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METEOROLOGICAL TIDES AND EPISODES OF SEVERE COASTAL EROSION
ON THE COAST OF SALVADOR, BAHIA STATE, BRAZIL

Flavia R.L.S. Dutra', Mauro Cirano®3, Abilio C.S.P. Bittencourt*,
Clemente A.S. Tanajura®® and Mateus Lima?®

ABSTRACT. The coastline of Bahia State, Brazil, in the eastern sector of the northeastern region of Brazil, has a total of 20 beaches, 14 of which are located on the
open sea (Atlantic Ocean), while the others are sheltered in the Todos os Santos Bay. Many of these beaches have been or are currently being affected by episodes of
severe coastal erosion which are intrinsically related to both anthropogenic and natural processes. This study aimed to use statistical analyses of information and data,
such as photos, texts from local newspapers, synoptic maps and reanalysis data from the National Centers for Environmental Prediction to identify severe erosion events
related to meteorological tides on the Salvador coastline during the period from 1965 to 2006. The results show that most erosion events appear to be associated with
the occurrence of meteorological tides and have great destructive potential. We found that the combination of i) the occurrence of spring tides with ii) the arrival of cold
fronts and/or coupling of a high pressure system with a trough in the lower levels of the atmosphere and iii) winds predominately from S and SE, that through Ekman
transport, promotes pilling up of water against the coast, favours the increase of the water level and wave height and range along the coast.

Keywords: cold fronts, Ekman transport, spring-tides, severe coastal erosion.

RESUMAO. 0 litoral de Salvador, no Estado da Bahia, possui um total de 20 praias, das quais 14 estdo localizadas em regido de mar aberto, no setor leste do Nordeste
brasileiro, banhadas pelo oceano Atlantico, enquanto que as demais se encontram abrigadas na Baia de Todos os Santos. Dentre estas praias, muitas foram ou estdo
sendo acometidas por episddios de erosdo costeira severa, que estdo intrinsecamente relacionados a agdo tanto de origem antrépica quanto natural. O presente estudo
visou, através de analises e estatisticas de informagdes e dados como fotos, textos de jornais locais e cartas sinéticas e reandlises do National Genters for Environmental
Prediction dos EUA, identificar os eventos de erosao severa relacionados a ocorréncia de marés meteorolégicas na orla de Salvador, no perfodo de 1965 a 2006.
Os resultados mostram que a maior parte dos eventos erosivos parece estar associada a ocorréncia de marés meteoroldgicas, com grande potencial destrutivo. Este
estudo permitiu constatar que a combinacdo: i) da ocorréncia de marés de sizigia, com ii) a chegada de frentes frias e/ou o acoplamento de uma alta presséo a um
cavado, nos baixos niveis da atmosfera, e iii) a predominancia de ventos de S e SE, que através do transporte de Ekman, promovem empilhamento de dgua contra a
costa, cria uma conjuncdo que favorece a sobre-elevacdo da altura e do alcance das ondas ao longo da costa.

Palavras-chave: frentes frias, transporte de Ekman, maré de sizigia, erosdo costeira severa.
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INTRODUCTION

Coastal areas are, by definition, the interface between the land
and ocean, and their physical characteristics and dynamics are
constantly changing. Approximately one quarter of the Brazilian
population now lives in coastal regions, where the continuous
action of the sea causes the erosion, transport and deposition of
sediment, thereby resulting in the constant shifting of the coast-
line. In addition to these processes, the impact of human activities
in coastal areas is very high and often overlaps with the action of
natural forces to exacerbate their effects, for example, by wors-
ening the effects of erosion along the coast (e.g., Dominguez &
Bittencourt, 1996; Komar, 1998; Haslett, 2000; Pivel et al., 2002;
Tessler & Goya, 2005). Among the possible human impacts that
can occur along shorelines, several authors (e.g., Neves & Muehe,
1995; Komar, 1998; Neves, 2003) have noted the presence of
coastal protection infrastructure such as retaining walls, break-
waters and jetties, among others. These stabilization structures
are very common along modern-day beaches but are often very
rigid and/or inadequate for their intended function. They affect
the sediment budget and can result in an excess or deficiency of
sediment supply along the coast.

Coastal erosion and flooding along low-sloping oceanic
coasts are mainly generated by storms that cause increased sea
levels compared to regular tides (Parise et al., 2009). Meteorolog-
ical tides, which are basically defined as the difference between
predicted and observed tides, are one of the major natural risks
faced by coastal communities and are the main cause of loss of
property, lives and natural habitats (Murty, 1988).

The coastal region of Salvador is highly urbanized, with pub-
lic or private development that includes seaside houses, walkways
and plazas. Often, these structures are located in areas under im-
minent risk of erosion due their proximity to the high-water ling of
spring tides. As a result, economic losses often occur from ero-
sion in this sector of the state of Bahia.

In one study of coastal erosion in northeastern Brazil, Domin-
guez & Bittencourt (1996) concluded that coastal erosion in the
region was intrinsically related to the sediment budget, with-
out any relation to sea level rise, as suggested by Neves &
Muehe (1995). In a study of Salvador's Atlantic coast, Bitten-
court et al. (2000, 2005) identified a littoral cell characterized
by net longshore drift with a NE-SW direction. This cell has in-
creased potential drift intensity in the downdrift direction; there-
fore, there is a deficit in long-term sediment accumulation along
that coastal stretch. According to Medeiros (2005) and Bittencourt
et al. (2008), there is a correlation between severe coastal ero-
sion events in Salvador and storm surges characterized by strong

winds and large waves, which are associated with the periodic
arrival of cold fronts.

This study aimed to evaluate the role of atmospheric and
oceanographic processes as drivers of severe coastal erosion
events on the coast of Salvador during the period 1965-2006 to
provide information for improving urban planning in Salvador.

STUDY AREA

The city of Salvador, centered at a latitude of 12°58'S and a lon-
gitude of 38°39"W, is located on the eastern coast of northeastern
Brazil (NEB) (Fig. 1). The eastern sector of the city is bordered
by the Atlantic Ocean and the western sector by the Todos o0s
Santos Bay (hereafter TSB). Severe erosion occurs along the Sal-
vador coastling from the beaches of Roma (Number 1 in Fig. 1)
to Itapud (Number 14 in Fig. 1). These events occur on sandy
beaches with intermediate to reflective morphodynamics.

As shown in Figure 1, the Salvador coastling has a narrow
continental shelf (approximately width of 10 km) with a shelf-
break occurring at approximately 50 m in depth. A significant
bottom topographic feature can be observed in front of the Barra
beach (beach Number 6), which consists of a shallow sandy bank
approximately 5 km long.

