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Abstract
Fourteen years (September 2002 to August 2016) of high-resolution satellite observations of sea surface temperature (SST) data
are used to describe the frontal pattern and frontogenesis on the southeastern continental shelf of Brazil. The daily SST fronts are
obtained using an edge-detection algorithm, and the monthly frontal probability (FP) is subsequently calculated. High SST FPs
are mainly distributed along the coast and decrease with distance from the coastline. The results from empirical orthogonal
function (EOF) decompositions reveal strong seasonal variability of the coastal SST FP with maximum (minimum) in the astral
summer (winter). Wind plays an important role in driving the frontal activities, and high FPs are accompanied by strong
alongshore wind stress and wind stress curl. This is particularly true during the summer, when the total transport induced by
the alongshore component of upwelling-favorable winds and the wind stress curl reaches the annual maximum. The fronts are
influenced by multiple factors other than wind forcing, such as the orientation of the coastline, the seafloor topography, and the
meandering of the Brazil Current. As a result, there is a slight difference between the seasonality of the SST fronts and the wind,
and their relationship was varying with spatial locations. The impact of the air-sea interaction is further investigated in the frontal
zone, and large coupling coefficients are found between the crosswind (downwind) SST gradients and the wind stress curl
(divergence). The analysis of the SST fronts and wind leads to a better understanding of the dynamics and frontogenesis off the
southeastern continental shelf of Brazil, and the results can be used to further understand the air-sea coupling process at regional
level.
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1 Introduction

Oceanic fronts are narrow transitional zones of sharp horizon-
tal gradient of different properties, including physical, chem-
ical, and biological properties (temperature, salinity, density,
and nutrients etc.) (Fedorov 1986; Belkin and O’Reilly 2009;

Belkin et al. 2009). According to the different dynamic pro-
cesses, fronts can be divided into several types, including es-
tuarine fronts, shelfbreak fronts, coastal upwelling fronts, and
boundary current fronts (Belkin and O’Reilly 2009).
Correspondingly, the sharp horizontal sea surface temperature
(SST) gradient identified in ocean fronts is formed by several
physical processes, including river outflows, tidal mixing,
coastal and open ocean upwelling, and surface water conver-
gence (Legeckis 1978). Lü et al. (2006) suggested that the
estuarine front near the Yangtze River is affected by tidal
mixing and freshwater river discharge. Fronts in western
boundary currents, such as the Kuroshio Current, Gulf
Stream, Brazil current (BC), and East Australia current, are
formed because the temperature of the current is warmer than
that of the ambient water as they flow to high latitudes (Belkin
et al. 2009). Eastern boundary currents also have strong ther-
mal fronts that are caused by wind-driven upwelling (Wang
et al. 2015). Upwelling, which can be induced by the along-
shore wind stress (Castelão and Wang 2014), wind stress curl
(Pickett and Paduan 2003; Albert et al. 2010), bottom
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topography (Preller and O’Brien 1980; Rodrigues and
Lorenzzetti 2001), coastline orientation (Hua and Thomasset
1983; Rodrigues and Lorenzzetti 2001), and other factors, is a
particularly important process related to frontogenesis. When
upwelling transports subsurface water upward, the tempera-
ture difference between the cold subsurface water and the
warm offshore water results in a front (Olson and Backus
1985). A recent study has investigated other processes associ-
ating with upwelling that related with frontogenesis (Aguiar
et al. 2018).

Fronts have important effects on oceanic dynamic process-
es because cross-front transport is limited, and the frontal zone
is likely to be characterized by convergence (Bowman and
Iverson 1978). Both convergence and upwelling can induce
higher nutrient contents, which are generally associated with
increased primary production (Acha et al. 2004). High fishery
productivity is found in regions with strong frontal activities
(Woodson and Litvin 2015).

Frontal activities are more prominent at middle latitudes,
such as boundary current systems (Wang et al. 2015). The BC
is the western boundary component of the subtropical circu-
lation in the South Atlantic flowing southwestward along con-
tinental margin (Castro and Miranda 1998; Stramma and
England 1999; Calado et al. 2008). Its water mass structure
is dominated by warm tropical water (T>20 °C, S>36.40).
Beneath BC, there is cold South Atlantic Central Water
(SACW; 5 °C<T<20 °C, 34.3<S<36.40) at pycnocline levels
(Castelão et al. 2004; Silveira et al. 2008; Palma and Matano
2009). And under the upwelling-favorable winds, the SACW
can outcrop creating low SST in the surface (Palma and
Matano 2009). The upwelling and thermal fronts off the
southeastern continental shelf of Brazil are prominent in the
vicinity of Cape Frio, especially during the astral summer
(Castelão and Barth 2006). This region along the coast is
characterized by a prevailing northeasterly wind field, which
is favorable for upwelling in the Southern Hemisphere (Stech
and Lorenzzetti 1992; Rodrigues and Lorenzzetti 2001;
Castelão and Barth 2006; Palma and Matano 2009). During
winter, the passage of cold atmospheric front highly influ-
ences the surface wind stress. Considering the wind stress is
one of the important mechanisms of the coastal circulation, the
cold front can also influence the variability of the flow. When
the cold front approaches, the wind rotates from northeast to
northwest direction in the back side of the front. One day after
the passage of cold front, the southwest wind relaxes and
returns back to northeast wind (Stech and Lorenzzetti 1992).
However, the southwest wind is intense but not frequent, so
the corresponding impact is less pronounced (Castelão 2012).
The alongshore component of the northeasterly wind pro-
duces offshore Ekman transport, which leads to upwelling,
especially in the vicinity of Cape Frio (Castro and Miranda
1998; Castelão 2012). The wind stress curl, induced by
Ekman pumping, is also an important mechanism driving

