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Abstract: Aeolian features framed as foredunes worldwide, whose classification faces challenges to 

separate wave-formed from aeolian ridges, are relevant to the context of anthropic control. An ex-

ample of this kind of morphology, previously classified as foredunes, is arranged along Brazil’s 

northeastern coast, and the pertinence of its classification as such or even as truly developed dunes 

was examined. To contribute to the debate on this issue, detailed geomorphological mapping was 

carried out through UAV and LIDAR surveys, in addition to the multitemporal study of satellite 

images and aerial photographs. Ground penetration radar sections, trenches, and particle size anal-

ysis were also conducted. Although the obliquity of wind direction to the coastline, this study's 

main bedform of focus shows coast-parallel positioning conditioned by the exogenous vegetation 

previously inserted about 70 m from the high tide line. This morphology showed practically no 

migration for over 15 years; however, the wind breaks through the vegetation barrier and develops 

depositional lobes and V-shaped low crests protruding into the mainland. GPR sections reveal 

cross-strata sets with a high dip angle in only two aeolian sequences, one preceding exogenous 

vegetation introduction and the other in a contemporary layer, amidst the dominance of horizontal 

to sub-horizontal strata. The sediments are characteristically aeolian, with cross-strata and morphol-

ogy resembling incipient protodunes and a few stretches at the lee slope highlighting characteristics 

of retention or precipitation dunes. There was little similarity to the foredunes compared to the 

other occurrences along the equatorial northeast coast; there was also an inconsistency in the corre-

lation between the cross-strata and the morphological stage. In addition, the disconnection between 

the aeolian dynamics and morphogenetic process also differentiates it from regional foredunes. This 

morphology, therefore, presents aspects that are not characteristic of the classification of foredunes 

or the naturally formed dunes in the region and thus demands a classification to emphasize the 

anthropogenic character. 
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1. Introduction 

Natural sandy ridges formed parallel to the coastline and along the backshore zone 

or in its vicinity can vary between those entirely wave-formed, those by aeolian deposi-

tion within vegetation defined as foredunes [1,2] a combination of both, or even those 

formed by human interference. 

The occurrence of such morphology formed by the wind action along the coast of 

Northeast Brazil draws attention for not presenting in satellite and UAV images, as well 

as in fieldwork, which are the classic characteristics of what is conventionally defined as 

foredunes. However, these ridges have been mapped as foredunes by public institutions 
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in charge of environmental management and are described in technical reports [3,4]. 

Therefore, as these mappings involve matters of environmental management, they conse-

quently comprise legal issues anchored in a classification still in question. It is noteworthy 

that the supposedly aeolian morphologies arranged close and parallel to the shoreline 

have historical difficulties in being accurately distinguished from those formed entirely 

by the wind, waves, or both [5].  

Foredunes as generally shore parallel, vegetated ramps, terraces, and convex ridges 

separated by concave swales [6]. He points out that foredunes are typically the foremost 

vegetated sand dune formed on beaches’ backshore zone by aeolian sand deposition 

within vegetation.  

Other dune types may occupy the foremost position, especially on eroding coasts; 

consequently, not all of the foremost dunes are foredunes [2,6,7]. In this sense, the term 

foredunes to the situation in which coastal strand plants can establish themselves in num-

bers sufficient to fix the ridge as a primary dune structure [8]. However, he questions the 

vague use of the term to designate any kind of dunes parallel to the coast, which questions 

its usefulness. Foredunes usually can be formed at the upper limit of wave action on pro-

grading beach platforms, where plant colonization acts in trapping windblown sand [9]. 

The foredunes are also a consequence of aeolian sediments deposited on backshore by the 

presence of wrack and wood debris, as pointed out by many authors [1,2,10–15]. 

The idea that foredunes establishment is linked with the imprisonment of sand with 

the concomitant growth of vegetation has also been recurrent in literature [8,15–23]. The 

impact of plant density, shape, distribution, and height on the wind/sand flow are im-

portant [2]. Furthermore, the relationship between sand transport and vegetative biophys-

ical feedback responsible for the growth of foredunes has also been well-studied [1,2,24–

29]. 

As for the participation of anthropogenic actions, the foredune development on the 

Pacific Coast was due to the introduction of marram grass [8]. Thus, the introduction of 

exogenous vegetation strategically implanted parallel to the coast seeking to stop wind-

generated sediment flow can alter wind action and create a morphology that simulates 

foredunes. Still, its positioning on the beach could lead to even more questions about its 

classification.  

Human interference processes for the formation or expansion of foredunes have been 

carried out in many coastal regions [30–40] and also with the focus of coastal protection 

and as result of beach nourishment [41–47]. Therefore, the focus of this work was to gather 

data to assess whether certain ridges parallel to the coastline, especially those under the 

known anthropogenic influence, may or may not be properly classified as foredunes or 

even as true dunes. For this purpose, a set of techniques involving the evaluation of mor-

phological characteristics, position related to the beach face, internal structures architec-

ture, and the history of wind morphodynamics along the coast were applied. 

2. Study Area 

The study site of this research is located along the 370 km of Ceará coast, Northeast-

ern Brazil (Figure 1). The detailed study area in Cumbuco Beach adjoining Fortaleza City, 

the capital city of Ceará State, is represented by three different situations of a coastal 

stretch under intense wind action. This main coastal stretch is controlled by an alignment 

of exogenous vegetation anchoring the sediments carried by the wind and forming a nar-

row, elongated, and partially vegetated ridge, which is separated from the high tide line 

by approximately 70 to 80 m (Figure 1). This alignment extends for about 3 km parallel to 

the beach, and about 300 m of this is positioned in front of a resort, and about 2.7 km is in 

front of an unoccupied area. To the east of this area, a stretch without the presence of this 

vegetation line and without effective occupation of the backshore is highlighted. Five 

other stretches of the coast of Ceará, in the localities of Porto das Dunas, Beberibe, Taíba, 

and Flecheiras (Figure 1), were studied as a comparison for the areas detailed in this study.  
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Figure 1. Location map showing the studied stretches of the coast and wind regime [48].  