With respect to coastal circulation in the region, Cirano &
Lessa (2007) found that circulation outside the TSB undergoes
seasonal variation with two distinct patterns: a predominantly
southwestward circulation during the dry season (summer) and
a predominantly northeastward circulation during the rainy sea-
son (autumn-winter). These authors also found that the TSB is
more protected during the summer, mainly due to the presence
of easterly winds. Also, internal oscillations within the bay are
subject to a relatively low degree of interference from prevailing
oceanographic conditions on the continental shelf. In contrast, on
the continental shelf, there is a strong coupling between oscilla-
tions and circulation, particularly during the autumn-winter sea-
son. This interaction mainly occurs due to an increased frequency
of cold fronts in the region during this season, which cause SE
winds to blow over the coast and the TSB, altering prevailing
circulation patterns.

The climate on the east coast of the NEB is hot and humid,
with the highest total rainfall concentrated between March and
July (autumn-winter) and rainfall maxima occurring in April and
May (INMET, 2010). This pattern varies spatially and temporally
depending on precipitation dynamics related to atmospheric cir-
culation systems at various scales, including easterly wave distur-
bances, sea-breeze-induced instability lines, the South Atlantic
subtropical anticyclone, frontal systems (Kousky & Chu, 1978;
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Figure 1 — Salvador coastline map, where the numbers 1 to 14 indicate the beaches that there were historic registers

of severe coastal erosion events.

Kousky, 1980; Lima, 1991) and interannual variability associ-
ated with the sea surface temperature (SST) of the Atlantic Ocean
and the EI Nifio/Southern Oscillation (ENSO) phenomenon (e.g.,
Wang, 2002; Grimm, 2003; Wang et al., 2010).

METHODOLOGY

Inthis study, a conceptual model for characterizing erosion events
from 1965-2006 and case studies using the model were per-
formed using the following data sources:

)

Sites of severe coastal erosion events obtained from local
newspapers (“ATarde”, “Estado da Bahia” and “Correio da
Bahia”) along the Salvador coastline, including the region
sheltered by the TSB, for the period from 1965-2006;

Daily synoptic charts and predicted maximum tide heights
for the port of Salvador, provided by the Directorate of
Hydrography and Navigation of the Brazilian Navy (Dire-
toria de Hidrografia e Navegacdo — DHN). Only data for
the erosion events were obtained;
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i)

vi)

Wave refraction diagrams for southeasterly waves along
the coastal stretch corresponding to the Atlantic coast of
Salvador (Bittencourt et al., 2008);

Monthly data for the central equatorial Pacific SST for
the entire study period and monthly climatology data for
mean sea level pressure (MSLP) for the period 1968-1996,
both obtained from the Center for Weather Forecasting
and Climate Studies/National Institute for Space Research
(Centro de Previsao de Tempo e Estudos Climaticos/
Instituto Nacional de Pesquisas Espaciais — CPTEC/INPE);

Daily zonal (u) and meridional (v) wind components at
10 m and MSLP at 00, 06, 12 and 18 UTC on a 2.5° x
2.5° grid, obtained from reanalysis by the National Cen-
ters for Environmental Prediction (NCEP) for the period
1965-2006;

Historical series of precipitation data from 1965 until
2006 and monthly data for average wind speed from 1975
until 1998, both collected at the Ondina weather station in
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Salvador by the Brazilian National Institute of Meteorology
(Instituto Nacional de Meteorologia — INMET); and

vii) Daily results of significant wave height and wave period at
00, 06, 12 and 18 UTC in the oceanic region off the coast
of Salvador for the period of erosion events described in
the case studies, obtained from reanalysis project ERA-40.

To characterize wave patterns and generate a wave refraction
diagram, wave data from visual observations at high sea were used
(Hogben & Lumb, 1967).

The conceptual model used in this study aimed to demon-
strate and qualitatively explain the main forces involved in the
process of coastal erosion along the Salvador shoreline, which is
associated with the occurrence of meteorological tides. The main
driving forces were described in descending order of importance
of each parameter, mainly based on the results of statistical anal-
yses, which were used to validate the model.

To characterize the context in which coastal erosion events
occurred over the study period, all erosion events were defined
by their erosion period (EP), which was subdivided into three
periods: two days before erosion (BE), erosion day (ED) and
one day after erosion. The following analyses were subsequently
performed.

i) Statistical parameters were calculated for the « and v wind
components and MSLP: mean variation across the area
bounded by the coordinates 12.5° Sand 14°S/37.0°W and
39.5°W and distribution and standard deviation of these
fields;

ii) Predicted maximum tide height and the type of tide on
ED were determined and total rainfall recorded in Salvador
was determined for the EP;

iii) Four synoptic scenarios were identified based on the above
information, and an analysis of surface synoptic maps was
performed for each erosion event;

iv) A case study of an erosion event was completed for each
scenario, by determining the predicted maximum tide
height on ED, resulting in a total of four events.

Observation of the surface synoptic maps was used to de-
scribe circulation patterns by identifying the synoptic systems that
were active at the time of the events. Two main synoptic scenarios
were identified that favored the occurrence of erosion along the
Salvador shoreline. These scenarios were each subdivided into
two additional scenarios due to small but significant differences

in synoptic features, mainly based on the behavior of the merid-
ional wind component and its influence on erosion intensity.

Finally, case studies were used for a detailed evaluation of
daily temporal and spatial evolution in the synoptic systems dur-
ing the EP, with the purpose of developing a conceptual under-
standing of how local coastal circulation dynamics along the Sal-
vador shoreline developed during erosion events. For this pur-
pose, fields of meteorological variables from the ERA-40 reanal-
ysis, tidal predictions for the port of Salvador, rainfall data, in-
formation about tide type, wave data and surface synoptic maps
were used. The purpose of the study was to better understand the
spatial and temporal evolution of active weather systems during
coastal erosion events along the Salvador shoreline, about which
there is generally a lack of detailed knowledge.

RESULTS AND DISCUSSION

In total, 31 erosion events during the period from 1965 to 2006
were identified. This number represents an increase of 14 ero-
sion events over a 28-year timeframe, when compared with 17
erosion events identified by Medeiros (2005) and Bittencourt et
al. (2008) for a 13 year data series from 1990-2003. The events
in this study occurred on beaches in Sector 1 (beaches sheltered
by TSB) and 2 (beaches in the region of open sea, bordered by the
Atlantic Ocean) (Fig. 1). The initial identification of coastal ero-
sion events was based on evidence of material damage along the
Salvador coastline obtained from narratives and/or photos from
local newspapers, which allowed determination of the location
of affected beaches and neighborhoods, dating of the event and
characterization of the type of destruction. Subsequently, a con-
ceptual model was created that facilitated the classification of the
most severe erosion events, which will be discussed in the first
part of this section. In the second part of this section, case stud-
ies for two of the main types of scenarios identified are discussed.