coastal upwelling along the coast near Cape Frio (Castelão
and Barth 2006). Because the upwelling can carry cold water
to the surface in the region near the coast, it is responsible for
the development and maintenance of the SST front that sepa-
rates cold water inshore from the offshore warm BC (Castelão
2012).

In addition to the wind-induced coastal upwelling, the up-
welling near the shelfbreak off Cape Frio is also prominent.
Rodrigues and Lorenzzetti (2001) suggested that variations in
the vorticity caused by the curvature of the BC trajectory near
Cape Frio are one of the key factors affecting the upwelling
near the cape. The southward current has a large tendency to
bend westward with the change of coastline orientation
(Campos et al. 2000), which results in cyclonic eddies.
Although the velocity and transport of the BC are weak com-
pared with the Gulf Stream and the Kuroshio (Campos et al.
2013), the meandering of the BC and the change in coastline
orientation result in higher eddy activity via baroclinic insta-
bility (Silveira et al. 2004). The resultant eddies have an im-
portant effect on driving upwelling (Calado et al. 2010). The
changes in the bottom topography result in an alongshore
bottom pressure gradient and generate onshore bottom flow
via geostrophic processes (Palma and Matano 2009). The on-
shore flow subsequently induces shelfbreak upwelling, which
enhances the frontal activities near the continental shelfbreak
of Brazil. Thus, upwelling-favorable wind, eddies, and bottom
topography are all favorable for driving upwelling and gener-
ating the SST front near Brazil (Silveira et al. 2008).

Over the past two decades, several studies have shown that
in the oceans with strong SST fronts, the wind stress variables
are significantly impacted by the SST (e.g., Chelton et al.
2004; Xie 2004). The fronts can impact the stability of the
atmospheric boundary layer (Chelton et al. 2004). These stud-
ies found that when the surface wind blows over the warm
water, the atmospheric boundary layer is deepened via en-
hanced vertical mixing, and momentum is pulled down from
the upper atmospheric boundary layer to the ocean surface.
The stability of the boundary layer will decrease, and the wind
speed will increase (Small et al. 2008; Chelton and Xie 2010).
However, the wind speed and wind stress decrease over cold
water because of the increased stability of the atmospheric
boundary layer separating the surface wind from the strong
wind aloft (Xie 2004; Chelton et al. 2004; Kilpatrick et al.
2016). The spatial variation of the SST can result in a wind
stress gradient, such as wind stress divergence (convergence)
and a wind stress curl (Chelton and Xie 2010). If the wind
blows along the front (across the front), the difference in the
wind stress generates a wind stress curl (divergence). The full
coupling process has been schematically described by Chelton
et al. (2004) and further investigated around the global coastal
oceans by Wang and Castelão (2016).

Air-sea interactions between the SST and wind stress have
generally been identified in regions with strong frontal
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activities (Chelton et al. 2007; O’Neill et al. 2010). A linear
relationship has been found between the wind stress curl
(divergence) and crosswind (downwind) component of the
SST gradient (e.g., Chelton et al. 2004; O’Neill et al. 2005;
Chelton and Xie 2010). By modifying the wind stress field,
the anomalously negative intensification of the wind stress
curl is the result of enhanced SST fronts generated by anom-
alous upwelling (Castelão 2012). Therefore, the anomalies of
the wind stress curl near Cape Frio are not only the cause of
upwelling and the SST front but are also the result of them.
This effect has been shown not only in the open ocean (e.g.,
Chelton et al. 2004; O’Neill et al. 2005, 2010) but also in
coastal regions, including near capes (Chelton et al. 2007;
Castelão 2012; Desbiolles et al. 2014; Wang and Castelão
2016). The strong frontal activities and coastal topography
to the southeast of Brazil are favorable for the development
of air-sea interactions, which can be important for understand-
ing the local dynamics.

