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This paper aims to identify the circulation associated with Easterly Wave Disturbances (EWDs) that propagate toward the Eastern
Northeast Brazil (ENEB) and their impact on the rainfall over ENEB during 2006 and 2007 rainy seasons (April–July). The EWDs
identification and trajectory are analyzed using an automatic tracking technique (TracKH). The EWDs circulation patterns and
their main features were obtained using the composite technique. To evaluate the TracKH efficiency, a validation was done by
comparing the EWDs number tracked against observed cases obtained from an observational analysis. The mean characteristics
of EWDs are 5.5-day period, propagation speed of ∼9.5m⋅s−1, and a 4500 km wavelength. A synoptic analysis shows that between
days −2 d and 0 d, the low level winds presented cyclonic relative vorticity and convergence anomalies both in 2006 and 2007. The
EWDs signals are strongest at low levels. The EWDs propagation is associated with relative humidity and precipitation positive
anomalies and OLR and omega negative anomalies. The EWDs tracks are seen over all ENEB and their lysis occurs between the
ENEB and marginally inside the continent. The tracking captured 71% of EWDs in all periods, indicating that an objective analysis
is a promising method for EWDs detection.

1. Introduction

Northeast Brazil (NEB, Figure 1) is located at the eastern
extreme of tropical South America, approximately between
latitude 1∘–18∘S and longitude 35∘–48∘W,with an area exceed-
ing 1.6 million km2. The NEB is subject to various mete-
orological systems that induce rainfall with large temporal
and spatial variability. However, while the east coast receives
around 1600mm annual rainfall, some inland dry regions
receive less than 750mm [1]. This variability coupled with
high temperatures throughout the year is responsible for the
semiarid climate in the region.

It is possible to identify three different rainfall regimes
in NEB [2–4]. In the northern NEB, the main rainy sea-
son occurs from February to May and can be linked to
the Intertropical Convergence Zone (ITCZ), which reaches

its southernmost position during March-April [5]. In the
southern NEB, the rainy season occurs from December to
February and is associated with cold front (CF) incursions
that reach low latitudes [2]. The NEB east coast has its rainy
season from April to July and, according to [2, 6], is mainly
due to sea breeze circulations, above all overnight, and Cfs or
their remnants occurring along the coast. In addition, [7, 8]
also suggested that this maximum is related to Easterly Wave
Disturbances (EWDs), which propagate westward over the
tropical South Atlantic Ocean during the austral autumn and
winter.

The EWDs are disturbances that move westward with the
trade winds associated with the subtropical ridges. According
to [9], the position and intensity of the South Atlantic ridge
are an important mechanism for the low-level water vapor
transport toward NEB. These disturbances are important
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Figure 1: Northeast Brazil geographical location and study area.The
orography is depicted by shading (m).

climatologically because they carry large amounts ofmoisture
to areas that are typically dry. When EWDs interact with
local circulations, low-level convergence can be increased,
sometimes resulting in increased rainfall over the eastern and
northern NEB coasts.

Several studies have shown that EWDs occur in vari-
ous tropical regions, mainly in the western Pacific Ocean,
Caribbean Sea, West Africa, and eastern Atlantic Ocean [10–
25]. In the South Atlantic tropical region, near the Brazilian
cost, EWDs can also occur, though less frequently than
elsewhere [8, 26–32].

The study of [27] considered the kinematic characteristics
of tropical synoptic disturbances over the South Atlantic at
700 hPa and showed that they are generally very weak when
compared to those in the Northern Hemisphere, especially
in May to August. These disturbances typically have periods
of 3–5 days. The study of [27] also suggested that African
easterly waves could cross the Atlantic Ocean and contribute
to organized convection over South America. The study of
[32] analyzed two EWD events that reached the NEB eastern
coast on May 15, 2005, and June 20, 2006. They found that
areas with large convective activity were associated with
upward motion and humidity convergence regions at low
levels. Although the EWDs in the NH are often associated
with a Low Level Jet (LLJ), for example, the African Easterly
Jet or the Caribbean jet [22], this mechanism does not
appear to be a factor in the South Atlantic, though further
investigation is still necessary.

Recently, [30] performed a detailed study of the rela-
tionship between westward positive unfiltered relative vor-
ticity over the southern tropical Atlantic, Mesoscale Con-
vective System (MCS) occurrences over the western south-
ern tropical Atlantic and strong rainfall events (anomaly
> 10mm⋅day−1) over the NEB eastern coast. Their results
suggested that ocean-atmosphere processes are responsible
for the strong precipitation episodes and a significant percent
of the rainfall episodes were associated with EWD events.