The monthly frequency of severe coastal erosion events along
the Salvador shoreling is shown in Figure 2. This graph shows
that most events occurred during the months of March and Au-
gust, with six events per month, followed by the months of May,
July and September, with five events per month. The highest fre-
quency occurred in the autumn and winter seasons, showing a
strong seasonal signal. The greater occurrence of coastal erosion
during these seasons is consistent with the findings of Kousky
(1979) and Andrade (2005), who demonstrated that frontal sys-
tems along the Bahia coast had a greater influence during au-
tumn and winter. The months of April and June showed the lowest
erosion event frequencies, with three and one event per month,
respectively.
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Figure 2 — Monthly frequencies of coastal erosion with damage on the Salvador coastline during
the period from 1965 to 2006 (Source: A /arde newspaper).
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Figure 3 Frequency of occurrence (in percentage) of tidal condition associated with erosion events during the period from
1965 to 2006 (Sources: A /arae newspaper and National Observatory).

Conceptual model

Based on the criteria described in the methodology section for
the construction of a conceptual model of erosion events on the
Salvador coast, the process of coastal erosion (CE) was modeled
by ranking the following terms from the most statistically signifi-
cant to the least significant: tidal condition (T), synoptic systems
(SS), waves (Wa) and interannual phenomena (IP), i.e.:

CE =T+ SS + Wa +IP.
Tidal condition (T)

Figure 3 shows that the maximum frequency of occurrence of
spring tide erosion events was observed in March and May, with
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16% of erosion events being associated with spring tides in each
month. In July and September, this same tidal condition was
associated with approximately 13% and 10% of the erosion
gvents, respectively. In the months of April and August, only 6.5%
of the erosion events occurred under the influence of a spring
tide. Neap tides were the type of tide most frequently associated
with erosion events during the month of August (approximately
6.5% of the events), while in the months of March, April and
September, only approximately 3% of the events were associated
with a neap tide. Erosion events occurring under the influence
of transitional tides were concentrated in the months of August
(approximately 6.5% of the events), and June, July and Septem-
ber (approximately 3%). According to Figure 3, spring tides
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were the main driver of the erosion events occurring along the
Salvador coastline from 1965-2006, when associated with storm
surge, represented 68% of all erosion occurrences. In contrast,
neap and tide transition periods were each associated with only
16% of the erosion events.

The high frequency of erosion events during the month of
March can be attributed to the influence of large equinoctial tides,
while the high frequency of erosion events during the months of
May, July and September may be associated with other drivers
because the monthly wind climatology provided by INMET shows
the highest intensity values during that period. The maximum
values of wind intensity observed in these months were possi-
bly much more significant than tidal influences in contributing
to the occurrence of erosion, especially considering the fact that
an increased frequency of cold fronts along the coast of Bahia
has also been observed during the winter season (Chaves, 1999;
Andrade, 2005).

The parameters described below influence coastal erosion
in Salvador through their direct and/or indirect relationship with
atmospheric systems. The influence of these parameters are sum-
marized as follows in the conceptual model:

i) Sand SE winds operate in two different ways, piling up
water directly against the shore or by Ekman transport.
In the latter case, with the N-S orientation of the coast to
the south of TSB, an increase in sea level would be prop-
agated as a Kelvin wave and thus quickly reach the re-
gion. Such mechanisms were evidenced in TSB and the
Bay of Camamu in studies by Cirano & Lessa (2007) and
Amorim (2005), respectively. Janzen & Wong (2002) also
described a similar type of coupling in Delaware Bay;

ii) adecrease inatmospheric pressure caused by the passage
of synoptic systems associated with the inverted barome-
ter effect, which results in increases in the mean coastal
sea level and

iii) local or ocean waves originating from other regions, which
may be accompanied by synoptic systems and could pos-
sibly act separately or simultangously with coastal and
ocean waves, thus contributing to the piling-up of water
against the shore. In scenarios involving gravity waves, it
is important to note the refraction of waves on the Sal-
vador coast. This wave refraction promotes the conver-
gence of wave energy at specific points on the coast, fa-
voring sea level rise and the removal of sediment from the
beach at these points and further exacerbating the process
of coastal erosion.

Atmaospheric conditions and synoptic patterns

In this section, the atmospheric conditions and synoptic patterns
observed during the erosion events are described in terms of the
behavior of the most significant parameters (wind, rainfall and
MSLP).

Table 1 shows a comparison of mean « and ». Mean v during
the erosion period was predominantly positive and lower (in ab-
solute value) than mean w, with values of 3.0 m/s and —3.6 m/s
for mean v and «, respectively. This mean wind field pattern re-
lates to the predominant winds from the SE and S and is con-
sistent with the proposed model, in which these winds cause the
piling up of water against the shore. Additionally, the v compo-
nent showed a greater degree of variation than the « component,
which may represent a greater contribution of the meridional com-
ponent as a result of Ekman transport. Ekman transport was quan-
tified by analyzing the sign of the maximum values of wind v
component during the EP of 27 events with prevailing winds from
S to N, which accounted for 87% of the events in which Ekman
transport predominated.

Monthly climatology data for mean wind speed in Salvador
(Fig. 4) from INMET shows that the values of mean wind speed
ranged between 1.8 m/s and 2.3 m/s throughout the year. As
shown in Figure 4, the maximum values occurred between June
and November, with the annual maximum occurring in July. This
pattern indicates that high wind intensity from July to September
may have contributed to the increased frequency of the erosion
events observed during these months (Fig. 2).

Finally, the analysis of MSLP showed that mean MSLP for the
erosion events was 1016 hPa (Table 1). The MSLP from the clima-
tological time series (1968-1996) was approximately 1010 hPa
from January to May and approximately 1015 hPa from Octo-
ber to December. In this data series, the highest values occurred
from June to September, ranging from 1015 to 1020 hPa, which
corresponds to a higher frequency of frontal systems reaching
the east coast of the NEB. Based on a comparison of mean of
the MSLP during erosion periods (1016 hPa) with the climato-
logical MSLP cycle throughout the year, it appears that synop-
tic systems are intrinsically related to erosion events along the
coast of Salvador.

To analyze the effects of atmospheric systems on coastal ero-
sion processes, the erosion events were grouped according to the
main synoptic features observed on the Salvador coastline during
the EP. An event occurring on August 24-28, 1971 was excluded
from this analysis because DHN had no corresponding synop-
tic map for that period and there was also no satellite imagery
available. Therefore, 30 of the 31 events during the period from
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Table 1 - Summary of the meteorological and oceanography drivers for the severe erosion events in Salvador during the period 1965-2006. Abbreviations for Cold
Front (CF), High Pressure (HP) and Trough (TR) in the lower levels of atmospheric are indicated.