A previous study identified the SST fronts along the
shelfbreak using 3 years of data from 2000 to 2002
(Lorenzzetti et al. 2009), and several studies have investigated
the mechanisms of upwelling in the region offshore Brazil.
However, without a long record of data to study the variability
of the SST fronts in the coastal region and near the shelfbreak,
the relation between SST fronts and wind forcing and the
strength of the air-sea interaction are still unclear. In this study,
14 years of data are used to investigate the seasonal variability
of SST fronts with a particular focus on the relationship be-
tween the wind and the SST fronts and the corresponding air-
sea interaction. The details of the data and methods we used
are described in Section 2. Section 3 presents a description of
the seasonal variability of the SST fronts and the wind forcing.
In Section 4, the dynamics related to the upwelling and SST
fronts are discussed with a summary of the key findings of this
study.

2 Data and methods

The SST data are obtained from the Moderate Resolution
Imaging Spectroradiometer (MODIS) onboard the Aqua sat-
ellite. Daily observations are available since 2002. This study
uses SST data from September 2002 to August 2016. The
spatial resolution is approximately 4.5 km, which can capture
patterns at the mesoscale or less. The SST data are temporally
replaced by the 3-day average to reduce the impact of clouds.

The SST fronts are obtained using an edge-detection algo-
rithm (Canny 1986), and a brief description is presented here.
The SST gradient vector is first calculated at each pixel. By
tracking the SST gradient’s direction, every pixel except the
local maximum (non-maximum suppression) is suppressed.
The pixels where the magnitude of the SST gradient is greater
than a threshold T1 are marked as frontal pixels. The algorithm

then tracks the gradient magnitude until it is less than a smaller
threshold T2. The individual pixels whose SST gradient mag-
nitudes are between T2 and T1 are identified as fronts. The two
thresholds are set to 0.028 °T and 0.014 °a per kilometer,
respectively, to ensure that they can capture most of the main
fronts off southeastern Brazil. This method effectively pre-
vents noisy edges from being decomposed into multiple edge
segments. Legeckis (1978) described the fronts formed by
different processes on a global scale by visually checking
the SST images. Lately, different methods were developed to
capture the location of such gradient by using a defined thresh-
old (e.g., Kazmin and Rienecker 1996; Moore et al. 1997,
1999; Kostianoy et al. 2004; Breaker et al. 2005), using his-
togram (Cayula and Cornillon 1992, 1995, 1996), the Canny
(1986) edge detector, and the Holyer and Peckinpaugh cluster-
shadow method (e.g., Cayula et al. 1991) etc. Wang et al.
(2015) used a revised Canny method for front detection in
Eastern Boundary Currents Systems, and they captured the
SST fronts in an accurate manner. One of the four eastern
boundary currents systems, the Benguela Current, has similar
meridional position of the SST fronts we studied in this paper,
ranging between 14° S and 30° S. The gradient field was also
consistent between Benguela Current and Brazil Current.
Thus, we adopted the same threshold to capture the SST fronts
in the southeastern continental shelf of Brazil. For each loca-
tion, we calculate the number of times that a pixel is identified
as a front divided by the number of times that the pixel is free
of clouds during certain time periods. This ratio yields a fron-
tal probability (FP) for the corresponding period.

In this study, the FP is produced at a monthly interval to
identify the temporal and spatial variability (e.g., Ullman and
Cornillon 1999; Wang et al. 2015). To investigate the variabil-
ity of the FP, an empirical orthogonal function (EOF) analysis
is applied. Empirical orthogonal function (EOF) was first used
in meteorology by Lorenz (1956), is one of the most widely
used methods in atmosphere, ocean, and other sciences
(Hannachi et al. 2007). This method decomposes a space-
time field into spatial patterns and associated time series,
and each mode contains different spatial/temporal scales phe-
nomena and thus can be isolated (Kaihatu et al. 1998). The
method plays an important role in advancing our understand-
ing of principal process. The temporal average of the time
series at each grid is removed previously, followed by a spatial
smooth average of FP at 3 × 3 grids to reduce noise. This
method has been adopted and improved from Wang et al.
(2015) where they accurately described SST front patterns in
eastern boundary currents.

The wind data used in this study are the ERA-Interim re-
analysis products, which are 4-dimensional variational analy-
sis (4D-VAR) data developed by the European Center for
Medium-Range Forecasts (ECMWF; Dee et al. 2011). The
spatial resolutions of ERA-Interim reanalysis data range from
12 to 300 km. In this paper, we used daily 10-m wind data
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with 25-km spatial resolution, which is available from 1979 to
the present.

Two mechanisms are mainly responsible for wind-driven
upwelling: the offshore Ekman transport driven by the along-
shore wind and the Ekman pumping caused by the wind stress
curl. First, we calculate the wind stress using the bulk formula.
The alongshore wind stress is the alongshore component of
the wind stress calculated as the dot product of the wind data
approximately 150 km from the coast and a unit vector tangent
to the local coastline (obtained by fitting a straight line to a
radius of 50 km of the coastline centered on the coastal point).
The wind stress curl is then calculated by forward difference.

τ!¼ ρ0CD V
!