The rainfall produced by EWDs benefits society in
tropical South America in terms of agriculture and power
generation, but they are also often responsible for flash
floods, landslides in high risk areas, and erosion.There is still
little knowledge of the physical and dynamical mechanisms
involved in the development and maintenance of EWDs and
their variability in this region. Thus, the main objective of
this paper is to identify the circulation patterns generated by
the movement of EWDs to the NEB eastern coast (hereafter
called ENEB) and their importance for the total rainfall
over this region during the 2006 and 2007 rainy seasons.
Additionally, we will analyze the identification and trajectory
of these disturbances using an automatic tracking technique.

2. Data and Methods

2.1. Data Sets. The data used here are from the European
Centre for Medium-Range Weather Forecasting (ECMWF)
interim reanalysis (ERAI; [33–35]). The ERAI is the latest
global atmospheric reanalysis produced by the ECMWF and
is a continuation of their production of reanalyses following
on from the previous atmospheric reanalysis ERA-40 [36].
The meteorological fields used in the analysis are horizontal
fields of relative vorticity, streamlines, humidity, and temper-
ature at the pressure levels 1000, 850, 700, 600, 500, 400, 300,
and 200 hPa and vertical profiles of temperature, humidity,
and vertical velocity along the latitude 8∘S. These data are
available on a 1.5∘ × 1.5∘ grid from 1979 to the present at 4
times’ daily resolution, although we will only consider here
the years 2006 and 2007. More years will be considered for a
following paper about the climatology of EWDs. In addition
to ERAI data, dailymean outgoing longwave radiation (OLR)
data from the National Oceanic and Atmospheric Admin-
istration (NOAA) polar-orbit meteorological satellites, on a
regular grid of 2.5∘ × 2.5∘ resolution [37] and precipitation
from the Tropical Rainfall Measuring Mission (TRMM) on
a 0.25∘ × 0.25∘ grid [38] are used. To verify the cloud and
synoptic systems associated with EWDs, the Meteosat 7
satellite images in the visible (0.5–0.9 𝜇m), water vapor (5.7–
7.1 𝜇m), and infrared (10.5–12.5 𝜇m) channels are used.

2.2. Composite Analysis. The EWD average circulation pat-
terns were obtained using the composite technique. The
observed cases of EWDs that reached NEB were obtained
from [31] subjective analysis. The EWD events were initially
detected in Meteosat infrared satellite images with a 3
hours’ temporal resolution by considering the cloudiness
and characteristic disturbance scale, that is, synoptic and
subsynoptic, which moved westward over the tropical south
Atlantic throughout the study period. From the first detection
step (cloudiness identification), [31] selected the events as
potential EWDs. The second and final detection step was to
analyze relative vorticity and streamline fields at 1000, 850,
700, 500, and 200 hPa using the ERAI data in order to find
typical EWD circulation patterns, in accordance with the
definitions in the literature. Those systems with the above
characteristicswere classified as EWDs.The analysis indicates
the occurrence of 26 (22) systems in the rainy season of April
to July (AMJJ) in 2006 (2007) which are listed in Table 1. The
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Table 1: Observed EWDs dates to the 2006 and 2007 rainy season
(AMJJ) (left columns) and tracked by TracKH (right columns).

2006 2007
Date Track Date Track
29/Mar.–03/Apr. Ok 04–06/Apr. —
07–09/Apr. Ok 07–14/Apr. Ok
13–15/Apr. — 14–21/Apr. —
21–23/Apr. Ok 24–29/Apr. Ok
21–27/Apr. Ok 25/Apr.–02/May Ok
21/Apr.–02/May Ok 27/Apr.–04/May Ok
13-14/May Ok 14–16/May —
15–17/May Ok 17–19/May —
21–23/May Ok 18–22/May Ok
21–25/May — 20–24/May —
28–31/May — 28/May–01/Jun. Ok
02–06/Jun. — 02–04/Jun. Ok
08–13/Jun. Ok 06–09/Jun. Ok
13–18/Jun. Ok 07–13/Jun. Ok
19–22/Jun. Ok 14–17/Jun. Ok
22–26/Jun. — 24–30/Jun. Ok
25–28/Jun. Ok 27/Jun.–02/Jul. —
27-28/Jun. — 03–05/Jul. Ok
05–07/Jul. Ok 11–13/Jul. Ok
06–12/Jul. — 21–24/Jul. Ok
12–14/Jul. — 24–27/Jul. Ok
14–16/Jul. Ok 27–29/Jul. —
14–19/Jul. Ok
18–20/Jul. Ok
16–23/Jul. Ok
22–28/Jul. Ok

choice of these two years, within the period of five years from
[31], was taken to evaluate the variability from one year with
EWD events with less convective activity (2006) against a
year with more convective activity (2007). A detailed analysis
using the composite method is first carried out before seeing
how the objective tracking performed. Composite maps for
the days in which EWDs were observed were generated for 2
days prior to the event day (i.e., when the EWDs have reached
the ENEB), the event day, and 2 days following the event
(−2 d, 0 d, and +2 d, resp.).