Figure 4 — Monthly mean climatology of the surface wind speed (m/s) in Salvador from 1975 to 1998 (Source: INMET).
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1965-2006 were included in the analysis. Synoptic patterns re-
lated to erosion events along the Salvador coast were grouped
into two types of scenarios, namely:

Scenario 1: in which the main synoptic characteristic was the
simultaneous action of three large-scale systems (High Pressure
(HP), Cold Front (CF) and Trough (TR)) in the lower levels of the
atmosphere. There were two possible versions of this scenario:

(1A) No intersection of the CF with land during the EP (CF in
the latitudinal range between 15°S and 20°S);

(1B) Intersection of the CF with the continent during the EP (in
Salvador or nearby to the north or south), and;

Scenario 2: in which the main feature was the simultaneous
action of two large-scale systems (HP and TR) in the lower levels
of the atmosphere. There were two versions of this scenario:

(2A) No intersection of the CF with the continent during the EP
(CF in the latitudinal range between 15°S and 40°S);

(2B) Intersection of the CF with the continent during EP (CF in
the latitudinal range between 15°S and 25°S).

Table 2 — Total distribution of events for the synoptic scenarios
1A, 1B, 2A, and 2B.

Scenario Number of events Percentage
1A 6 20%
1B 6 20%
2A 9 30%
2B 9 30%

As shown in Table 2, 60% of the erosion events corresponded
to Scenario 2, showing a mean synoptic pattern formed by cou-
pling of the HP center and the TR at low levels, with the predom-
inance of a SE wind along the Salvador shoreling on the days
that the erosion events occurred. The remaining events (40%) oc-
curred with a mean synoptic pattern in which the main configu-
ration was a CF (Scenario 1). In these cases, the predominance
of a surface wind in the S-SE direction could be observed, espe-
cially after the passage of the frontal system during the EP, which
typically occurred on the day before erosion.

Scenario 1A (Fig. 5), which accounted for a total of 6 erasion
events (20%), was characterized by a CF positioned in the latitu-
dinal range between 15°S and 20°S, with a SE-NW orientation.
In all cases, the CF intercepted this latitudinal range in the SW
sector of its axis during the ED when it was positioned over the
ocean. In events lasting more than one day (a total of 4 events),

the CF shifted eastward over the ocean (typically on the second
day of the EP), moving away from the continent and giving way
to the HP coupled with a TR at low levels. The exception was one
gvent in which the CF remained stationary during the erosion days
and intercepted the 15°S latitude. In most events, the main axis
of the TR was parallel to the east coast of the NEB, favoring up-
ward movement of the surface winds, which were predominantly
blowing from an E, SE and S direction. A notable feature in all
of the events of this scenario type was the presence of the HP be-
hind the CF, intersecting the continent and oscillating between the
latitudes of the southern and southeastern regions of the country.
Figure 5 shows an idealized schematic of Scenario 1A with the
identified synoptic patterns.

Figure 5 — Idealized schematic of the synoptic pattern observed in Salvador
during the erosion events of Scenario 1A.

The wind w component had an E-W direction in almost all
gvents corresponding to Scenario 1A, i.e., w component had neg-
ative intensities ranging from —8.5 to —1.5 m/s. The passage of
the CF was confirmed by the change of direction in v component
on the day before or on the ED, and the intensity of this compo-
nent ranged from —5.2 to 12.5 m/s. On average, MSLP for this
scenario ranged from between 1011.5 to 1022.0 hPa.

Scenario 1B (Fig. 6), which was characterized by a CF oc-
curring in the latitudinal range between 15°S and 20°S with a
SE-NW orientation on the day before the erosion event, was rep-
resented by six events or 20% of all events (Table 2). In these
events, unlike with Scenario 1A, on the ED the CF advanced to-
wards the north and intercepted land, in most cases reaching lat-
itudes below 15°S. An important feature of this scenario was the
weak activity of the TR, identified by the weak pressure gradi-
ent in some events. In other events in which the TR was more
strongly formed, the main axis of the TR was aligned predom-
inantly over the ocean, somewhat parallel to the east coast of
the NEB, thereby contributing to the occurrence of SE winds, as
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observed in two events. The surface synoptic maps showed that
in 83% of the events, the wind was ina SE, S or SW direction, con-
sistent with the combination of the synoptic systems operating in
this scenario type (CF, HP and TR). The HP system always oc-
curred behind the CF, centered in the ocean, and in all situations,
the HP system intercepted the continent along its left boundary,
oscillating between the latitudes of the southern and southeast-
ern regions of the country.

T T T T T
-45° -42° -39° -36° -33°

Figure 6 — Idealized schematic of the synoptic pattern observed in Salvador
during the erosion events of Scenario 1B.

Spatial variations in the « wind component include extreme
levels of intensity, ranging between —7.2and 1.7 m/s. The w com-
ponent was predominantly negative in 67% of the erosion events,
except in two events, where this component occasionally oscil-
lated and changed direction. The v wind component ranged be-
tween —5.0 and 11.8 m/s. In 83% of the events, this component
changed direction or inverted its sign in the two days before the
erosion event, thus marking the passage of the CF that always
occurred when the wind was oriented in the E to S quadrant.

The pressure field varied between 1019 and 1011 hPa during
all events for this scenario type. Based on the results of the analy-
sis, it was possible to create an idealized synoptic pattern for this
scenario in relation to the prevailing atmospheric circulation on
the coast of Salvador during erosion events (Fig. 6).

On the day before the erosion and/or on the ED, the passage
of frontal systems caused a conjunction of spring tides and the
predominance of the S and SE meridional component in approxi-
mately 67% of the 12 erosion events corresponding to Scenario 1.

Scenario 2A (Fig. 7) accounted for 30% (Table 2) of the ero-
sion events and was characterized by the left edge of the main
axis of the TR positioned parallel to the eastern sector of the NEB
between the latitudes of 0° to 20°S, thus favoring SE winds at
the ocean-continent boundary. The HP system was always cen-
tered on the ocean between 15°S and 40°S, and its left boundary
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intercepted land in most events. Another striking feature of this
scenario was that the wind direction oscillated between Eand Sin
89% of the events, with the direction of the wind being predomi-
nantly SE on the days prior to erosion and/or on the ED. Figure 7
shows an idealized schematic of this scenario for erosion events
on the coast of Salvador.

16° -14° -12° -10°

-18°
)

-45° -42° -39° -36° -33° -30°

Figure 7 — Idealized schematic of the synoptic pattern observed in Salvador
during the erosion events of Scenario 2A.

Extreme spatial variation in the wind « component occurred
in Scenario 2A events, with intensities ranging between —9.2
and 1.0 m/s. In 67% of erosion events, this component was pre-
dominantly negative, except in three events, when the zonal wind
component oscillated in direction, sometimes changing sign. The
wind v component ranged from —3.0 to 13.8 m/s, and this
component had a sign inversion in 44% of events. On average,
the velocity of the wind w and » components ranged between
—5and —2 m/s and 0 to 5 m/s, respectively. Larger standard
deviation values (up to 3.5 m/s) were observed for the merid-
ional component, reflecting the high variability of this compo-
nent, both in terms of intensity and direction, during the erosion
events (Table 1). Sea level pressure varied on average between
1012.5 and 1019 hPa.