V
!��
�

�
�
�

Curl ¼ ∂v
∂x

−
∂u
∂y

where ρ0 is the air density, V
!

is the wind stress vector and 10-
m wind vector, and the drag coefficient CD is calculated
following Garratt (1977) as
CD¼7:5� 10−4 þ 6:7� 10−5 � V

!��
�

�
�
�. u and v are the zonal

and meridional components of wind stress; x and y are the
locations in the zonal and meridional direction, respectively.

For the Ekman transport and Ekman pumping, we follow
Pickett and Paduan (2003) and Castelão and Barth (2006) by
using the monthly average alongshore wind stress and wind
stress curl. The Ekman transport,M, is calculated from (Smith
1968):

M ¼ 1

ρf
τ!� k

where the units of M are m2s−1 , ρ is the density of sea water
(1024 kg m−3), f is the Coriolis parameter, τ! is the monthly
average wind stress vector at the grids nearest the coast, and
k is the unit vector perpendicular to the coastline.We calculate
the value of the Ekman transport at every coastal grid by
multiplying the length (m) of the corresponding coastline.

We calculate the velocity of the Ekman pumping, w, from
(Smith 1968):

w ¼ 1

ρf
∇� τ!

where the units of w are m/s, the transport induced by the
Ekman pumping is obtained by multiplying w by each grid
area (m2) to an offshore distance of 150 km, ρ is the density of
seawater, f is the Coriolis parameter, and ∇� τ! is the month-
ly average wind stress curl.

Shi et al. (2015) found that the magnitude of the SST gra-
dient was an indicator of SST fronts because it can describe
the strength of the SST front. The monthly average SST gra-
dient data and wind fields are used to investigate the air-sea

interaction. The relationships between the wind stress curl and
the crosswind component of the SST gradient and between the
wind stress divergence and the downwind SST gradient are
analyzed. The wind stress divergence is calculated as follows:

Div ¼ ∂u
∂x

þ ∂v
∂y

We focus on the period that the SST observation data and
wind reanalysis data are available simultaneously (September
2002 to August 2016).

3 Results

3.1 Average and seasonal evolution of frontal activity

The average SST frontal probability and SST gradient magni-
tude of Brazil for the period from September 2002 to August
2016 are shown in Fig. 1. The spatial distribution of the FP is
similar to that of the SST gradient magnitude in that large FPs
are generally associated with large gradients. High values of
the FP (> 6%) and SST gradient magnitude (> 2 °C/km) are
located between the coast and the shelf break, which approx-
imately follows the 200-m isobath. The corresponding values
in the offshore regions are much less pronounced. The largest
values of the FP in the offshore are found in the vicinity of the
200-m isobath, where the FPs exceed those in the coastal
zone. This is particularly illustrated by a band of high FPs
extending along the 200-m isobath from Vitoria (V) to the
south. It is interesting to note that the offshore FP is signifi-
cantly different to that in the coastal region to the north of
Cape de S~ao Tome (CST). The ambient FP increases to the
south of CST, although the FP along the 200-m isobath can
still be identified. The maximum FP is located to the southeast
of Cape Frio (CF) and CST, where the FP is higher than 10%.
Two filaments of high values of the FP and SST gradient also
can be observed along the northern boundary of a shoal near
Caravelas (CA).

The FP along the southeastern continental shelf of Brazil
shows strong seasonal variability, both spatially and temporal-
ly (Lorenzzetti et al. 2009). The seasonal average FP is char-
acterized by large differences between the seasons (Fig. 2).
During the spring, high FPs are mainly found over the shelf
between Vand SSI, though the intensity is weak (8%). During
the same period, the offshore FP is high (5%). The FP reaches
its annual maximum in the summer with large values (10%
and more) between V and SSI from the coast to the 200-m
isobath. The frontal filament of CA also reaches its largest
values during the summer. The FP near the coast weakens in
the autumn, and the high FPs (approximately 9%) are mainly
distributed along the 200-m isobath from V to the southern
edge of the study area. This spatial pattern persists to the
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winter, and the FPs along the 200-m isobaths decrease (7%).
The offshore FPs reach the annual maximum, though the
values are still low (4%) compared with those in the coastal
regions.

The dominant patterns of SST frontal probability identified
by empirical orthogonal function (EOF) decompositions are
shown in Fig. 3. And the amplitude time series of EOF 1 and 2
are shown in Fig. 4. A general pattern of the FP is that large
variability was found at seasonal scale, captured by EOF1,
distributing in the coastal region (Fig. 3a). Although each
EOF (EOF1~12.7%, EOF2~5.9%) explains a relatively small
fraction of the total variance, they can explain the local
variance (Chelton and Davis 1982) as large as 60% and 40%
in regions with large EOF magnitudes (not shown). The re-
gions between Vand SSI from the coast to the 200-m isobaths
and to the north of CA are characterized by larger positive
values for EOF1, indicating that seasonal variability is found
in these regions. Combined the spatial patterns with the
amplitude time series of the first EOF, it reveals that the sea-
sonal enhancement of the SST FP occurs from late spring to
summer (November–March) where the EOF1 values are