2.3. Tracking Technique. The current knowledge of the EWD
life cycle, including genesis, growth, and dynamical aspects,
is still limited. Thus, an automatic objective analysis method
is explored to identify and track the EWDs.This method was
developed by [39, 40] (TracKH) and has been widely applied
to analyze African Easterly Waves (AEW) [15, 22, 24], which
are usually more intense and have been more extensively
studied compared to waves in the Southern Hemisphere
(SH) [27]. The main differences in the EWDs between the
hemispheres are their intensity and distance traveled [24, 41].

TracKH identifies and tracks EWDs that exceed a relative
vorticity threshold and requires that this threshold meets

certain lifetime and distance traveled requirements. In pre-
vious studies, the relative vorticity was initially smoothed
to a T42 resolution (∼280 km grid spacing at the equator)
using a spectral transform based on spherical harmonics that,
according to [24], is adequate to identify this kind of wave
(synoptic) and reduces the relative vorticity noise at higher
resolutions.The reduced resolution is used to remove the very
small subsynoptic spatial scales, which can result in multiple
vorticity centres and/or subsynoptic phenomena centres,
which can lead to tracking errors [42]. Although the TracKH
has been widely used in many regions, particularly over the
African continent and North Atlantic, it has not been applied
to the tropical South Atlantic, near NEB. The identification
and tracking criteria of EWDs used in this region were
modified from [24]. For this study, EWDs identification uses
a T63 resolution and a threshold vorticity of −0.5 × 10−5 s−1
with systems identified as minima lower than the threshold.
We also required systems to travel at least 500 km (∼5∘) and
persist for at least 1.5 days. These changes were necessary
because the amplitude of the EWDs is usually lower in the
SH when compared to the NH. Genesis and lysis density are
also derived from the tracking method, where the first (last)
point in each track is considered as a genesis (lysis) location.
The densities are computed as the number of track, genesis,
or lysis points per month per unit area (∼106 km2) using the
spherical kernel method [43].

In order to evaluate the efficiency of the TracKHmethod,
each relative vorticity centre tracked (dates and paths) was
compared with the EWDs identified by [31].

3. Results

3.1. Synoptic and Dynamic Analysis of EWDs. The atmo-
spheric circulation patterns that could help to identify the
EWD activity over ENEB are discussed in this section.
Composites of atmospheric variables were made for times
with and without EWDs during the 2006 and 2007 rainy
seasons (AMJJ) for two days before (−2 d) until two days
after (+2 d) the event day. The composite anomalies were
computed for the same periods using arithmetic differences
between the composites with andwithout EWDswith the aim
of amplifying the signal.

The EWDs were identified using satellite image analysis
and 700 hPa wind composite fields. The EWDs presented an
average of 5 days duration between detection and dissipation
both for 2006 and 2007, according to the satellite image
analysis. Using the 700 hPa composite fields, the EWDs
average lifetime and wavelength are 5.5 days and 4500 km
(45∘), respectively. The mean phase velocity was 9.5m s−1.
These characteristics are close to those found by [8, 27, 44].
The individual years are considered next.

(a) 2006 Rainy Season. Figure 2 shows the relative vorticity
(RV) and streamline composite anomalies for the 2006 rainy
season at 1000 hPa (left column), 850 hPa (center column),
and 700 hPa (right column) for the −2 d to +2 d times. The
dashed lines show the approximate trough axes. On day −2 d,
at 1000 hPa (Figure 2(a)), an anomalous cyclonic circulation
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Figure 2: Relative vorticity (shaded, 10−5 s−1) and streamlines composite anomalies in the period from April to July 2006 at 1000 hPa (left
column), 850 hPa (center column), and 700 hPa (right column). The approximate trough axis is shown by dashed line.
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is observed with RV minima as low as −0.35 × 10−5 s−1 in the
Tropical South Atlantic (TSA) (∼9∘S–29∘W) linked to EWD
propagation. At 850 hPa (Figure 2(b)), this anomaly was also
identified but with a more intense cyclonic circulation and
RV minima (−0.4 × 10−5 s−1), but located further east (∼1∘)
relative to that at 1000 hPa. At the 700 hPa level (Figure 2(c))
there is instead only an anomalous trough (dashed line)
connected to a RV minima centre of about −0.2 × 10−5 s−1.
The study of [26] identified the layer with highest occurrence
of EWDs throughout the entire year.Their results showed that
the highest frequency of EWDs occurs in the 850–700 hPa
layer during the rainy season, in accordance with the results
presented here.