2.1. Climatologic and Oceanographic Factors 

The region is highly influenced by the Southeast Trade Winds, the El Niño Southern 

Oscillation (ENSO), and the Intertropical Convergence Zone (ITCZ) [49], delimiting an 

average rainfall of around 1243 mm/y, mainly distributed through the period of February 

to May. 

The rainy season usually starts in December, intensifies over the following months, 

and reaches a peak between February and June. From there, it describes a decreasing tra-

jectory with minimums between October and November. The winds also have a seasonal 

distribution, with the low-speed values from January to June, with the lowest values seen 

in March and April, and the highest ones between July and December, with peaks between 

August and September. The evaluation of wind direction and speed main averages, con-

sidering the data measured in Cumbuco, Pecém, and Paracuru localities, shows the most 

common wind directions are those from the ESE quadrant, followed by the E quadrant. 

Other wind directions did not have a significant occurrence and are often associated with 

periods of greater rainfall, which in theory decreases the effectiveness of transporting sed-

iment. Sand roses along the Ceará coasts indicate the unidirectional easterly winds (Figure 

1), with RDP/DP values close to 1 and average drift potential of about 692 v.u. [48,49].  

The average annual temperature for the last 26 years, measured at FUNCEME station 

in Fortaleza, is in the range of 27.3 °C, with a maximum of 32.4 °C and a minimum of 26 

°C, producing a maximum range of variation around 6.4 °C.  

The tidal regime in the region can be characterized as mesotidal, associated with a 

semi-diurnal periodicity. 

Main wave directions with the respective heights and periods affecting the study area 

are N25°, with heights of 1.0 to 1.5 m and periods of 5.0 to 6.5 s; N60°, with heights of 1.0 

to 1.5 m and periods of 5.0 to 6.5 s. Swell waves (period 10 to 20 s) comprised 28%, while 

sea waves (period 1 to 9 s) reached 72% of the occurrence over one year, of which 58% of 

the periods were concentrated in the range of 4 to 7 s [50]. 
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2.2. Geology and Geomorphology  

The area consists of a stratigraphic sequence represented by Precambrian unities in 

its base that outcrop into the Cumbuco and Pecém headlands (Figure 1) and are over-

lapped by Cenozoic sequences constituted by deposits of the Barreiras Formation in ad-

dition to colluvial and eluvial cover [51] Finally, at the top of this sequence are the quater-

nary units represented by fluvial, aeolian, and beach deposits. 

The geomorphology of the region combines beaches ranging from Reflective plus 

Low Tidal bars and rips (R + LTR) to Reflective plus Low Tide Terrace (R + LTT) [52]. The 

presence of a reflective high tide beach and a more dissipative beach at low and interme-

diate tides are very common on all the R + LTR beaches. Beach face scarping commonly 

occurs at high tide but with minimal changes in the beach face. Aeolian terraces are rep-

resented by active and stabilized deflation plains and fixed and mobile dunes. The most 

anthropized area in question is characterized by fine to medium sand, predominantly ae-

olian. The aeolian surface varies from 500 to 5000 m in extension landward, with many 

dunes positioned obliquely to the coastline. In some segments, for which this study case 

is a perfect example, the coastline position favors sediment mobilization by the wind flow-

ing towards the continent, originating dune fields with past migration over 10,000 m in-

land [51],a process that is still recorded by the presence of stabilized vegetated dunes. 

2.3. Coastal Dynamics 

To better understand coastal dynamics on the coast of Ceará, it is appropriate to di-

vide it into segments according to the predominance of specific processes (Figure 2). Wave 

diffraction predominates over wave refraction along the segment with the most signifi-

cant curvature of the bays immediately downstream of the promontory, called “first seg-

ment” [51], and is based on beach equilibrium [53–55] (Figure 2). In this segment, there is 

intense feedback on the beach from the sediments transported by the wind from the up-

stream-facing of the promontory into this area. In the second segment, which presents a 

straighter coastline than the segment above, the wave refraction process predominates, 

with a tendency to hit perpendicular to the coastline, minimizing drift transport in taking 

more sediment available for wind transport towards the interior of the continent [51,56] 

(Figure 2). There is a relationship between winds and shoreline orientation for the coast 

in southern Brazil, wherein the foredune volume is at a minimum in the greatest bay cur-

vature of the beach and at a maximum in the smoothing curvature stretch of the coast [57]. 

 

Figure 2. The conceptual model for coastal morphology shows the variation in the coastal segment 

and its relationship with aeolian transport and foredunes formation (modified from [51]). 
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3. Methods 

3.1. Ground Control Points (GCPs) Determination 

Eleven GCPs were set, and their precise geographic location was obtained using RTK 

(Real-Time Kinematic system) geodetic GPS. The GCPs and the reference points for fur-

ther geographic rectification were marked with a 50 cm × 50 cm black mat with a white 

“X” painted at the center (Figure 3). 

 

Figure 3. 3D map locating RTK points, treches (T1 to T7) and GPR sections (P1 P2,P3,P4,P5 and 

P6). 

After the field data acquisition stage, the control points were adjusted to ellipsoidal 

height and horizontally corrected by triangulation based on the information from two al-

timetric stations of the Brazilian Network of Continuous Monitoring (RBMC). Using 

MAPGEO 2015, free software from the Brazilian Institute of Geography and Statistics 

(IBGE), altimetry and geoidal undulation were verified, in addition to the conversion of 

geometric RTK data to orthometric values related to mean sea level. 

3.2. Multitemporal Image Processing 

In order to carry out the multitemporal study, a survey of the Landsat/Copernicus 

satellite images available from 2004 to 2018 was carried out. These images were processed 

and georeferenced in a GIS environment on the SIRGAS2000/UTM ZONE 24S datum. 