positive and peaks in February. The maximum FP occurs in
the astral summer, and it gradually weakens from the summer
to the winter. After reaching the annual minimum in the
winter, it reinforces in the following spring. In contrast,
large negative values of EOF1 can be observed to the south
of SSI near the 200-m isobath. In that region, the seasonal
evolution of the FP is out of phase with the coastal region
between V and SSI. The standard deviation of the monthly
time series is large, indicating prominent intraseasonal vari-
ability, though much less predominant than seasonal variabil-
ity. The second EOF of the FP mainly captures the frontal
signal in the offshore region southeast of CF and CST charac-
terized by weak positive magnitudes. The analysis of the am-
plitude of time series and monthly averaged time series of
EOF2 also reveal clear seasonal variability that enhanced
(depressed) offshore FPs from September to January
(February to May), with peaks (troughs) in December
(April). The periods with large amplitudes of EOF2, both
positive and negative, are associated with large variances.
There is large intraseasonal variability of the FP in the off-
shore regions.

Fig. 2 Seasonal distributions of the FP (top) and SST gradient (bottom) averaged in the spring (September–November), summer (December–February),
fall (March–May), and winter (June–August)

Fig. 1 Climatological averages of
(left) the frontal probability (FP,
%) and (right) the SST gradient
magnitude (°C per 100 km) from
September 2002 to August 2016
on the southeastern continental
shelf of Brazil. The major cities
and capes are labeled in the plots
(CA, Caravelas; V, Vitoria; CST,
Cape de Sa õ Tome ́ ; CF, Cape
Frio; SSI, Sa õ Sebastia õ Island).
The white lines represent the 200-
m isobath

1391Ocean Dynamics (2019) 69:1387–1399



The combination of the first two EOFs shows that the FP is
enhanced in the offshore region after September and the front
over the shelf increases in November. The differences of front
enhancement time indicate that the variability is not a result of
offshore frontal migration. Thus, the mechanisms driving the
offshore frontal variability are different in the coastal regions,
which represented the unique feature of the region comparing
with other boundary systems (Wang et al. 2015). In the coastal
region, the SST FP shows obvious seasonal variability, but it
is interesting to note that the FP along the shelf break near the
200-m isobath is relatively persistent without a clear pattern of
generation and disappearance, such as seasonal variability.

3.2 Variability in the wind stress variables

The region to the southeast of Brazil is dominated by north-
easterly winds, which are favorable for upwelling. The sea-
sonal averages of the wind stress and wind stress curl are
shown in Fig. 5. The magnitudes of the wind speed and wind
stress curl are strong in the astral spring and summer, and both
are weakest in the fall. The wind stress to the north of V is
generally weak, and it blows toward the west or northwest for
most of the year (e.g., from fall to spring). The only exception
is the summer, when the southwestward wind induces off-
shore Ekman transport, which can drive coastal upwelling

(Castelão and Wang 2014). The corresponding wind stress
curl is also weak throughout the year, except to the south of
V, where a negative wind stress curl can be observed in the
summer. The wind stress increases to the south of V, especially
in the region between CF and CST, where the strongest wind
stress for the entire region is observed. The strength of the
wind stress in this region shows obvious seasonal variability
with the maximum (minimum) occurring in the summer (fall).
The highest wind stress is mainly located 100 km off the coast,
which is approximately consistent with the 200-m isobath.
The wind stress curl is consistently negative over the shelf
between Vand SSI with similar seasonality to the wind stress
magnitude. However, the largest wind stress curl is found
immediately next to the coast. To the west of SSI, the wind
direction is persistently westward toward the coast throughout
the year, though its magnitude changes in different seasons.

3.3 Influence of the alongshore wind stress and wind
stress curl on FP

The spatial distribution of the FP is nearly identical to that of
the wind stress curl, and the regions with the largest FP are
characterized by the strongest wind (Figs. 3 and 5).
Particularly in the region between V and SSI, the seasonal
variability of the FP is highly consistent with the wind; large

Fig. 3 First (left) and second
(right) EOF modes of SST frontal
probability. The black box in the
left panel represents the region
used in Figs. 6, 7, and 8. The gray
lines represent the 200-m isobath

Fig. 4 Amplitude time series for
EOF1 (top) and EOF2 (bottom) of
frontal probability. Values for
monthly time series are shown on
the left panels, while right panels
show the monthly averages ± 1
standard deviation
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FPs are always accompanied by strong wind stress and wind
stress curl. Castelão and Wang (2014) and Wang et al. (2015)
investigated the relationship between anomalous FP and
anomalous alongshore wind stress in the eastern boundary
current system. The anomalies were obtained by removing
the corresponding long-term averages for each month; thus,
the seasonal variability can be removed. These studies dem-
onstrated that strong anomalies of upwelling-favorable wind
stress may enhance the SST frontal activity because of the
increased upwelling. We follow their approach and expand it
to investigate the influence of the wind stress curl on driving
fronts. Considering the strong effect of wind on SST fronts,
we focus on the region where the SST fronts and wind have
strong variations, which is denoted by the black box in Fig. 3.
Only the SST fronts and wind data within 150 km of the coast
are used, and the northward alongshore wind stress is defined
as positive. Scatterplots and linear regressions between the
wind anomalies and FP anomalies are shown in Fig. 6. The
correlation coefficient between the anomalies of the FP and
the alongshore wind stress (wind stress curl) is − 0.55 (− 0.53),
which is significant at the 99% confidence level. In this case,
strong (weak) anomalies of upwelling-favorable wind stress
and wind stress curl are accompanied by anomalously high
(low) frontal activity.