Scenario 2B (Fig. 8) also represented 30% of the erosion
events (Table 2). The main characteristic of this scenario was
the coupling of the synoptic systems HP and TR in the coastal
region. The striking difference between Scenario 2B and Sce-
nario 2A was the presence of a CF oscillating in the latitudinal
range between 15°S and 25°S in 78% of Scenario 2B events,
sometimes occurring over the ocean and sometimes intercepting
land. It was also evident that wind direction oscillated in the SE
quadrant in this scenario both on the day before and on the ED in
78% of the events. Figure 8 shows the synoptic pattern prevail-
ing on the coast of Salvador during erosion events categorized
as Scenario 28B.
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In this final scenario, there was extreme spatial variation
in the zonal wind component, with intensities ranging between
—10.7 and 2.2 m/s, and this component was predominantly neg-
ative in 78% of the erosion events. In contrast, the meridional
component ranged from —0.7 to 11.0 m/s. Mean « and v ranged
between —7.0 and —2.0 m/sand —1.0 and 8.0 m/s, respectively
(Table 1). The maximum standard deviation for both components
was 2.0 m/s. Thus, it can be assumed that the wind components
varied greatly in intensity. The MSLP field varied between 1011
and 1020 hPa for all events.
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Figure 8 — Idealized schematic of the synoptic pattern observed in Salvador
during the erosion events of Scenario 2B.

The higher frequency (60%) of erosion events categorized as
Scenario 2 can be explained by the convection associated with
the presence of the left boundary of the TR interacting at the
ocean-continent boundary. This process favors the rapid devel-
opment of vertical convection and sometimes the rapid dissipa-
tion of that convection. According to Freitas & Silva Dias (2004),
this convection can be associated with the local circulation of sea
breeze. The authors found, through a case study, a relationship
between the propagation and intensity of sea breezes and cer-
tain large-scale systems for the metropolitan region of Sdo Paulo.
They found that the positioning of the high pressure zone was
crucial for the increase and/or decrease in intensity of the sea
breeze cell and its propagation. In an analysis of a time series
of coastal winds, Franchito et al. (1998) observed a strong sea
breeze near the coast of Cabo Frio, Rio de Janeiro when upwelling
occurred and found that the interaction between the upwelling
and the sea breeze can intensify physical processes involving the
ocean-atmosphere interface. For example, Cavalcanti et al. (2006)
showed that the interaction of an inverted trough, together with the
action of the sea breezes, was responsible for an extreme rainfall
event in Caraguatatuba, S3o Paulo.

Waves

As shown in the conceptual model, waves also play a key role in
coastal erosion processes on the coast of Salvador. To evaluate
the influence of waves, quarterly climatologies were generated for
wave direction (Fig. 9), period (Fig. 10) and height (Fig. 11) in
the study area.

Figure 9 shows the proportion of various mean wave front
directions for the 12 sectors (Hogben & Lumb, 1967), corre-
sponding to the monthly quarters MAM, JJA, SON and DJF. In
MAM, wave direction ranged from 330° to 120°, with a predom-
inance of waves in the ENE and E directions (25% and 20% of
waves, respectively). During this quarter, wave periods of less
than or equal to 5 s represented 58% of the total wave frequency
(Fig. 10). The same E and NE wave directions predominated dur-
ing JJA (approximately 35% and 25% of waves in the E and NE
direction, respectively), but wave direction oscillated between
360° and 150°. The predominant wave period during this quarter
was between 6 and 7 s (approximately 39% and 32% of waves,
respectively), and wave periods were similar in the SON quarter.
In both the SON and DJF quarters, wave direction was between
330° to 120°, with a relatively high occurrence of waves in the
E, ENE, NNE and N directions. However, the proportion of waves
in each direction differed between the two quarters. In SON, ap-
proximately 27% of waves were in the ENE direction, and 19% of
waves were in the E, N or NNE directions. In DJF, waves in the
N direction predominated (25%), followed by waves in the ENE
(24%), NNE (21%) and E (17%) direction. Wave periods ranging
between 8 and 9 s were more frequent in the JJA quarter (approx-
imately 14% of waves), while periods longer than 9 s were rare.

Figure 11 shows that high sea waves with heights equal to
or less than 1.5 m were predominant throughout the year with a
maximum frequency in the DJF quarter accounting for approxi-
mately 70% of all waves. The waves with heights of 2 and 2.5 m
occurred at maximum frequencies of approximately 27 and 13%,
respectively, during the JJA quarter. Waves with heights exceed-
ing 2 m were more frequent in the JJA quarter, with a frequency
of approximately 27%. In this same quarter, waves with heights
greater than or equal to 3 m occurred at a frequency of 7%.
In the MAM, SON and DJF quarters, 2 m high waves accounted
for 21%, 23% and 22% of all waves, respectively.

Based on the wave climatology data (Bittencourt et al., 2008),
Figure 12 shows a refraction diagram of waves from the SE di-
rection (135°) with a height and period sea wave of 2.0 m and
6.5 s, respectively. In this diagram, clusters of converging waves
with heights greater than 2 m can be observed. These clusters
coincide with the locations of the Atlantic coastal beaches of
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Figure 9 — Quarterly climatology of the wave direction (°) throughout the year for the coastal area of Salvador (adapted from Hogben & Lumb, 1967), represented
by the percentage of occurrence in each direction.

I el ettt
oMaAM
St-1 - s AR R R R R R R aJla
50 [ | Jre-eememmm e m e cecececeeeccccenicececccmccmccceaes OsSOoN
aobJF
45 F-J-- | fe-emmm e
IR A e O R
s5s+-o | | |- |--oommmememememmeem e
an """" _: --------------------------------------
S1-2 | F--- | [ooomemeemmeemmmmeememeemem e
FOEEE B EEEE N bbbl
151-2 | |F---J | [------oooo----ee-mmeeeemcmccccccccccccccococooooae.
10 -2 | |----meee | e | e
5 I | I SIS
0 . i | [ me 1
<5 a7 8a3g 10211 212

Figure 10 — Quarterly climatology of the wave period (s) throughout the year for the coastal area of Salvador (adapted from
Hogben & Lumb, 1967), represented by the percentage of occurrence in each direction.
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Figure 11— Quarterly climatology of the significant wave height (m) throughout the year for the coastal area of Salvador (adapted
from Hogben & Lumb, 1967), represented by the percentage of occurrence in each direction.
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Figure 12 — Wave refraction diagram for the coastal area of Salvador to waves with 6.5 s period, 2.0 m height and SE
direction. Extracted from Bittencourt et al. (2008).