Between days −2 d and −1 d the wind and RV anomalies
associated with EWDs move westward, approaching the
ENEB at all levels. At day 0 d (Figures 2(g)–2(i)) the troughs
and RV minima associated with the EWDs reach the ENEB
on all levels, but with greater intensity at 850 hPa (as low
as −0.35 × 10−5 s−1), favoring upward motion. This feature
also was obtained on day +1 d between 850–700 hPa. On day
+2 d (Figures 2(m)–2(o)) no anomaly pattern associated with
EWDs was identified.

Figure 3 shows the horizontal divergence composite
anomalies for the 2006 rainy season at 1000 hPa (left column),
850 hPa (center column), and 700 hPa (right column).Onday
−2 d, at 1000 hPa (Figure 3(a)), an anomalous convergence
centre associated with EWDs is observed with a value of
−0.3 × 10−5 s−1 (9∘S–27∘W) in phase with the circulation
and anomalous cyclonic vorticity patterns identified in
Figure 2(a) (day −2 d). At 850 hPa (Figure 3(b)), there is a
convergence anomaly associated with EWDs, but with lower
intensity (as low as −0.1 × 10−4 s−1) compared to the 1000 hPa
level. A positive anomaly (divergence) is detected at 700 hPa
(Figure 3(c)). This suggests that there is an inversion in the
convergence/divergence pattern between 1000 and 700 hPa.
According to [20], the EWD propagation is associated with
mass convergence (divergence) at low (medium/high) levels
of the atmosphere. The study of [45] determined the mean
structure of 13 EWDs in ENEB (June 3 to July 27, 1994) and
found that the convergence dominates from the surface to
800 hPa.They also suggested that the convergence maximum
at low levels might be explained by the interaction of
north/east winds acting perpendicular to the coast, while
south/southeast winds reach this same region parallel to the
coast. The centres identified on day −2 d associated with
EWDs propagate westward and reach the ENEB on day 0 d
(Figures 3(g)–3(i)), with increased intensity. In the following
days there is no evidence of any convergence/divergence
anomalies over this region.

In order to evaluate how the EWDs change through
the troposphere, vertical cross sections of the composite
anomalies along 8∘S (Figure 4) of the relative humidity (%,
left column), vertical velocity (m s−1, center column), and
temperature (∘C, right column) were examined. This latitude
was chosen by considering the intensity of the EWDs and the
most affected areas according to the observational analysis.

On day −2 d a centre of anomalous relative humidity
(Figure 4(a)) (and upward motion, Figure 4(b)), associated

with EWDs, of up to 4% (−2m⋅s−1) centered at approxi-
mately 28∘W (26∘W) and between the 950–650 hPa (1000–
600 hPa) levels is observed. Over the ENEB coast, there
is a predominance of downward motion, no significant
humidity anomalies and negative temperature anomalies at
all levels. At day −1 d, the moisture (Figure 4(d)) and upward
motion (Figure 4(e)) anomalies intensify and propagatewest-
ward associated with a positive temperature anomaly centre
between 700–500 hPa. The EWDs reach ENEB on day 0 d
according to the anomaly fields, indicated by the presence
of positive moisture (Figure 4(g)) anomalies (upward move-
ment, Figure 4(h)) in the lower and middle levels of about
8% (−3m⋅s−1). In addition, a layer of positive temperature
anomalies at 700–500 hPa is identified between two layers of
negative anomalies.

Figure 5 shows the TRMM precipitation (left column)
and convection (right column, negative values) associated
with EWDs. It is observed that on day −2 d (Figures 5(a) and
5(b)) a positive precipitation (negative) anomaly (Outgoing
Longwave Radiation, OLR) occurs between the longitudes
25∘–30∘W and latitudes 6∘–12∘S. On day −1 d (Figures 5(c)
and 5(d)) these anomalous centres propagate westward and
reach the ENEB on day 0 d (Figures 5(e) and 5(f)) along
with the negative RV centres and convergence presented
in Figures 2 and 3. The precipitation close to the ENEB
on days −2 d and −1 d is weak. However, as the EWDs
approach, precipitation becomes intense (up to 5mm⋅day−1)
over ENEB, especially along the coastlines of AL, PE, RN, and
PB states (see Figure 1).TheOLR indicates that the EWDs are
characteristically shallow, but it is possible to identify themby
their negative OLR anomalies up to two days before and until
day 0 d. On day +1 d (Figures 5(g) and 5(h)) one can still see
positive precipitation anomalies associated with EWDs over
ENEB. From the precipitation and OLR anomalies positive
(negative) precipitation (OLR) anomalies are also seen over
BA southern/eastern coast, which is probably associated with
other types of system.

