitations of the data used, especially those per-

taining to the current river mouth, wherein the isobaths

clearly depict progradational geometry. In addition to

the fact that, during the construction of the refraction

diagrams, the attenuation of the wave energy by friction

with the bottom was not considered, these limitations

naturally give rise to more uncertainty about the sedi-

ment dispersion patterns described in this work. How-

ever, even with these limitations, it will be shown below

that the modeling produced satisfactory results.

DETERMINATION OF NET LONGSHORE DRIFT
DIRECTION

Considering the inadequacy of small-scale knowledge

for the construction of long-term models, it is essen-

tial to eliminate noise that can be incorporated into the

modeling that is indicative of the processes related to

high frequency variables (Cowell et al. 1995, 2003, Lar-

son et al. 2003, List and Terwindt 1995, Thieler et al.

2000). Thus, as indicated by De Vriend et al. (1993), for

long-term (millennia) modeling, it is important to reduce

information and use a small number of significant para-

meters that facilitate the interpretation and confirmation

of the modeling. Furthermore, this procedure helps alle-

viate the uncertainty of the model (Terwindt and Battjes

1991, in Cowell et al. 1995). However, we should be

aware that the greater the time involved, the greater the

importance of historical contingency aspects.
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TABLE I

Wave direction, period and height of the studied area prepared from

Hogben and Lumb (1967) data. The annual frequencies of the winds

responsible for generating the waves (after DHN 1993) are also shown.

These frequencies were used in the calculation of the net longshore drift.

Direction
Wave period

Initial Annual frequency

of propagation
(sec.)

deep water as deduced from

of the wave-front wave height (m) the wind record

NE (N45◦) 5.0 1.0 31

E (N90◦) 5.0 1.0 35

SE (N135◦) 6.5 1.5 21

SSE (N157.5◦) 6.5 1.5 13

The direction of net longshore sediment drift was

determined by the calculation of the potential intensity

of longshore drift for each wave-front direction accord-

ing to the method described in Bittencourt et al. (2005).

This relatively simple method combines the minimum

number of necessary parameters to achieve the goals of

modeling. This approach considers that: a) the wave en-

ergy outside the breaker zone is directly proportional to

the square of its height (Davies 1972, Munk and Traylor

1947), and b) the intensity of the longshore drift is pro-

portional to the angle at which the wave-front strikes the

coastline (Kokot 1997, Komar 1976, Zenkovitch 1967)

according to the function (Komar 1976):

Y = sin a ∙ cos a, (1)

where Y is an intensity factor for the potential longshore

drift, and a is the incidence angle of the wave orthogonal

to the shoreline. Thus, the potential intensity of the long-

shore drift was expressed by a non-dimensional number

according to the function:

X = Y.H2, (2)

where X is the intensity of the longshore drift, and H

is the normalized wave height (i.e., the results were di-

vided by a 1 m constant value). The wave height along

the coastline was estimated according to the equation

(Bascom 1954):

H = H0(b0/b)1/2, (3)

where the subscript zero designates deep water condi-

tions (Table I), and b is the distance among adjacent sets

of wave-front orthogonals. The coastline was divided

into segments, each of them approximating a straight-

line, in accordance with the orientation of the coastline

(Figs. 3-7). Eventually, a single straight-line segment

was divided into two or more segments due to the pres-

ence of different distance patterns between the wave-

rays, as in the case of segments 8 and 9 in Figure 4

(SE). The distances b and b0 (Figs. 3-7) were measured

at the outer and inner limits of the wave orthogonals

striking each shoreline segment or, rarely, when this was

not possible, by assembling contiguous segments, as in

the case of segments 7 and 8 in Figure 4 (SSE). Thus,

a value for the average wave height was obtained along

the coastline for each coastal segment considered. The

angle a between each segment and a certain wave-front

was the predominant one among the wave-rays striking

that segment, and was directly measured in the refrac-

tion diagram (Figs. 3-7). Later, the value obtained for

the drift intensity was multiplied by the percentage of the

annual frequency of wind direction to which the wave-

front under consideration is associated. In the coastal

sections that presented opposing drift directions during

the year, the direction of the longshore drift was defined

concerning the predominant direction given by the dif-

ference of intensities among opposing drifts.

RESULTS AND CONCLUSIONS

Figures 3 to 7 present the directions of the net long-

shore sediment drift estimated in the present paper. It

has been verified that, in the five modelled scenarios,

the general direction of the drift is south to north, coin-

ciding with the conceptual drift model of Dominguez et

An Acad Bras Cienc (2011) 83 (4)
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Fig. 3 – (A) Coastline in the Jequitinhonha River close to 3800 yr BP (see also Fig. 2). (B) Refraction diagrams for waves with a 5 s period coming

from northeast and east, and 6.5 s period coming from southeast and south southeast. The following are also shown: 1) different segments into

which the shoreline was rectilinearized, 2) incidence angles formed by the wave-rays in relation to the coastal segments, and 3) measurements of

b and b0 (see text) used to estimate wave height along the shore segments. (C) Rectilinearized segments showing the directions of net longshore

sediment drift estimated from a) numerical modeling and b) Dominguez et al. (1987).

al. (1987) designed from paleogeographical reconstruc-

tions and, locally, with geomorphic indicators of long-

shore drift in the coastal plain. Exceptions to this pattern

are observed during the progradation phases of the Je-

quitinhonha River delta, in the form of a small stretch

of divergence in the drift direction, with the nodal point

located at the apex of the delta cusp (Figs. 3, 5, and 7).