Salvador where events of severe coastal erosion have historically
occurred with the greatest frequency (Bittencourt et al., 2008).
The importance of a SE wave direction in causing coastal ero-
sion events on the Atlantic coast of Salvador has been noted in
previous studies (Medeiros, 2005; Bittencourt et al., 2008). In the
present study, the climatology for wave direction (Fig. 9) shows
that the highest occurrence of waves with a direction in the ESE

octant (20%) was in the JJA. This high frequency of ESE waves
should be related to the high frequency of frontal systems dur-
ing the same period (Kousky, 1979 and 1980; Chaves, 1999,
Andrade, 2005). In addition, the highest frequency of high sea
waves between 2 and 2.5 m in height was attained in JJA
(Fig. 11), which were likely to have grown larger in the clusters
of converging waves on the Salvador coast. This led to increased
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Figure 13 — Annual frequency of occurrence of erosion events in Salvador coastline and SST pattern in the Central Equatorial
Pacific for years with occurrence of El Nifio (light gray), La Nifia (dark gray) and neutral (black) (CPTEC).

erosion, as described by Bittencourt et al. (2008). Following JJA,
the second highest frequency of waves in the ESE octant, about
14% of all waves, was observed in MAM. This may have favored,
in addition to the equinoctial tides, the high occurrence of coastal
erosion along the Salvador coastline (Fig. 2).

Interannual phenomena

The parameters were analyzed by order of importance, and the
last parameter to be analyzed was interannual phenomena (IP).
The results showed that El Nifio and La Nifia also influence the
frequency of coastal erosion on the Salvador coastline. Itis known
that ENSO alters the normal pattern of atmospheric circulation
in both its warm and cold phases, leading to variation in wind
regimes and rainfall in tropical and mid-latitudinal regions, with
impacts at the regional and global scale. In the NEB, droughts
occur in the northern part in EI Nifio years during the climatologi-
cal rainy season from February to May. The southern and western
parts of this region are not significantly affected by IP (Kousky
et al., 1984; Aceituno, 1988). However, the arrival of cold fronts
over the NEB occurs more frequently during La Nifia years, mainly
along the coasts of Bahia, Sergipe and Alagoas (Ropelewski &
Halpert, 1987; Lima 1991; Moura et al., 2000). The authors cited
here have also observed that there is a greater likelihood of above
average rainfall in the semi-arid northeast region when La Nifia oc-
curs simultaneously with above average SST in the tropical South
Atlantic and below average SST in the tropical North Atlantic.
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Given the importance of ENSO for the climate of the NEB, we
examined the influence of ENSO on erosion events on the coast
of Salvador. The events were grouped by year of occurrence and
correlated with the index that defines the intensity of the ENSO
phenomenon. This index was obtained from CPTEC/INPE and is
a function of wind intensity based on the pattern and magnitude
of SST anomalies in the tropical Pacific. Figure 13 shows that
the highest frequency of erosion events (60% of events) occurred
under the influence of La Nifia events. In contrast, only 30%
of the erosion events occurred under the influence of EI Nifio.
Additionally, in neutral years when anomalies were close to zero in
the Pacific, three erosion events (10%) occurred. The maximum
annual frequency of erosion events (5 events per year) occurred in
1996, followed by the years 1975 and 1988 (2 events per year) and
1999 and 2001 (3 events per year). All of these years coincided
with La Nifia events. For erosion events associated with EI Nifio,
the maximum annual frequency was two events per year, which
occurred in 1994

Based on these analyses, it appears that the El Nifio and La
Nifia phenomena have the indirect effect of increasing and de-
creasing the frequency of coastal erosion, respectively, on the
coast of Salvador. In addition, during the erosion events asso-
ciated with La Nifa years, the meridional wind component was
more intense than in EI Nifio years, with a mean meridional wind
component of 3.5 and 2.5 m/s for La Nifia and EI Nifio years, re-
spectively. This pattern of more intense meridional winds during
La Nifa years was also identified by Piola et al. (2000).
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Table 3 verifies the association of ENSO with the synoptic
pattern and tidal conditions observed during the erosion events.
The table shows that among the Scenario 1A and 1B events, five
events (42%) occurred during La Nifia and six (50%) occurred
during EI Nifio. Only one event occurred in a neutral year. With
respect to tides, erosion events most often occurred during spring
tides during both La Nifia and El Nifio years. These results show
that the ENSO phenomenon has a less clear and less direct ef-
fect on the occurrence of erosion events of the Scenario 1 type.
For events in the Scenario 2A and 2B categories, the influence of
La Nifia was stronger. La Nifia was associated with 13 erosion
events (approximately 72% of events of these scenario types),
with 10 events (approximately 55%) occurring simultaneously
with a spring tide. The remaining 28% of the erosion events oc-
curred under the influence of El Nifio (16.7%) and in a neutral
year (11.1%).

Table 3 — Erosion events organized according to La Nifia (L), El Nifio (E), and

neutral conditions (NT) and with tidal conditions — spring (S), transition (T) and
neap tide (N).

SST

Erosion events
(number) L |E]| NT

03/15-19/84 (9) X
07/12-16/88 (11) X
07/08-12/94 (15) X
09/16-19/01 (28) X
05/24-27/02 (29)
09/05-10/06 (31)

(

(

08/27-30/80 (7)
03/07-10/94 (14)
04/18-21/96 (18) X
06/03-07/69 (2) X
07/21-25/96 (19) X z
09/21-24/05 (30) X
07/17-20/67 (1) X
06/30 to 07/03/74 (4) X
05/22-26/75 (5) X
05/27-31/75 (6) X
04/04-07/81 (8) X
08/16-19/93 (13) X
04/15-18/95 (16) X
03/04-07/96 (17) X »
07/30 to 08/02/96 (20)
09/10-13/96 (21)
03/08-11/97 (22) X
03/27-30/99 (23)
05/13-16/99 (24)
03/21-24/01 (26)
05/21-25/01 (27)
08/01-04/85 (10)
09/26-29/99 (25)
07/31 to 08/03/88 (12)

x| X XX

Scenario 1A and 1B

x

x

Scenario 2A and 2B

XXX XXX X

Total 1819 3

For the events that occurred in association with neap and
transitional tides during EI Nifio and during normal years (June
3-6, 1969; August 27-30, 1980; March 7-10, 1994 and Septem-
ber 21-24, 2005) (Table 3), it appears that there was another
external driver of erosion, or the other factors in the conceptual
model (i.e., cold fronts, waves and Ekman transport) had a strong
enough influence to overlap the effect of tides, resulting in coastal
erosion on the Salvador shoreline.

Case studies

This study aimed to investigate and understand the atmospheric
and oceanographic conditions that affect coastal erosion events
on the Salvador coastline. To that end, the major synoptic and
oceanographic driving forces affecting two specific erosion events
are discussed here. The two events correspond to two types of
synoptic patterns, i.e., Scenarios 1 and 2. The two events oc-
curred on March 15-19, 1984 and May 22-26, 1975 and corre-
sponded to Scenarios 1A and 2A, respectively. These two events
were chosen for the case study analysis due to the relatively high
level of material damage caused by these events on the coast of
Salvador, which was determined using information obtained from
local newspapers.

Erosion event of March 15-19, 1984 (Scenario 1A)

The predicted maximum tide heights during the erosion period of
this event were 2.8 m, corresponding to a spring tide that occurred
between March 17 and 18 and 2.7 m, which occurred on March
16-19. The predicted maximum tide (2.8 m) exceeded the mean
tide height for all erosion events during the study period by 40 cm.