Data from the RTK Geodetic GPS measure in the study area were used to refine the georef-

erencing of these images.  

In addition, imaging was also performed associating a UAV and RTK survey, leading 

to the development of a digital elevation model (DEM), as described below. The resulting 

DEM served as an altimetric basis to compare the evolution of wind morphologies and to 

define elements of association between such morphologies and characteristics of textures, 

as well as the roughness of the satellite images. 
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3.3. UAV Data Acquisition and Analysis 

The flight mission was carried out on 8 January 2019 under good meteorological con-

ditions. A flight plan was produced previously in the lab. The input of information related 

to flight altitude (135 m), lateral and longitudinal overlap (80%), velocity (11 m/s), and the 

insertion of waypoints guided the route of photogrammetric coverage through an area of 

0.18 km2 with five coast-parallel lines and 71 acquired photographs. For this purpose, was 

used a Phantom 4 DJI (Da-Jiang Innovations Technology Co) with a DJI FC330 camera of 

4000 × 3000 pixels resolution, 6.17 mm × 3.47 mm CMOS (complementary metal-oxide 

semiconductor) sensor, and 3.61 mm focal length. 

Adjustments of the images’ coordinate system generated by aerial photographs with 

the terrain coordinate system were conducted using 11 control points (PCs) in the field 

(Figure 3). Three were used as verification at the end of the processing and generation of 

cartographic products. Similar to the satellite images, the horizontal information used for 

UAV data was SIRGAS 2000/UTM Zone 24S. 

Residual errors for the X (Easting), Y (Northing) and Z (Altitude) axes of all control 

points were calculated from about a total error of 5.42 cm, translating into a pixel dimen-

sion accuracy of 0.83 cm. 

The processing of area photographs acquired by UAV was performed using the 

OpenDroneMap software, allowing the creation of DEM, DTM and Orthomosaic, the 

main products of this type of work. 

Next, the phases of camera alignment and point cloud formation were carried out, 

creating 121,803 tie points. The alignment of photos and the generation of tie points was 

of fundamental importance for the generation of densified point clouds and the subse-

quent creation of 3D models, in addition to being a point of connection between the or-

thophoto in the process of creating the mosaic. 

A general election was made to exclude parts of the terrain that did not contribute to 

the processing and generation of orthophoto and models, such as seawater strips and the 

entire area's North, South, East and West side edges. This process was followed by the 

insertion of Ground Control Points (GCPs) acquired in the field, a step in which the posi-

tional accuracy of the point cloud is adjusted and improved based on a series of geometric 

corrections. A high-resolution Dense Point Cloud was generated next, resulting in 

15,318,446 points and contributing as a base for DEM and Orthomosaic generation. From 

the DEM, the data was filtered, classifying different elements within the terrain, leaving 

only the data necessary to generate the DTM. In this last stage, Orthomosaic was created, 

and all the final products were used to map the geoenvironmental units of interest. 

3.4. Internal Structure Using Trench and GPR 

Subsurface data were acquired through electromagnetic and manual methods. To 

understand superficial internal sedimentary structures, eight trenches up to 30–50 cm 

deep were excavated in strategical stretches of the study area, where the layering pattern 

could reveal interesting aspects to the classification of the morphologies. Some of them, 

including trenches T2, T5, T6, T7, and T8, were excavated throughout geophysical profiles 

(Figure 3), aiming to match both results. Trench T1 is on a slightly elevated depositional 

surface, while T3 is located at what once had been a lee projection of the previous feature. 

Trench T4, located nearby profile P6, marks a reference to the stabilized deflation surface 

leeward of the likely retention dune.  

Furthermore, to enhance internal structure interpretation and corroborate conclu-

sions based on the UAV-generated models, six geophysical sections were performed us-

ing Ground Penetration Radar (GPR). This method consists of a high-resolution sampling 

technic based on the reflection of electromagnetic waves [58,59]. The equipment used was 

a GSSI (Geophysical Survey Systems, Inc., Nashua, NH, USA) model SIR-3000 with 200 

and 400 MHz antennas, which can measure depths up to 8 m on dunes. All sections were 

performed with a constant spacing sampling of 40 traces per meter. When processing 
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these data, a velocity of 0.113 m/Ns determined from diffraction hyperboloid analyses 

with ReflexW 5.0, Licence Number 639 (©Sandmeier Scientific Software) was obtained for 

the shallow sediment cover that allowed for the parameterization of GPR depths with a 

mean dielectric constant of 6.94.  

Due to the marked relief, topographical corrections were conducted on the GPR sec-

tions using a RTK Geodetic GPS.  

The data processing mechanism followed the routine which includes: (i) data editing, 

(ii) signal treatment, and (iii) presentation of the processed image [60].  

GPR section number one (P1) took place on the west side of the detailing area, cov-

ering a 90 m long transect. Sections P2 and P3 have around 50 m, while P4 and P5 were, 

respectively, around 90 m and 100 m long (Figure 3). Finally, section P6, located on the 

east side of the detailing area, had the longest profile of about 140 m (Figure 3). 

3.5. Particle Size Analysis 

The subsurface and surface sediments were sampled in trenches along with the six 

profiles and at the east of the exogenous vegetation crest along the study area, in a total 

of nine sediment samples (Figure 3).  

Sediment samples were dried to determine grain size by gravimetry analysis [61]. 

The samples with 100 g were wet-sieved to separate the mud fraction from sand and 

gravel. The mud’s fraction was less than 10%. The grain size analysis was carried out at 1 

phi intervals with a mechanical agitator for 10 min at a frequency of 10 Hz. Therefore, a 

sequence of sieves of different meshes was used [62]. 