The zonal averaged alongshore wind stress, wind stress curl,
and SST frontal probabilities within 150 km of the coast are
shown as functions of latitude in Fig. 7. The average FP along
the coast shows two peaks: one is near CA and another is to the
south of V, though the value around CA is much lower than the
second peak. The average alongshore wind stress increases

gradually from the northern edge of the study area to SSI and
then decreases to the south. The average wind stress curl is
approximately zero to the north of CA. The negative wind
stress curl is enhanced (upwelling-favorable) south of CA until
it reaches its largest value around SSI. The spatial patterns of
the alongshore wind stress and wind stress curl are generally
consistent with the spatial average of the FP; e.g., the large FPs
between Vand SSI are associated with intense wind.

Although the spatial pattern of the FP is highly similar to
the spatial distributions of the wind variables, and their anom-
alous fields are highly correlated, there are still inconsistencies
between them. For example, the seasonal average FP de-
creases in the winter, but the weakest wind occurs in the fall.
This difference suggests that the FP is not only influenced by
the wind stress and wind stress curl but is also affected by
other factors. For example, the front located S/SW of Cape
Frio is induced by the meandering of the BC’s path; thus, the
resultant fronts are impacted less by the wind (Bentz et al.
2004; Lorenzzetti et al. 2006).

3.4 Comparisons between Ekman transport
and Ekman pumping

The wind-induced frontogenesis is mainly related to vertical
transport process, which includes twomajor processes: coastal
upwelling induced by Ekman transport and Ekman pumping
(Campos et al. 2013). The former is caused by the alongshore
component of the wind stress, which induces offshore Ekman
transport and forces the coastal deep water to move upward
(Castelão and Barth 2006), and the latter is caused by the wind

Fig. 5 Seasonal distribution of the wind stress magnitude (white contours) and wind stress curl (shading). The gray arrows indicate the wind speed and
direction

Fig. 6 Scatterplots of the
anomalies of the alongshore wind
stress and FP (a) and wind stress
curl and FP (b). The red lines are
linear fits to the observations. The
slopes (s) of the regressions and
the correlation coefficients (r) are
shown in the plots
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stress curl; a strong (weak) wind stress drives more (less)
Ekman transport, and the differences in transport subsequently
generate convergence or divergence in the area (Pickett and
Paduan 2003). In the Southern Hemisphere, a negative wind
stress curl can induce local upwelling via Ekman pumping.

The individual contributions of coastal upwelling induced
by Ekman transport and Ekman pumping in the region fromV
to SSI are evaluated to investigate the importance of the along-
shore wind stress and wind stress curl to the total upwelling.
The Ekman transport is calculated as the summation of the
transport at each grid point along the coast, whereas the
Ekman pumping is integrated for the area within 150 km from
coast. Figure 8 a shows the monthly averages of the Ekman
transport and Ekman pumping and their total transport.
Because the transport is based on the wind, both show the
same seasonality as the wind variables. The largest transport
consistently occurs from September to February, and the
smallest value occurs in May. The magnitudes of the transport
induced by both processes are similar, though the Ekman
pumping is consistently greater than the Ekman transport. It
is important to note that the transport is always positive, indi-
cating that the monthly averaged wind direction and wind
stress curl never reverse. Grouping the transport by season
(Fig. 8b) shows that the seasonal variability is prominent; both
transports reach their maximum during the spring and summer
and their minimum in the fall. The total transport in the sum-
mer can be three times larger than that in the fall.

3.5 Coupling between SST gradients and wind

Coastal regions characterized by strong SST fronts often have
strong air-sea interaction (Wang and Castelão 2016), and
many studies have focused on quantifying the strength of the
interaction (Chelton and Xie 2010). Coupling coefficients are

considered to be indexes to gauge the responses of the wind
stress curl to the crosswind SST gradient and of the wind
stress divergence to the downwind SST gradient. The cou-
pling relationship is identified in the anomaly field, which is
obtained by removing the overall monthly average from the
monthly time series (Chelton et al. 2007). The SST gradient is
grouped into 14 bins, and the averages and standard devia-
tions of the corresponding wind variables are calculated for all
observations with gradients within each bin. The slope of the
linear regression between the SST gradient bin and the corre-
sponding average of the wind stress is subsequently defined as
the coupling coefficient. Similar to before, we investigated the
interaction between the SST gradient and the surface wind
only in the region between Vand SSI up to 150 km offshore,
where the frontal activity is strong.