Themain synoptic features associated with EWDs during
the 2006 season were obtained through the analysis of
composites from two days before until two days after their
impact on ENEB. In summary, these results indicate the
movement of cyclonic vorticity and convergence anomalies at
low levels from the east over the TSA until they reach ENEB.
Furthermore, we highlight the moisture and upward motion
between low and middle levels associated with EWDs. These
anomalies agree with the OLR and precipitation anomalies,
especially at day 0 d (Figures 5(e) and 5(f)).

(b) 2007Rainy Season.Thewind andRVanomalies associated
with EWDs for the 2007 rainy season are shown in Figure 6.
These anomalies are computed at the levels 1000, 850, and
700 hPa for days −2 d until +2 d and indicate as before the
westward propagation of the EWDs. The cyclonic anomaly
is in phase with the trough and the anticyclonic centre is
south of it. In 2006 (Figure 2), the anticyclonic RV anomaly
had a less intense signal than in 2007. This is probably due
to the reduced convective observed in that season. On day
0 d (Figures 6(g)–6(i)) it can be seen that the trough and
RV cyclonic anomaly are present (as low as −5 × 10−4 s−1)
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Figure 3: As in Figure 2, but for the horizontal divergence (10−5 s−1).
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Figure 4: Continued.
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Figure 4: Vertical cross-sections composite anomalies along 8∘S of the relative humidity (%, left column), vertical velocity (m⋅s−1, center
column), and temperature (∘C, right column) in the period from April to July 2006. The vertical dashed line at 35∘W mark the subjectively
estimated longitudinal position of littoral ENEB.

in all the chosen levels over the ENEB. These anomalies are
more intense compared to the 2006 rainy season as well as
influencing all the NEB coast.

The horizontal divergence anomalies (Figure 7) show
convergence centres associatedwith EWDs for all days at 1000
and 850 hPa. At 700 hPa (right column), the opposite pattern
is identified, similar to the results of the 2006 (Figure 3) rainy
season, which also showed divergent anomalies at this level
from day −2 d until +2 d. Furthermore, the convergence cen-
tres obtained in 2007 aremore intense than those observed in
2006 at all levels. On the other hand, the 850 hPa (Figure 7,
center column) convergence anomalies in 2006 (Figure 3)
rainy season are seen better. In addition, we highlight the

positive anomaly pattern (divergent) south of the negative
anomaly as discussed in Figure 6.

Figure 8 shows the vertical cross section composite
anomalies along 8∘S of the relative humidity (left), vertical
velocity (middle), and temperature (right) during the 2007
rainy season. On day−2 d a relative humidity anomalous cen-
tre (8%, Figure 8(a)) is identified between 900–400 hPa asso-
ciated with upward motion (Figure 8(b)) of about −1.5m⋅s−1.
On subsequent days these anomalous centres move westward
growing stronger over ENEB (dashed line) on day 0 d (Fig-
ures 8(g) and 8(h)). The EWDs impact on ENEB is observed
at day 0 d at all levels. The 2006 rainy season (Figure 4) has
these anomalies confined between lower and middle levels.
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Figure 5: Continued.
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Figure 5: Precipitation (left column, mm⋅day−1) and outgoing longwave radiation (right column,W⋅m−2) composite anomalies in the period
from April to July 2006.

Furthermore, it can be observed that on day +1 d there is a
relative humidity anomaly (Figure 8(j)) between longitudes
35∘ and 40∘W, while the upward motion (Figure 8(k)) is
restricted to 750 hPa. On day +2 d these anomalies are
reduced but they still have an influence over ENEB. For the
temperature anomalies (Figure 8, right column), note on day
−2 d (Figure 8(c)) a positive anomaly centre between 1000
and 900 hPa with negative anomalies above (850–400 hPa).
On day −1 d these centres move westward and there is a new
positive centre between 700 and 500 hPa to the rear. The fol-
lowing day (Figure 8(i)), the ENEB is influenced by negative
anomalies at almost all layers, except between the 950 and
800 hPa levels which shows positive anomalies. On day +1 d
there is a slight temperature increase at midlevels while on
day +2 d this anomalous heating is more pronounced. These
temperature anomalies are consistent with the composites of
the other variables, which showed EWDs more intense in
2007 when compared to 2006.