To obtain the granulometry data and statistical parameters, the SISGRAN software 

was used [63]. The statistical parameters used were those of Folk and Ward [64] and pro-

vided a good application of the sedimentology of beaches and dunes. 

4. Results 

4.1. Geomorphology and Morphodynamics 

Across from the resort area and extending westward, there were exogenous vegeta-

tion (Casuarina equisetifolia) and coconut tree alignments parallel to this coastline, im-

planted in the 1960s, and it is also supported by the gradual expansion of native vegetation 

colonization verified in the multitemporal study of satellite images and photographs ac-

quired by UAV. 

The stretch between the foreshore and upper part of the backshore, mainly along the 

resort strip (Figures 4 and 5A), is under an active deflation process. It is likely to be largely 

due to the heavy traffic of vehicles [65,66], as well as constant touristic activities. In addi-

tion, over the years, no work has been identified aiming at the artificial construction of 

dunes along this stretch, such as beach scraping [67,68]. On the other hand, along the 

stretch of exogenous vegetation alignment, relatively far from the swash zone, a sandy 

ridge was formed parallel to the beach line fed by sediment inflow brought by the wind 

to the backshore’s highest portion (Figure 4). The stabilization process of this aeolian crest 

occurs with greater intensity throughout the area in front of the resorts, where implanta-

tion and gardening maintenance are seen to fix sediments dispersed by the wind. This 

crest presents itself in isolation, consequently without the development of swales. The 

evolution of the vegetation cover from 2004 to 2018 on this crest parallel to the beach (Ta-

ble 1) shows an increase in the vegetation cover between 2004 to 2012 and a decrease be-

tween 2012 to 2018, with an increase in the crest area associated with a possible decrease 

in vegetation cover. 
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Figure 4. Morphological map showing the anthropogenic crest parallel to the beach, on which the 

vegetated stretches separated by preferential corridors of wind/incipient blowouts stand out. The 

active deflation surface to windward, and the stabilized deflation surface and the low V-shaped 

ridges the leeward. To the east, the incipient natural foredunes stand out. 
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Figure 5. The photographs shown in Figure 5 (A–E) show low terraces formed by the dissipation of 

sand along preferential wind corridors, producing low V-shaped ridges (A,B) and depositional 

lobes (C), sandy terraces over the stabilized deflation plain (D), and retention or precipitation sandy 

deposits, as well as lobe deposits, (E) Cumbuco Beach. 
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Table 1. Evolution of vegetation cover from 2004 to 2018. 

Year Crest Area (CA) Vegetal Cover (VC) %VC 

2004 21,862.05 m² 7632.34 m² 34.91% 

2012 13,496.89 m² 8568.88 m² 63.49% 

2018 14,977.08 m² 8204.49 m² 55.15% 

In many stretches along this crest parallel to the beach, the wind can excavate areas 

between vegetation cover and develop preferential wind corridors. In these stretches, 

wind causes the formation of deflation channels or incipient blowout and, to the leeward 

side, depositional lobes and low V-shaped ridges (V-s R) (Figures 4 and 5A,B). Eventually, 

these deflation channels highlight more densely vegetated cover mounds (Figure 4), in 

some cases producing morphologies similar to nebkhas. 

The data show that interaction between vegetation and wind transport has a seasonal 

character. Therefore, there was less wind transport and expansion of the vegetation cover 

area during the rainy season, with the opposite occurring during the dry season. In addi-

tion, the evolution of aeolian morphologies from 2004 to early 2019 shows the crest paral-

lel to the beach, and the low V-shaped ridges have practically not migrated for 15 (fifteen) 

years. These morphologies remain around the boundary of the exogenous rectilinear veg-

etation alignment implanted parallel to the coastline.  

Along the stretch where the exogenous vegetation alignment was implanted, the for-

mation and evolution process of low V-shaped ridges and preferential wind corridors has 

been unable to develop true downstream dunes, but only sand dissipation ducts on the 

stabilized deflation surface. Subsequently, these sediments are covered with vegetation 

during the rainy season. 

The photographs in Figure 5A–C show low terraces formed by sand dissipation along 

the wind corridors, producing low V-shaped ridges and depositional lobes. Part of the 

sediments, transported beyond the leeward limit of the ridge parallel to the beach, are 

dissipated, developing sandy terraces over the stabilized deflation plain (Figure 5D). In 

addition, small retention or precipitation sandy deposits (Figure 5E) are occasionally de-

veloped [69]. However, this process occurs more often along the stretch west of the resort 

area (Figure 1), where incipient slipfaces precipitate sediment around and over trees and 

shrubs (Figure 5E). Nevertheless, this type of deposition does not occur in the area east of 

the resort stretch (Figure 1).  

The morphological evolution is completely different along the area east of the resort, 

which is not under the influence of the exogenous vegetation line (Figures 1 and 4). In this 

section, a small ridge truncated by the waves from the spring high tide zone is observed 

(Figure 6A). From this zone, continent inward, an aeolian surface develops partially cov-

ered by native grassy vegetation, with some stretches lowered by wind deflation (Figure 

6B), whose characteristics match incipient foredunes model [2], which is also known as 

‘embryo dunes’ [64].  
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Figure 6. (A) Ridges parallel to the beach line cut by the waves on the windward face of the incipient 

foredunes; (B) incipient foredune experiencing a deflation process; (C) stretch of vegetation cover 

growth and formation of incipient nebkhas; (D) stretch of farther formation of crests oblique to the 

beach line. Cumbuco Beach. 

This morphology extends inland for about 70 m with minor changes in morphologi-

cal characteristics and vegetation cover (Figure 6C). In and around this 70 m, small vege-

tated mounds like nebkha features (Figure 6D) [70–73], vary from the juvenile to the ma-

ture stage [7]. Adjacent to the transition stretch of this incipient foredune, with the stabi-

lized deflation surface, dense and largely shrubby vegetation obliquely oriented to the 

beach line is present and develops V-shaped crests (Figure 6D) at around 80 to 100 m. 