The linear regressions between the SST gradient and the
wind stress are shown in Fig. 9. Both linear regressions are
significant with positive coupling coefficients. The value for
the relationship between the crosswind SST gradient and the
wind stress curl is 1.92, which is larger than that between the
downwind SST gradient and the wind stress divergence. The
range of the crosswind SST gradient is much larger than that
of the downwind SST gradient. This is consistent with the
fact that the wind direction is mainly along the front (Figs. 2
and 5); thus, the wind stress curl is substantially stronger
than the divergence. We also split this analysis in two re-
gions, one near the coast and another near the shelfbreak,
the results show that the SST fronts have important effect
on wind stress divergence and wind stress curl in both re-
gions (figures not shown). In addition, the weak coupling
coefficients between the downwind SST gradient and the
wind stress divergence may be related to the reanalyzed wind
dataset, which is smoothed to reduce abrupt downwind
changes.

Fig. 7 Zonal averages of the
coastal alongshore wind stress
(blue line), wind stress curl (black
line), and frontal probability (red
line) along the southeastern
continental shelf of Brazil. The
spatial averages of the mean FP
within 150 km of the coast are
shown as a function of the
latitude. The coastline and
locations of major cities and capes
are shown in the right panel. The
dash-dotted lines are the 100-m
and 1000-m isobaths. The units of
AWS, FP, and WSC are
(×10−2)N/m2、%, and (×10−7)N/
m3, respectively
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4 Discussion

Long-term observations of the SST and reanalyzed wind data
from September 2002 to August 2016 are used to study the
seasonal evolution of SST frontal activity and the relationship
between the frontal activity and the wind variables along the
southeastern continental shelf of Brazil. The coastal region is
characterized by strong upwelling and frontal activity (Fig. 1).
This region is dominated by northeasterly wind and a negative

wind stress curl (Fig. 5), and both are favorable for upwelling
in the Southern Hemisphere (Castelão 2012). The upwelling
transports cold subsurface water to the surface and induces a
front due to the contrast with the ambient warm water. Thus,
the SST frontal activity is closely related to the alongshore
wind stress and wind stress curl, both temporally and spatially
(Figs. 2, 5, and 7). The temporal variabilities in the wind stress
variables and SST frontal activity are mainly at seasonal scales
(Figs. 2, 3, 4, and 5) with the largest values in the austral

Fig. 8. a Monthly vertical
transports in the region denoted in
Fig. 3 for the total transport
(black), Ekman transport (blue),
and Ekman pumping (red). b
Average seasonal transports
estimated for the Ekman transport
(blue) and Ekman pumping (pink)

Fig. 9 Linear regressions (a)
between the crosswind SST
gradient and wind stress curl and
(b) between the downwind SST
gradient and wind stress
divergence for southeastern Brazil
(denoted by the black box in Fig.
3). The vertical bars represent the
standard deviation of the wind
stress curl or divergence for each
bin. The coupling coefficients are
labeled in each panel
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summer. Anomalous fields of the wind stress variables and FP
are significantly correlated: the negative (positive) anomalous
of wind stress and wind stress curl resulting in upwelling
(downwelling) in the South Hemisphere. It indicates that the
enhancement of the FP is often accompanied by strong
upwelling-favorable winds (Fig. 6).

The wind-driven coastal upwelling and geostrophic
shelfbreak upwelling are the dominant dynamics to the south-
east of Brazil, particularly near CF (Palma and Matano 2009).
From September to February, especially during the summer,
the high values of the SST FP are mainly distributed along the
coast and at the shelfbreak along the 200-m isobath. The
strong northeasterly wind leads to offshore Ekman transport
that induces divergence (Olson and Backus 1985). A compar-
ison of the monthly averages of the Ekman transport and
Ekman pumping shows that the latter is greater than the for-
mer by a factor of two, which indicates that the coastal region
is also strongly impacted by a large negative wind stress curl
(upwelling-favorable), especially in the summer. To the south
of CF, the bottom topography increases, which results in a
northward pressure gradient. The pressure gradient force is
balanced by the Coriolis force via onshore transport at depth
(Palma and Matano 2009). The cold high-nutrient SACW is
transported from the shelf to the coastal region near the bottom
layer (Campos et al. 2000, 2013; Palma et al. 2008), and the
wind forcing (e.g., offshore Ekman transport caused by north-
easterly wind) enables the SACW to outcrop near the coast
(Lorenzzetti et al. 2009). Campos et al. (2013) observed sim-
ilar features using hydrographic measurements of CF.