The precipitation and OLR anomalies for the 2007 rainy
season are shown in Figure 9. From day −2 d the negative
(positive) OLR (precipitation) anomalies associated with
EWDs are clearly identified propagating westward through to
day 0 d (Figures 9(e) and 9(f)), as well as their influence over
ENEB with an intensity of about −4W⋅m−2 (6mm⋅day−1). In
2006, these anomalies had a lower intensity but were better
identified on day 0 d (Figures 5(e) and 5(f)) compared to
2007. Furthermore, it is observed that the EWDs contribute
to the precipitation over ENEB on days +1 d and +2 d, with
maxima along the AL and RN coastline. In the 2006 season,
this influence was noted until day +1 d (Figures 5(g) and 5(h))
with more variable spatial distribution.

In summary the synoptic features associated with EWDs
for the 2007 season are similar to the 2006 period, but
having more intense anomalies. These anomalous patterns
were noted for all composite days propagating westward with
a major influence over ENEB at day 0 d.

3.2. EWDs Tracking: Statistics and Validation. In this section,
the main life cycle of EWDs features are discussed in terms

Table 2: Percentage of EWDs detected by TracKH, EWDs tracks,
and other systems cyclonic vorticity centre tracks.

Period 2006 2007 Average
% EWD detected 73 68 71
% tracks with EWD 48 38 43
% of others systems 52 62 57

of genesis, track, and lysis densities. The EWD events in the
TSA seem to be better identified when TracKH is applied at
the 850 hPa level, where the relative vorticity centres are most
intense. Although the EWDs are better captured at 850 hPa
using the vorticity, the trough associated with them can be
found from 1000 up to 700 hPa, at least. However, only the
850 hPa analysis results are presented.

Table 1 shows the dates of EWDs that reached ENEB
according the subjective detection of [31] and the events
detected by TracKH during the 2006 and 2007 rainy seasons
(AMJJ). In the first (second) period, 26 (22) EWDs were
identified by [31], while the TracKH detected 40 relative
vorticity centre trajectories in both periods (80 in total),
of which 19 (15) coincided with the ones detected by the
observational analysis of [31]. From these results, it was
determined that the percentage of EWDs detected by TracKH
(Table 2) that coincidedwith those identified by [31]were 73%
and 68% in 2006 and 2007, respectively.

Due to the travel distance criterion used, someEWDs that
intensified closer to the ENEBwere not captured.The average
percentage of the observed EWDs detected by TracKH was
about 71% (Table 2), but the number of events tracked
(80 events) is higher than those observed (48 events). The
vorticity centres associated with EWDs were separated from
the other centre types tracked by TracKH. Table 2 indicates
that 43% (34 vorticity centres) tracked by TracKH are EWDs
and 57% (46 vorticity centres) represent vorticity minima
associated with other weather systems, such as perturbations
produced in the tradewinds, Cfs or their remnants and ITCZ.
These systems will be investigated further in future work.
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Figure 6: Relative vorticity (shaded, 10−5 s−1) and streamlines composite anomalies in the period from April to July 2007 at 1000 hPa (left
column), 850 hPa (center column), and 700 hPa (right column). The approximate trough axis is shown by dashed line.
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Figure 7: As in Figure 6, but for the horizontal divergence (10−5 s−1).
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Figure 8: Continued.
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Figure 8: Vertical cross-section composite anomalies along 8∘S of the relative humidity (%, left column), vertical velocity (m⋅s−1, center
column), and temperature (∘C, right column) in the period from April to July 2007. The vertical dashed line at 35∘W mark the subjectively
estimated longitudinal position of littoral ENEB.

Figures 10(a) and 10(b) show the April–July cyclonic
vorticity tracks for 2006 and 2007 in 850 hPa, respectively. In
2006, most of the tracks could be detected over both NEB
eastern and northern coasts. However, northern trajectories
are parallel and far from the coastal line when compared to
the eastern tracks (perpendiculars to the coast). The 2007
rainy season, in contrast, had a less EWDs activity around
the ENEB andmore trajectories parallel to the NEB northern
coast. Over the ENEB, only 3 events were observed.

Knowledge of the life cycle of EWDs over ENEB is still
unclear, mainly due to a lack of understanding of their
interaction with other weather systems. According to [21,
46], the main difficulty in identifying the exact moment of

formation of EWD is due to the shortage of observed data
over the tropical oceans. Some studies have shown that EWDs
start over the Africa western coast and intersect the south-
equatorial Atlantic basin reaching the South America coast
[27, 30], most likely induced through the meridional shift
of the ITCZ [47]. Other studies have suggested that EWDs
may also be linked to the displacement of cold fronts to
lower latitudes [27].This shows the necessity of studies on the
possible interactions of EWD to provide a better understand
of their life cycle.

In an attempt to indicate the preferred areas that EWDs
occur, including their genesis, and lysis, spatial statistics
of the detected EWD (Figure 11) were determined using
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Figure 9: Continued.