These incipient internal limits of the dunes correspond approximately to the distance in 

which the exogenous vegetation (Casuarina equisetifolia) alignment, parallel to the beach in 

front of the resort, was positioned (Figures 4 and 6C). In the multitemporal study of sat-

ellite images, these incipient foredunes advance beyond the limits of the aforementioned 

line of exogenous vegetation. 

The exogenous vegetation line does not directly influence this east area. Still, it is also 

impacted by the traffic of traction vehicles, which favors sand mobilization and interfere 

with vegetation cover stabilization. 

Elsewhere along the coast, such as in a stretch to the west of Taíba locality (Figure 1), 

in an attempt to impede sandy aeolian transport to an area subdivided for urban occupa-

tion, the placement of parallel tree trunks and brushwood branches in a pile above the 

berm line produced an accumulation of sand ridge parallel to the beach. Additionally, this 

sand accumulation developed V-shaped ridges oblique to the beach (Figure 7), similar to 

what is seen in the focus area of this study, as well as in natural stretches of the Brazilian 

Northeast coast, but still without vegetation cover. 
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Figure 7. Distribution of branches and tree trunks parallel to the beach in the high tide strip with 

consequent development of foredune-like morphology with V-shaped crests oblique to the coast-

line. (A) Photographed in the west direction and (B) in the east direction. Taíba Beach. 

Satellite and field studies show foredunes commonly experience deflation processes, 

developing small blowouts (Figure 8A) or larger blowouts (Figure 8B), such as in Porto 

das Dunas (Figure 1). This is a common coastal process on both eroding and accreting 

coastlines [2,74]. It is likely that, eventually, this process can evolve to form parabolic 

dunes and/or places of sediment accumulation serving as embryos for barchan and bar-

chanoid dunes generation. This occurs when the capacity of sand retention by the vegeta-

tion is exceeded by the volume of sediments carried by the wind. The increase in the vol-

ume of sediments downstream may be sufficient to initiate isolated dunes and transgres-

sive dune fields. 
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Figure 8. (A) Satellite image showing three stages of the blowout evolution; a current blowout zone; 

a stretch with a blowout in a stabilization stage; blowouts already stabilized, showing remnants of 

parabolic hairpin dunes downstream. (B) Development of blowout on incipient foredune. Porto das 

Dunas beach. 

The development of established foredunes with concave swales is also not common 

in this region. However, in a coastal stretch along the Beberibe (Figures 1 and 9), a long 

ridge with vegetation cover was observed positioned immediately at the beginning of the 

less curved bay segment (Figure 2). This crest represents an example of a more established 
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foredune stage observed in this region, which is supported by vegetation cover that is not 

larger than the shrubs (Figure 9). 

 

Figure 9. Foredune in Beberibe beach (see Figure 1) of about 4 m high and 50 m wide. (A) Photo-

graph in the west–east direction, showing two points of sediment advancement over the vegetation. 

In the background, the promontory and the urban occupation in the surroundings are observed. (B–

D) Photographs from east to west forward show the variation in vegetation cover (B) and the inci-

dence of sedimentary flow covering part of the vegetation surface (C), as well as the formation of a 

small incipient blowout and development of depositional lobe downstream (D). 

On the other hand, along a stretch of Flecheiras (Figure 1), the incipient foredunes 

stand out as lowered surfaces and are partially covered by undergrowth. This surface is 

marked by sand shadows (Figure 10A) and larger elongated ridges parallel to the wind 

and oblique to the beach, with partial vegetation cover (Figure 10B). These ridges and 

sand shadows are separated between themselves by recessed surfaces and/or deflation 

surfaces. 
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Figure 10. (A) Sand shadows on lower insipient foredune; (B) incipient foredune highlighted by 

elongated ridges parallel to the wind and oblique to the beach in Flecheiras. 

4.2. Sedimentology 

Sediments on the surface of the incipient foredunes to the east of the resorts are well-

sorted medium sand (samples F1 and F2, Table 2). 

Table 2. Statistical parameters and classifications were obtained for samples F1, F2, T1, T2, T3, T4, 

T5, T6, and T7. 

Sample Mdɸ Skiɸ Kgɸ Siɸ Folk & Ward Classification 

F1 1.667 −0.040 1.023 0.489 Well-sorted medium sand 

F2 1.747 −0.025 0.846 0.492 Well-sorted medium sand 

T1 1.701 0.008 0.947 0.455 Well-sorted medium sand 

T2 1.788 −0.032 0.890 0.462 Well-sorted medium sand 

T3 1.830 −0.083 0.856 0.476 Well-sorted medium sand 

T4 1.748 −0.028 0.907 0.702 Moderately sorted medium sand 

T5 1.851 −0.051 0.882 0.439 Well-sorted medium sand 

T6 1.690 0.016 0.971 0.427 Well-sorted medium sand 

T7 2.133 −0.217 0.996 0.373 Well-sorted fine sand 

In the trenches along the crest parallel to the beach, in front of the resort area (Figures 

3 and 11), there is a sedimentary cover composed of fine to medium sands, and the sub-

surface strata (excavated to about 30 cm in depth) are generally composed of well-selected 

medium sand (Table 2). Only the samples from the T4 trench are represented by moder-

ately sorted medium sand, and from the T7 trench, which is characterized by well-sorted 

fine sand (Table 2). This last case represents a distant portion from sand dispersion inland 

over the stabilized deflation surface (Figures 3 and 4). 

Along the stretches in which trenches were excavated on the stabilized deflation sur-

face, as in the trenches T2, T3, T4, and T6, soil levels of about 5 to 10 cm thick are usually 

intercalated by thin layers of sand; this aspect is well represented in T6 (Figure 9). In the 

T7 trench, soil development is very incipient. 