Atmospheric parameters for the March 15-19, 1984 erosion
gvent are shown in Figures 14 to 18.

As shown in Figure 14a, the zonal wind had an initial value
of —3.0 m/s and oscillated before reaching its minimum inten-
sity the erosion period (approximately 1.5 m/s at 12 UTC on the
17th). Maximum intensity occurred at 12 UTC on the 19th, with a
value of approximately —5.5 m/s. A change of direction was ob-
served twice, first from 06 UTC to 12 UTC and then from 12 UTC
to 18 UTC on the 16th. Even on days when there was no change
in wind direction, a strong oscillation in zonal wind intensity was
observed. The amplitude of this oscillation was approximately
4.0m/s.

For the meridional wind component, Figure 14b shows an
initial value of 4.1 m/s and a maximum value of approximately
9.4 m/s (at 12 UTC on the 16th). The lowest value (approximately
—1.0 m/s) was recorded on the 19th at 12 UTC. This wind com-
ponent had a S direction during most of the EP and reversed
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direction (from S to N) only after 06 UTC on the 19th. The com-
ponent amplitude was 10.4 m/s.

The mean and standard deviation of the zonal wind compo-
nent were —2.5 m/s and 1.8 m/s, respectively, and the mean
and standard deviation of the meridional wind component were
4.0 m/s and 3.0 m/s, respectively. Thus, the meridional com-
ponent showed the highest mean and standard deviation values,
which reflects the behavior of this component as described in the
overall analysis of Scenario 1A presented above.
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Figure 14 — Mean variation of the (a) zonal and (b) meridional wind compo-
nents at 10 m, from the NCEP reanalysis, between 39.5°W, 14.0°S and 37.0°W,
12.5°S during the erosion event of March 15-19, 1984.

The MSLP field (Fig. 15) shows the typical pattern for Sce-
nario 1A events, with a trough along the coast of the NEB and a
cold front located over the ocean.

The analysis using the surface synoptic maps from the
DHN/Brazilian Navy Hydrographic Center (Centro de Hidrografia
da Marinha — CHM/DHN) (Fig. 16) showed the presence of a
CF close to Salvador on March 15th (Fig. 16a), with its cloud
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band oriented in the SE-NW direction over the ocean. The pres-
ence of a HP center (1020 hPa) behind the front resulted in SE
winds with an approximate intensity of 7.7 m/s on the coast of
Salvador. On March 16th (Fig. 16b), there was an intensification
and coupling of the HP center (1024 hPa) with a TR in the low
levels of the atmosphere. The axis of this system was over the
ocean but had an orientation parallel to the east coast of NEB.
Due to this configuration, winds reached a maximum intensity of
15.3 m/s and were primarily oriented in a SE direction close to
the coast of Salvador. In contrast, the CF on that day shifted com-
pletely over the ocean. On March 17th (Fig. 16¢), the CF retreated
towards land, and the convective band exhibited a SE-NW direc-
tion near the latitude of Salvador, favoring S winds with an in-
tensity of approximately 5.1 m/s to the south of Salvador. On
March 18th (Fig. 16d), the CF retained the same characteristics as
observed on the previous day. Only the wind direction changed,
shifting to the SE, with an intensity of 2.6 m/s to the south of Sal-
vador. On the last day of the EP (March 19th) (Fig. 16e), the CF
dissipated and gave way to a HP system (1016 hPa) that coupled
with a low-intensity TR, favoring weak winds of about 2.6 m/s with
a SE direction in Salvador.
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Figure 15 — Mean sea level pressure (Pa) during the erosion period (03/15 to
03/19/84) (NCEP).

These results show that when the direction of the merid-
ional wind is reversed from N to S, the standard deviation and
maximum intensity associated with the large-scale pattern of the
cold front may explain the occurrence of large high sea waves,
which further increase in the clusters identified by Medeiros
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Figure 16 — Surface synoptic maps at 12 UTC for the days: (a) Upper left panel
erosion; (c) Upper right panel — 03/17 and (d) Lower left panel —

(2005) and Bittencourt et al. (2008) along the Salvador coast.
It was also observed that, due to the behavior of the meridional
wind during the EP, Ekman transport was oriented toward the
shore, leading to increased sea levels and the amplification of
the erosion event.

Table 4 and Figure 17 were produced with the ERA-40 reanal-
ysis and show the maximum high sea values for the significant
wave height (1.8 m) and wave period (8.0 s) that occurred on
March 16th at 12 UTC. It is likely that the waves were generated
locally by the passage of the cold front, as they had a wave period
of less than 12 s.

Finally, it is worth noting that a weak La Nifia was also present
during this erosion event and may have contributed to the in-
creased frequency of cold fronts on the coast of Bahia.
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—03/15, two days before the erosion; (b) Upper center panel —03/16, one day before the

03/19, one day after the erosion (Source: CHM/DHN).

Table 4 — Maximum observed values for the sea wave height and period before
the erosion day (03/16/84) and in the erosion days (03/17/84 and 03/18/84),
with the respectively occurrence hours (Source: ERA-40 from ECMWF).

Days Maximum sea Maximum Time
wave height(m) | period () (UTC)
03/16/84 (BE) 18 8 12
03/17/84 (ED) 16 8 12and 18
03/18/84 (ED) 16 8 00

Erosion event of May 22-26, 1975 (Scenario 2A)

For this event, the predicted maximum tide heights for the erosion
period were 2.5 m, corresponding to a spring tide between May
23 and 25, and 2.4 on May 22 and 26. The maximum expected
tide (2.5 m) exceeded the mean tide for all erosion events over the
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(d) 03/16/34 at 12Z (e} 03/17/84 at 12 and 132 (f) 03/18/34 at 00Z

Figure 17 — Significant wave height (a), (b), (c) and wave period (d), (e) and (f) for the day before the erosion (03/16) and in the erosion days (03/17 and 03/18),
respectively. Contour intervals in the figures are equal to 0.6 m (a); 0.4 m (b), (c); and 1s (d), (e), (f); respectively (Source: ERA-40).
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Figure 18 — Mean variation of the (a) zonal and (b) meridional wind components at 10 m, from the NCEP reanalysis, between 39.5°W, 14.0°S and 37.0°W, 12.5°S

during the erosion event of March 22 to 26, 1975.

study period by 10 cm.

Figure 18a shows that the zonal wind component had an ini-
tial value of approximately —3.0 m/s at 00 UTC on May 22nd.
The maximum and minimum values were —4.9 m/s at 18 UTC
on the May 22nd and 1.0 m/s at 12 UTC on May 26th. It is im-
portant to note that this component changed direction six times
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between May 24th and 26th, and its amplitude during this pe-
riod was —3.9 m/s. The maximum value of the meridional com-
ponent (Fig. 18b) was approximately 14.7 m/s on May 24th at
00 UTC, and the minimum value was 4.9 m/s at 00 UTC on May
22nd. The oscillation amplitude of this component was approxi-
mately 9.8 m/s.
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The mean and standard deviation values for the zonal com-
ponent during the EP were —1.5 m/s and 1.8 m/s, respectively.
The mean value for the meridional component was 8.0 m/s, and
the standard deviation was approximately 2.7 m/s.