Such divergences, which are irrelevant to understanding

the evolution of the coastal plain on the approximation

scale of the model proposed by Dominguez et al. (1987),

were not included. However, the presence of this local

reversal in the drift direction is to be expected during

the phases of delta development when the delta cusp be-

comes more prominent because of an increased load of
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Fig. 4 – (A) Coastline in the Jequitinhonha River around 3500 yr BP (see also Fig. 2). (B) Refraction diagrams for waves with a 5 s period coming

from northeast and east, and 6.5 s period coming from southeast and south southeast. The following are also shown: 1) different segments into

which the shoreline was rectilinearized, 2) incidence angles formed by the wave-rays in relation to the coastal segments, and 3) measurements of

b and b0 (see text) used to estimate wave height along the shore segments. (C) Rectilinearized segments showing the directions of net longshore

sediment drift estimated from a) numerical modeling and b) Dominguez et al. (1987).

sediments released by the river at the mouth (Pranzini

2001, Komar 1973). Locally, small changes may have

occurred in sediment dispersion patterns related to mor-

phodynamic adjustments linked to the development of

bars associated with the river paleomouths.

Finally, we can conclude that, despite the different

levels of uncertainty that arise from several limitations

related to the methodology and the boundary conditions

used herein and the simplified assumptions incorporated

into the model, this work has allowed us to reproduce
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Fig. 5 – (A) Coastline in the Jequitinhonha River close to 2700 yr BP (see also Fig. 2). (B) Refraction diagrams for waves with a 5 s period coming

from northeast and east, and 6.5 s period coming from southeast and south southeast. The following are also shown: 1) different segments into

which the shoreline was rectilinearized, 2) incidence angles formed by the wave-rays in relation to the coastal segments, and 3) measurements of

b and b0 (see text) used to estimate wave height along the shore segments. (C) Rectilinearized segments showing the directions of net longshore

sediment drift estimated from a) numerical modeling, b) Dominguez et al. (1987) and c) geomorphic indicators.

the past and present sediment dispersion patterns dur-

ing the evolution of the Jequitinhonha River delta in the

Late Holocene proposed by Dominguez et al. (1987),

as well as those implicated by geomorphic indicators

of longshore drift. Therefore, this fact reinforces the

above view that, on average, in the east-northeastern

Brazilian region, current wave conditions seem to have

the same general characteristics from approximately

5100 years BP until the present time. This type of in-

formation, despite the uncertainties inherent in predic-
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Fig. 6 – (A) Coastline in the Jequitinhonha River around 2500 yr BP (see also Fig. 2). (B) Refraction diagrams for waves with a 5 s period coming

from northeast and east, and 6.5 s period coming from southeast and south southeast. The following are also shown: 1) different segments into

which the shoreline was rectilinearized, 2) incidence angles formed by the wave-rays in relation to the coastal segments, and 3) measurements of

b and b0 (see text) used to estimate wave height along the shore segments. (C) Rectilinearized segments showing the directions of net longshore

sediment drift estimated from a) numerical modeling and b) Dominguez et al. (1987).

tions of the coastal system evolution (Cowell and Thom

1994, Oreskes et al. 1994, Terwindt and Battjes 1991,

in Cowell et al. 1995) and their greater complexity com-

pared to inverse modeling (De Vriend 2003), may be

important when attempting to simulate possible future

scenarios. However, they leave out the chronological

connotations of observing the general long-term beha-

vior of the Brazilian coastal regions mentioned above.
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Fig. 7 – (A) Current coastline in the Jequitinhonha River (see also Fig. 1). (B) Refraction diagrams for waves with a 5 s period coming from

northeast and east, and 6.5 s period coming from southeast and south southeast. The following are also shown: 1) different segments into which

the shoreline was rectilinearized, 2) incidence angles formed by the wave-rays in relation to the coastal segments, and 3) measurements of b and b0

(see text) used to estimate wave height along the shore segments. (C) Rectilinearized segments showing the directions of net longshore sediment

drift estimated from a) numerical modeling and b) geomorphic indicators.
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RESUMO

O presente trabalho apresenta uma estimativa, por modelagem

numérica, dos padrões de dispersão de sedimentos causados

pela incidência de ondas em cinco distintos contornos de li-

nhas de costa da planície deltaica do Rio Jequitinhonha du-

rante o Holoceno Tardio. Para isso, um modelo de clima de

ondas baseado na construção de diagramas de refração de onda,

em função das condições de contorno atuais, foi definido e

assumido ser válido para as cinco linhas de costa. A mode-

lagem numérica, a partir dos diagramas de refração, foi feita

considerando o ângulo de aproximação e a altura da onda ao

longo da linha de costa. O trabalho permitiu reproduzir os

padrões pretéritos e atuais da deriva litorânea efetiva de sedi-

mentos, definidos por um modelo conceitual desenvolvido a

partir da integração de testemunhos de sedimentos, interpre-

tação de fotos aéreas e datações de C14, bem como por in-

dicadores geomórficos de deriva. Estes resultados mostram

que, em média, em relação à região leste-nordeste brasileira

as condições de onda atuais parecem ter permanecido com as

mesmas características desde aproximadamente 5.100 anos

A.P. até o tempo atual. Esse tipo de informação pode ser im-

portante para tentativas de simulação de possíveis situações

futuras em termos do comportamento genérico de longa du-

ração das regiões costeiras leste-nordeste brasileira.

Palavras-chave: transporte litorâneo passado e atual, refração

de ondas, modelagem numérica, Holoceno, Brasil.
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