4.3. Sedimentary Structures 

The sedimentary deposits observed in trenches (Figure 11) have plane-parallel strata 

ranging from horizontal to sub-horizontal. Usually, the roots, many vegetation fragments, 

and/or intercalations of sand and horizons with soil occur. In trenches T1 and T5 (Figures 

3 and 11) cut over the aeolian crest, there are thin, sub-horizontal sets with a small down-

wind dip angle and the presence of current aeolian ripples on superficial sub-horizontal 

sets in T5. In some stretches of the trenches dug on the leeward face, such as the T8 trench, 

an incipient slipface developed with high dip strata (Figure 11). 
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Figure 11. Trenches show planar strata T1, T5, T6, and T7, cut in almost stabilized deflection surface. 

The presence of roots and fragments of vegetation, and a soil level in the sections dug on the stabi-

lized deflation surface (T2, T3 and T4) and also in T6. T8, trench cut into the face of an active depo-

sitional lobe. Cumbuco Beach. 

In the GPR sections (Figures 3 and 12), Profile P1 presents a section with low dip 

angle sets, generally following the previous topography or the successive accumulation 

of sediments on a stretch of higher relief. Most sets dip at low angles toward the sea on 

the windward side and flatten out on top of the ridge. On the leeward face, sets dip 

smoothly with a low landward-dipping until they become horizontal along the stabilized 

deflation surface. At about 2 m deep in the P1 profile, below the hydrostatic level (Figure 

12), a long sequence of sets (of about 60 m) of high dip angle cross-strata is highlighted. 

These cross-strata sets were truncated at the top, possibly spared from total erosion by 

aeolian deflation due to the presence of hydrostatic level. 
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Figure 12. GPR sections processed and interpreted from profiles P1, P2, P3, P4, P5 and P6 (See the 

location of profiles in Figure 3). Wind direction from ENE to WSW, from the right to the left of the 

images. Cumbuco Beach. 

Profile P2 (Figure 12) started from the beach side of the crest to the landward side. 

The strata are smooth with horizontal to sub-horizontal dips, with apparent deflation and 

filling sets between the points of 0 and 50 m. However, it displays a stretch between points 

30 and 50 m, with high dip angle sets covered by a thin horizontal sandy layer. This last 

layer is the result of a fairly recent migration of a small slip face formed after the removal 

of vegetation from this stretch. These sets rest on sub-horizontal ones, and then a contin-

uous sub-horizontal water-table reflector appears, as in profile P1. Small sets with high 

dip angles seem to be repeated just below the water table, between 20 and 30 m. This 

stretch presents a photographic history of a seasonal deflation surface. 

Profile P3 (Figure 12) extended from the top of a lowered section (under deflation) 

on the ridge parallel to the beach to the sidewalk of the resort building (Figure 3). This 

section is even and fairly monotonous with horizontal to sub-horizontal sets, such as the 

WSW portion of the P2 profile and the T3 trench (Figure 11). 

Profile P4 (Figure 12) extended from the windward face of the ridge parallel to the 

beach until the vertex of a resort building (Figure 3). Like the other profiles, this one is 
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characterized by the monotony of stratifications, which sets a dip following the pre-exist-

ing topography. It presents plane-parallel stratification, with a high dip in the windward 

and leeward faces of the ridge parallel to the beach. The sets are horizontal at the highest 

portion of the crest, which is similar to what occurs in profile P1, but with discontinuous, 

concave, and convex-up reflectors on top of the crest and along 0 to 30 m and from 35 to 

60 m. At about 60 m, the sets with a contact similar to the onlap are highlighted. In Profile 

P4, the lowered leeward surface rises smoothly, dipping seaward and then landward as 

sand dissipation flows over the stabilized deflation surface. 

Profile P5 (Figure 12) extended from the windward face of the ridge parallel to the 

beach, crossed its top and continued over the entire low V-shaped ridge (Figures 3 and 

5A). This low V-shaped ridge (see Figure 5A) is the longest and most persistent of the 

studied area. Until reaching the limit of the water-table level, profile P5 is very similar to 

profile P1. Strata are mostly plane-parallel and basically follow past topography. The sets 

with smooth dip angles dip windward and seaward of the ridge parallel to the beach. This 

profile also shows a pattern of horizontalizing layers after facing leeward over the stabi-

lized deflation surface. Then, along a V-shaped ridge, a gentle slope dipping seaward and 

leeward was acquired. This resembles the deposits in the reattached flow zone [75]. In the 

stretch between 60 and 70 m, a set contact similar to the onlap was observed, which seems 

to be a leeward face that advances over the previous stoss slope of an aeolian sedimentary 

sequence, or is just a trough cut and fill on a previous crest. 

Profile P6 (Figures 3 and 12) was the longest and was quite monotonous, presenting 

predominantly plane-parallel strata, horizontal to sub-horizontal, with dipping strata fol-

lowing the previous topography. It also showed concave and convex-up reflectors land-

ward and seaward of the ridge parallel to the beach. In the section between 70 and 90 m, 

strata similar to an incipient slipface with characteristic similar to retention ridge is ob-

served. This profile also crossed a small depositional lobe (see Figure 5B) in the stretch 

between 50 and 70 m. This lobe was partially covered by a horizontal leeward layer (Fig-

ure 12).  

5. Discussion 

Wind dynamics on the coast of Northeastern Brazil show that oblique onshore winds 

intercept the coast. Therefore, the pattern of foredunes produced by onshore winds per-

pendicular to the beach line is not characteristic of the coast in Northeast Brazil, which is 

more fitting to an onshore oblique, attached-deflected wind [76,77]. These winds perpen-

dicular to the beach accelerate more often [78]. Still, their performance results in low aeo-

lian mass fluxes that reach a maximum at the dune foot, while the oblique winds are more 

effective in transporting sediment from a foredune’s foot to its slope.  