In the typical pattern of Scenario 2A, a high pressure sys-
tem dominates Bahia, Minas Gerais and the surrounding region
(Fig. 19), and a trough with a meridional structure is present over
the ocean. The MSLP field favors average E-SE winds in a vast
oceanic region at tropical latitudes and triggers waves towards
the coast of Bahia.

EQ
25 > k\
J 101200

45

sl 1101300

101300/

88

185

1014007
128

Latitude

1454
\

1E5 N\ \

185

0517 102300 , T —

28] o~ 102400,

s / .
N
S0W 480 480 44U 420 400 38W  36W 34w 320 30W  28W 26w

Longitude

Figure 19 — Mean sea level pressure (Pa) during the erosion period (05/22 to
05/26/75) (NCEP).

The overnight evolution of the MSLP field and winds can be
observed in the CHM/DHN surface synoptic maps presented in
Figure 20. On May 22nd (Fig. 20a), a TR was present in the low
levels of the atmosphere with its main axis centered on the east
coast between the states of Pernambuco and Rio de Janeiro. This
system was found to be associated with a HP center (1028 hPa)
located over the ocean near the southeast coast of Brazil that
dominated much of the central-eastern, southernand northeastern
regions. The weather conditions associated with the circulation
were unstable, with S-SE winds located over the coast of Bahia.
On May 23rd (Fig. 20b), the TR over the coastline dissipated and
the prevailing winds near the coast of Salvador became E-oriented
with an intensity of approximately 7.7 m/s. On May 24th (Fig. 20c)
and 25th (Fig. 20d), a TR formed over the ocean, and an intensi-
fication of the pressure gradient was observed, confirmed by a

maximum wind intensity of approximately 10.2 m/s in the SE and
Sdirections. Onthe last day of the EP (Fig. 20e), the TR weakened.
Wind intensity decreased, but the wind direction remained SE.

As shown in the Scenario 1A case study, the predominance of
winds in the S or SE direction explains the occurrence of large
high sea waves that are later heightened at convergence clus-
ter identified by Medeiros (2005) and Bittencourt et al. (2008)
along the coast of Bahia. The standard deviation of the meridional
component was approximately 2.7 m/s, which indicates atypi-
cal behavior of the meridional component when compared with
the mean wind flow during this period. This behavior can be at-
tributed to the coupling of the HP and TR synoptic systems, as
gvidenced in the synoptic maps. Similarly to the case study for
Scenario 1A, in this case study, the meridional wind compo-
nent during the EP promoted Ekman transport directed towards
the coast, contributing to increased sea levels and intensification
of the erosion event.

For the oceanographic parameters, Table 5 and Figure 21
show that the maximum value of significant wave height (2.5 m)
and wave period (9.0 s) at high sea occurred on May 25th at
06 UTC. These data indicate that the waves originated locally be-
cause they have a period of less than 12 s. Thus, the waves may
also be related to the coupling of the HP and TR systems.

Table 5 — Maximum observed values for the sea wave height and period before
the erosion day (05/23/75) and in the erosion days (05/24/75 and 05/25/75),
with the respectively occurrence hours (Source: ERA-40).

Days Maximum sea Maximum Time
wave height (m) period (s) (UTC)
05/23/75 (BE) 25 8.0 18
05/24/75 (ED) 2.0 8.8 12
05/25/75 (ED) 25 9.0 00

Finally, it is worth mentioning that a strong La Nifia was ac-
tive during this erosion event. The La Nifia phenomenon may
have influenced oceanic-atmospheric conditions in the South
Atlantic basin and favored the intensification of high frequency
synoptic systems, resulting in surface winds. During the ero-
sion period, the predicted maximum tide height was less pro-
nounced (2.5 m), which suggests that other factors in the concep-
tual model, including synoptic systems and waves, acted together
with an astronomical tide to cause a rise in sea levels and intensify
erosion near Salvador.

CONCLUSION

The results of this study show that the penetration of cold fronts
and high pressure centers, coupled with troughs in the low
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Figure 20— Surface synoptic maps at 12 UTC for the days: (a) Upper left panel — 05/22, two days before the erosion; (b) Upper center panel—05/23, one day before the
erosion; (c) Upper right panel — 05/24 and (d) Lower left panel — 05/25, erosion days; and (g) Lower right panel — 05/26, one day after the erosion (Source: CHM/DHN).

levels of the atmosphere, are key to explaining the development
of severe erosional processes in wave convergence clusters, es-
pecially when combined with the occurrence of a spring tide.
This last factor is a necessary condition for the occurrence of
erosion events in Salvador. The atmospheric and oceanic circu-
lation patterns produced in the four scenarios described in the
conceptual model in this study induced Ekman transport, S and
SE winds and wave height. Together with spring tides, these fac-
tors drove the severity of erosion events that caused a relatively
big economic loss.

In most of the erosion events examined in this study, there
was a predominance of winds from the S and SE, which replaced
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trade winds from the E through the passage of frontal systems.
As a result, coastal circulation associated with Ekman transport
caused water to be pushed towards the shore, and this sea level
height is a direct function of wind speed. The accumulation of
water raised the tide, causing the water to advance beyond the
coastline and reach the highest parts of the beach, removing sed-
iment from the beach through the action of the waves.

Two specific events of severe coastal erosion on the coast of
Salvador (corresponding to Scenarios 1A and 2A from the con-
ceptual model) were used as case studies to validate the pro-
posed conceptual model and examine in-depth the atmospheric
and oceanographic patterns that were active during the events.
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(d) DS/23/75 at 182

{e) 05/24/75 at 122

(f} OS/25/TS at 00Z

Figure 21 — Significant wave height (a), (b), (c) and wave period (d), (e) and (f) for the day before the erosion (05/23) and in the erosion days (05/24 and 05/25),
respectively. Contour intervals in the figures are equal to 0.5 m (a), (c); 0.4 m (b); and 1 s (d), (e), (f), respectively (Source: ERA-40).

The results of the case studies suggest that waves were caused
by the interaction between local and remote phenomena. Waves
moved towards the coast after being refracted and rose at the
wave convergence clusters previously proposed by Medeiros
(2005) and Bittencourt et al. (2008). In both erosion events, the
meridional wind component during the erosion period resulted in
Ekman transport directed toward the coast, which contributed to a
rise in sea level.

Furthermore, with the prospect of rising sea levels as a result
of global warming from increased concentrations of greenhouse
gases in the atmosphere, it is expected that erosion events at the
wave convergence clusters identified in this study will intensify.
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