16 Advances in Meteorology

50
∘W 45

∘W 40
∘W 35

∘W 30
∘W 25

∘W 20
∘W 15

∘W 10
∘W

Longitude

−5 −4 −3 −2 −1 1 2 3 4 5 6

EQ
2
∘S
4
∘S
6
∘S
8
∘S

10
∘S

12
∘S

14
∘S

16
∘S

18
∘S

20
∘S

La
tit

ud
e

(i)

EQ
2
∘S
4
∘S
6
∘S
8
∘S

10
∘S

12
∘S

14
∘S

16
∘S

18
∘S

20
∘S

La
tit

ud
e

+2

50
∘W 45

∘W 40
∘W 35

∘W 30
∘W 25

∘W 20
∘W 15

∘W 10
∘W

Longitude

−4 −3 −2 −1 −0.8 −0.6 −0.4 −0.2 −0.1

(j)

Figure 9: Precipitation (left column, mm⋅day−1) and outgoing longwave radiation (right column,W⋅m−2) composite anomalies in the period
from April to July 2007.
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Figure 10: Cyclonic vorticity centres tracks for April–July 2006 (a) and 2007 (b) at 850 hPa.

the vorticity centers detected by TracKH for the 2006 (19
events) and 2007 (15 events) rainy seasons. These results are
preliminary due to the low numbers of detected EWD and a
longer analysis using more years will provide more definitive
results.

The 850 hPa genesis density based on the 2006
(Figure 11(a)) and 2007 (Figure 11(d)) periods show those
regions where the tracked systems are first identified. The
genesis regions seem to indicate some evidence of the
propagation of EWDs over the tropical south Atlantic
according to [48]. In 2006, two maxima were observed
near ENEB (10∘S, 25∘W) and northern NEB coast (2∘N,
40∘W). In the 2007 season, in contrast, there is a continuous
belt extending from about 15∘S–15∘W to 5∘N–45∘W. Also

observed, over the TSA, is the existence of other favorable
regions of genesis in both periods. Several tracks can be seen
to start from this region in Figures 10(a) and 10(b). Based
on the observational analysis of satellite images, streamlines,
and cyclonic vorticity, the study of [31] identified the regions
of EWDs genesis and dissipation for the 2006 to 2010 rainy
seasons over the ENEB. The results were similar to those
obtained by TrackH but with genesis shifted to the central
TSA. This is probably due to the detection criteria used
by the tracking technique and possibly also the quality of
the reanalyses in terms of resolution and the observations
assimilated. The track density shows a well-defined belt
close to the NEB eastern and northern coast during the
2006 rainy season (Figure 11(b)). In 2007 (Figure 11(e)),
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Figure 11: Tracking statistics at 850 hPa to the rainy season (AMJJ) of 2006 (left column) and 2007 (right column). ((a), (d)) Genesis density
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the tracks start over the central TSA (∼13∘S, 20∘W) and
stretch westward over the South America northern coast.
These results agree with the spatial distribution of individual
trajectories tracked and presented in Figure 10. The study of
[30] investigated ocean-atmosphere phenomena that could
be related to strong rainfall episodes over the eastern NEB
during the rainy season of a three-year period (2004–2006).
Their results indicated that a significant percent of such
strong rainfall episodes were associated with EWDs/positive
vorticity anomalies at 700 hPa, which initiate east of 20∘W
and propagate westward, reaching the ENEB.

The preferred regions of EDWs lysis at 850 hPa are shown
in Figure 11(c) (2006) and Figure 11(f) (2007). The striking
feature in both periods is the predominance of lysis near the
ENEB. In the 2007 season, one can still highlight a greater
spatial distribution of lysis compared to 2006 and is similar
to the results of Figures 11(a) and 11(d).

From the objective analysis we observe that the method
to identify and track EWDs detects about 73% (68%) of the
26 (22) observed events in 2006 (2007), indicating a very
promising technique for tracking of these systems over this
region. The information about the EWDs life cycle was also
obtained. For their genesis, we highlight the mean between
20∘–15∘W (longitude) and 20∘S–5∘N (latitude) region while
the trajectory and dissipation occur mainly near the ENEB.

4. Summary and Conclusions

The circulation patterns generated by the occurrence of
EWDs propagating to the ENEB eastern coast and their
importance for the total rainfall over this region during the
2006 and 2007 rainy seasons has been evaluated in detail by
a composite analysis using the ERA-Interim data. The choice
of these two years, within the period of five years considered
in the study of [31], was chosen to evaluate the variability
from one year with EWDs events with less convective activity
(2006) against a year with more convective activity (2007).
The composites were computed from two days before (−2 d)
until two days after (+2 d) the EWDs occurred at the coast.
In addition, the life cycle of these disturbances has been
investigated using an automatic objective analysis method.