This aspect is associated with the fetch expansion due to the oblique position of the 

wind to the coastline [79] and is expected to be responsible for the giant wind transport 

common to the northeastern Brazilian coast. Additionally, the foredunes along this region 

are generally developed by joining several long successive ridges oblique to the beach line 

and parallel to each other (Figures 8B and 10B). The truncation of these ridges by wave 

action develops a seaward slope in incipient foredunes, producing long ridges parallel to 

the beach (Figure 6A). As the foredunes advance inland and transit to other types of 

dunes, the wind behavior along the northeast coast requires a more detailed study.  

There are also no significant changes in the migration direction of the dunes format-

ted in the post-foredune stage. The exception occurs along the stretches of crests interac-

tion in transgressive dunes fields, especially with crescentic overlapping dunes [80]. The 

area in front of the resorts (Figure 4), from the beach-landward, presents a stretch of back-

shore that behaves as an active deflation surface resulting from intense human activity. 

On the stretch to the west of the resort, this deflation area is less active, which may be 

associated with less human activity. Wind action also produces more precipitating or re-

tention lee slipface associated with fewer human activities, such as maintenance of vege-

tation cover, which is more effective by dune gardening [81] in front of the resort area. 
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Along the area to the east of the resort, neither localized active deflation surface nor 

the formation of a long ridge parallel to the beach far landward of the backshore, as well 

as no precipitating or retention slipface are found. This indicates differences in aeolian 

morphology compared to the other stretches controlled by vegetation lines, although also 

experiencing human activities. In this context, in the case of Taíba Beach (Figures 1 and 

2), the introduction of tree branches and trunks along the high tide level stretch produced 

a V-shaped crest morphology similar to that developed in front of the Cumbuco Resort, 

but without vegetation and attached to the high tide line.  

This morphology resembles the furthest portion from the tide line in the eastern sec-

tion of the resort. In the latter case, the V-shaped ridges develop with the presence of na-

tive vegetation. Therefore, the development of V-shaped crests, with or without vegeta-

tion cover, oblique to the beach line and parallel to each other seems to be the pattern of 

foredune in the region. On the other hand, the development of ridges or foredunes parallel 

to the beach line observed along the coast is only a result of the seasonal action of waves 

on the frontal dunes. In contrast, similar types of ridges far from the beach line were ob-

served only in the anthropogenic case of Cumbuco. 

Sediments distributed throughout the studied area are predominantly composed of 

well-sorted medium sands, fitting the pattern of aeolian sands. These sediments trans-

ported from the beach by the wind are retained in part as reaching the alignment of exog-

enous vegetation implanted parallel to the coastline, which are the major conditioning of 

this ridge parallel to the beach. This type of ridge positioned in the higher portion of the 

backshore, relatively far from the swash zone, are non-existent along the Brazilian North-

east region. In a natural process, crest height increases and length decreases as plant 

height increases [1,82]. Additionally, the excess sediment should lead to widespread bur-

ial of vegetation as sand is delivered faster than vegetation growth can accommodate, and 

then sediment bypasses the foredune [83]. In contrast, this local crest parallel to the beach 

has already been initiated on a line of tree-sized vegetation in a stretch far backshore. 

Sand supply primarily affects dune crest height and dominates at the interannual 

timescale [84]. Beachgrass growth rates are likely too slow to respond to significant vari-

ations in sand supply rates at seasonal scales. This matches with the wind transport pat-

tern in the dry season along the stretch in front of the crest parallel to the beach. However, 

the gardening and the size of exogenous vegetation (Casuarina equisetifolia) in front of re-

sorts prevent most of the sand bypass. Therefore, it is more effective in the area west of 

the resorts, where vegetation is only dependent on climatic conditions. Moreover, human 

activity on sandy shores, which often restricts sediment budgets, can eliminate landward 

dune sub-environments and their associated habitats and can limit the space over which 

natural processes can subsequently rework beaches, dunes, and uplands [85,86]. 

Satellite images and field studies suggest that a sand bypass occurs through the de-

velopment of blowout-type processes, especially when sediment inflow by the wind ex-

ceeds the vegetation cover’s retention capacity. The lower plants reduce the airflow and 

transport more slowly, so there is a gradual downwind reduction in transport, which pro-

duce asymmetric dunes with a short slope on the downwind side [2]. However, this does 

not seem to be the case for most of the crest parallel to the beach.  

The sand deposition process on the foredune slope occurs when vegetation cover 

exceeds about 50% of the maximum density measured on the dune crest [78]. In the area 

of the exogenous vegetated ridge parallel to the beach, it was observed that there seemed 

to be an increase in the area of this ridge associated with a decrease in the vegetation cover 

(Table 1). However, this aspect may be associated with the greater wind flow spreading 

sand around this ridge. Apparently, the smaller crest area associated with greater vegeta-

tion cover may correspond to an increase in the height of the crest [8,78].  

The expansion of deflation stretches over this ridge parallel to the beach during the 

dry season basically occurs in places with a lower density of vegetation cover, while the 

total or partial colonization of stretches during the rainy season has caused a consequent 

decrease in the wind deflation process [2]. In addition to the seasonal variation in plant 
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density and distribution, the seasonal growth rates strongly influence patterns of sand 

transport and deposition on incipient and established foredunes [2]. Especially in 

drought, the wind can excavate stretches between vegetation and develop wind corridors.  

The wind velocities experience local acceleration around and flow separation behind 

the plants [82,87–90]. Locally, between vegetated and bare stretches, the wind develops 

erosional surfaces (blowout type) associated with leeward depositional features, such as 

lobes and low V-shaped ridges (Figure 4). This aspect also differs from the area to the East 

of the resort and along other stretches of the coasts, such as Flecheiras (Figure 10).  

Blowout formation or expansion occurs because the vegetation cover is weakened, 

reduced or eliminated during the arid period [71,73,91,92]. Along the studied region, this 

process is also favored by the increasing effectiveness of the wind during the drought [51]. 

A multi-temporal study of satellite, LIDAR and UAV images from 2004 to 2019 

showed that the surface of this exogenous vegetation ridge parallel to the beach has char-

acteristics similar to morphological stages 3 to 4 (Table 1 and Figure 5A) but with internal 

structures (Figure 12) mainly with the stage 1 to 3. However, profile 4 (Figure 12) presents 

structures suitable for stage 4 [1]. This adds a certain inconsistency between foredunes' 

morphological and cross-strata stages when analyzing this morphology as a whole. In 

addition, this crest position is in an unusual backshore space for foredunes in the region, 

increasing classificatory inadequacy in the context of foredunes. 

In addition, the cross-strata in most GPR profiles raise doubts about this morphology 

as to the definition of well-formed dunes or protodunes [8,93–109]. The cross-strata (Fig-

ure 12) are predominantly characteristic of protodunes [97]. Therefore, some stretches to 

the leeward face show characteristics of retention or precipitation dunes (Figure 5D), 

which, in some parts, highlight the attributes of transgressive dunes running onto large 

and medium-sized vegetation. However, it would not be appropriate to define this single 

rectilinear crest as a protodune without considering some profiles with precipitation/re-

tention crest characteristics. Therefore, it is another aspect complicating its classification 

in the context of natural dunes. 

The large section of cross-strata sets of high dip angle in profile P1 (Figure 12) is 

probably from a migrating dune slipface. This type of high cross-strata dip is not common 

to sand accumulated around vegetation [17,110]. Although high cross-strata dip could be 

developed in a more advanced stage of foredunes [1], this is not suitable for the morphol-

ogy and history of this crest produced by the implantation of the exogenous vegetation 

alignment. However, it is likely suitable that its cross-strata were formed before the exog-

enous vegetation cover line was implanted.  

These cross-strata could be developed on a stretch where most of the backshore por-

tion of the natural foredunes used to extend inland, as in the case to the east of the resort. 

This may indicate the pattern of aeolian transport around the ridge parallel to the beach 

is distinct from natural processes. Additionally, the development of characteristic slipface 

cross-strata, as in recent sets identified in profile P2, shows the absence of vegetation can 

evolve to the formation of slipface. This aspect indicates that interruption of the anthropic 

influence in stopping wind transport can easily trigger the formation of migrating dunes. 

These disconnected characteristics certainly reflect the absence of a programmed an-

thropogenic method for foredune formation [111]. It was the product of human interfer-

ence aiming simply for damping wind transport without the objective of forming a fore-

dune with the purpose of coast protection. 

Furthermore, the wind dynamics evidenced in a multi-temporal study also showed 

that the near-absence of movement of this crest parallel to the beach line and the GPR also 

demonstrate that the wind corridors flow on bared stretches on the referred crest have 

been unable to form downstream dunes. On the other hand, the foredunes on the north-

eastern Brazilian coast likely have their internal limits acting as sediment suppliers to de-

velop parabolic hairpin dunes. As the sediment bypasses them, or by blowout developed 

from the beach (Figure 8), sand is transported leeward of these foredunes to form para-

bolic, barchan and barchanoid dunes.  
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Therefore, this is another distinctive aspect of this ridge parallel to the beach, the 

adjacent foredunes, and other occurrences distributed along the coast of the State of Ceará. 

Therefore, the process of anthropic formation of this aeolian crest in a position discon-

nected from the natural pattern can be decisive in decontextualizing this feature in the 

foredune model. 

Based on this coastal stretch and other occurrences along the Brazilian Northeast 

coast, the evolutionary dynamics of foredunes generally are not of great magnitude, gen-

erally not evolving beyond the incipient foredunes stage [2]. Preliminary observations in-

dicate that the characteristics of the east to the resort area predominate in most occur-

rences of foredunes along the Brazilian Northeast coast. 

6. Conclusions 

The analyzed anthropic ridge parallel to the beach is linked to the effectiveness of 

exogenous vegetation in retaining the sediments carried by the wind. The GPR sections of 

the crest show mostly simple structures compatible with a kind of incipient protodune, 

and its morphology poorly resembles foredune. The analyses of this morphology show 

inconsistency between foredunes' morphological and cross-strata stages. In addition, the 

aeolian morphology generated by the placement of branches and tree trunks in the high 

tide stretch also develops features different from those of the natural process. In both 

cases, the spatial positioning of geomorphological evolution is unusual for foredunes in 

the region, resulting in classificatory inadequacy. This morphology differs from the fore-

dunes distributed locally and regionally along the coast.  

On the other hand, this anthropic ridge presents characteristics of retention or pre-

cipitation dunes on its leeward side. These types of aeolian deposition in the region also 

occur quite far from the beach line in transgressive dunes. Therefore, this aeolian feature 

is a dominantly anthropogenic expression directly resulting from the introduction of ex-

ogenous vegetation aligned parallel to the coastline, which reflects the absence of a pro-

grammatic method for foredune formation, and is thus an inadequate objective in terms 

of coast protection. Therefore, it results from an attempt to intercept wind transport, aim-

ing at anthropogenic occupation.  

In addition, the development of V-shaped crests oblique to the beach line and parallel 

to each other seems to be the pattern of the foredunes in the region. The development of 

ridges parallel to the beach line results from wave action on foredunes. In contrast, this 

kind of similar ridge located far from the beach line results from anthropogenic activity. 

Thus, this morphology presents some aspects that are not characteristic of the classifica-

tion of foredunes and are not common among the dunes naturally formed in the region. 

Therefore, it demands adequate classification to emphasize its anthropogenic character. 

More research focusing on the genetics and anthropogenic interference in foredunes 

is necessary and urgent. These studies can generate useful information for the planning 

and management of coastal areas, especially in a scenario of global climate change. 
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