The EWD mean characteristics for the two rainy sea-
sons (2006-2007) were estimated using satellite images and
composite fields. The EWDs presented an average of 5 days’
duration between detection (TSA) and dissipation (NEB)
according to the satellite images.Using the 700 hPa composite
fields, the EWD average lifetime and wavelength are 5.5 days
and 4500 km (45∘), respectively.Themean phase velocity was
9.5m s−1 for the same period.

The synoptic analysis of the composites showed a well-
organized structure at low levels (1000–700 hPa) in both
rainy seasons. The anomalies presented a cyclonic vorticity,
convergence/divergence, and wind anomalies associated with
EWDs at all levels from two days before, whilst over the TSA,
until the day that EWDs reach the ENEB. Another important
feature identified in both seasons is the horizontal conver-
gence between 1000–850 hPa superimposed on a divergence
pattern at 700 hPa. This shows that there may be a conver-
gence/divergence pattern between 1000–700 hPa linked to

most of the EWD events. According to [20], the propagation
of EWDs is associated with mass convergence (divergence)
in the low (medium/high) levels of the atmosphere. The
precipitation andOLR anomalies indicate the convection and
precipitation associated with EWDs through the two seasons,
with a higher intensity and greater convective activity in 2007
compared to the 2006 season.

The atmosphere vertical structure associated with EWDs
was investigated by vertical cross-section composite anoma-
lies of relative humidity, vertical velocity and temperature.
The propagation of EWDs to the ENEB was associated with
centres of moist and upward motion from two days before
reaching ENEB until the systems reach the ENEB, as seen
in the horizontal structure analysis. However, during the
2007 rainy season these patterns were observed until day
+2 d.The temperature was associated with negative (positive)
anomalies at low and high (medium) levels of the atmosphere
in both seasons.

From the results obtained using TracKH it was possible
to have a better understanding of the life cycle of EWDs, such
as the preferred regions for genesis, track, and lysis which
identified preferred regions in 2006, one near the eastern
NEB (10∘S, 25∘W) coast and another near the northern
NEB (5∘N, 40∘W) coast. During the 2007 rainy season a
continuous belt was observed extending from about 15∘S–
15∘W to 5∘N–45∘W. The tracks of these systems can be
seen over all ENEB, especially between SE and MA states
(defined in Figure 1), as well as their lysis between the NEB
coast (northern and eastern) and a few kilometers into the
continent. The TracKH managed to capture 71% of EWDs in
all periods, indicating that the automatic objective analysis
is a promising method to identify and track these waves
in the TSA. However, of the total events tracked, 43% of
these are EWD and 57% represent relative vorticity centers
associated with other types of system, very likely due to the
disturbances generated along the trades. This motivates the
need for objective criteria to better separate the EWDs from
other identified systems.

This study was conducted only for the 2006 and 2007
rainy season. Thus, a further investigation is required to
obtain a better understanding of these systems, their dynam-
ics and synoptic processes throughout the year, for example,
the calculation of climatologies. To do this, a modification to
the tracking scheme, as used in [22] using the vertical average
of vorticty and higher resolution, may help to improve
the tracking of these systems and reduce the false positive
identification. This will be reported in a future paper. We
will also evaluate the contribution of EWDs over NEB region
in future climate scenarios and contrast it with their current
distribution.
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Advances in Meteorology 19

143207/2009-1 and 304298/2014-0) and Fundação de Amparo
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Revista Brasileira de Meteorologia, vol. 22, no. 2, pp. 193–203,
2007.

[27] A. Diedhiou, L. A. Machado, and H. Laurent, “Mean kine-
matic characteristics of synoptic easterly disturbances over the
Atlantic,” Advances in Atmospheric Sciences, vol. 27, no. 3, pp.
483–499, 2010.

[28] B. A. Hall, “Westward-moving disturbances in the South
Atlantic coinciding with heavy rainfall events at Ascension
Island,”Meteorological Magazine, vol. 118, no. 1405, pp. 175–181,
1989.

[29] M. T. Kayano, “Low-level high-frequencymodes in the Tropical
Atlantic and their relation to precipitation in the equatorial
South America,” Meteorology and Atmospheric Physics, vol. 83,
no. 3-4, pp. 263–276, 2003.

[30] Y.K.Kouadio, J. Servain, L. A. T.MacHado, andC.A.D. Lentini,
“Heavy rainfall episodes in the eastern northeast brazil linked
to large-scale ocean-atmosphere conditions in the tropical
atlantic,” Advances in Meteorology, vol. 2012, Article ID 369567,
16 pages, 2012.

[31] B. F. Pontes da Silva, Contribuição dos Distúrbios Ondu-
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