In addition, another front has been observed near the
shelfbreak of Brazil, which is driven by other mechanisms.
Campos et al. (2000) and Castelão et al. (2004) suggested that
the instabilities of the BC caused by the abrupt change in the
coastline orientation (Lorenzzetti et al. 2009) can induce
meanders and eddies that lead to shelfbreak upwelling.
Palma and Matano (2009) showed that the changes in the
alongshore bottom topography modify the meridional pres-
sure gradient and that the resultant pressure gradient induces
onshore bottom flow and subsequently drives shelfbreak up-
welling. In either case, the SST front near the shelfbreak is less
dependent on the wind pattern and thus is persistent for the
entire year. The wind weakens in the fall and winter, and the
corresponding coastal SST front diminishes, which makes the
shelfbreak SST front more prominent (Fig. 2).

The comparison between the FP and wind forcing indicates
that they are closely related, but the difference in seasonality is
prominent. This is because the SST front is controlled not only
by wind but also by other mechanisms, such as the bottom
topography and irregular coastline. Previous studies showed
that the variations in Peruvian coastal upwelling were associ-
ated with the bottom topography (Preller and O’Brien 1980).
Hua and Thomasset (1983) indicated that the upwelling in the
Gulf of Lions was only dependent on the coastline geometry.

Rodrigues and Lorenzzetti (2001) suggested that on the
Brazilian southeast continental shelf, both the coastline geom-
etry and the bottom topography influence the magnitude and
location of frontal activity. To the south of CST, the irregular
coastline is a key factor that controls the intensity of upwell-
ing, whereas north of CST, the magnitude of upwelling is
controlled by the bottom topography and wind intensity.
This difference occurs because the depth is only approximate-
ly 30 m near CST, and the bottom stress induces dissipation of
the vorticity generated by the cape (Rodrigues and Lorenzzetti
2001). A similar phenomenon was identified along the coast
of Oregon, where the upwelling near a major cape is related to
the bottom topography rather than the coastline direction
(Peffley and O’Brien 1976). In contrast, the bottom stress near
CF, where the depth is approximately 70 m, plays an insignif-
icant role in the local dynamics, but the significant change in
coastline direction influences the generation of vorticity off
CF (Campos et al. 2000).

The offshore region with high frontal activity is an impor-
tant feature that describes the area where front activities are
important. The width of the region with high FPs is deter-
mined by multiple factors, particularly the width of the shelf.
For example, a larger shelf is generally associated with high
FPs extending for greater offshore distances (Wang et al.
2015). High values of the SST frontal probabilities and SST
gradient are mainly distributed along the coast from V to SSI
and extend approximately 100 km from the coast. The conti-
nental shelf of V is narrow (only approximately 50 km) and
extends to approximately 80 km off CF (Rodrigues and
Lorenzzetti 2001). Similarly, the width of the SST front with
high values increases from V to CF, and the corresponding
width of the area with large FPs also increases from 50 to
150 km. Because the continental shelf is narrow and steep
north of CF, the fronts are mainly located near the coast. To
the south of CF, the coastline abruptly changes from north-
south to east-west and the shelf also shrinks. Similarly, the
region with high FPs becomes closer to the coast, indicating
that the BC tends to be closer to the shoreline (Campos et al.
2000) and occasionally intrudes onto the continental shelf
(Stech and Lorenzzetti 1992; Campos et al. 2000, 2013).

Air-sea interactions are prominent in regions characterized
by large frontal activities (Haack et al. 2008) with strong wind
stress (Spall 2007; O’Neill et al. 2010), either in the open
ocean or the coastal ocean. Coupling coefficients have been
used to gauge the strength of the coupling in coastal regions
around the world (Wang and Castelão 2016). Previous studies
found that the coupling coefficients between the wind stress
divergence and the downwind SST gradient are usually larger
than those between the wind stress curl and the crosswind SST
gradient (O’Neill et al. 2005; Haack et al. 2008; O’Neill
2012). This is partly because the variations in the wind direc-
tion gradient induced by the SST enhance the divergence and
reduce the curl response (O’Neill et al. 2010). In addition, the
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current can affect the wind stress curl more than the wind
stress divergence because ocean currents are nearly non-
divergent (Chelton and Xie 2010). However, this study found
that the coupling coefficient for the divergence field is smaller
than that of the curl field using ECMWF data. This result was
confirmed by using the same approach with another dataset
(e.g., QuikSCAT data; the results are not shown here) and is
consistent with Wang and Castelão (2016). This may be be-
cause the wind direction in this region is more stable, blowing
from the northeast for nearly the entire year, and only occa-
sionally reverses in the astral winter. Because the wind direc-
tion is mainly parallel to the front, the crosswind SST gradient
results in larger responses for the wind stress curl. The wind
stress curl and divergence induced by the SST affect the ver-
tical motions of water, which can provide feedback to the
ocean. For example, the Ekman pumping, which is driven
by the wind stress curl, generates ocean currents and local
upwelling that can modify the SST (Chelton and Xie 2010).

Several studies have shown that the enhancement of the
upwelling region along the coast due to the greenhouse effect
generally strengthens the wind-driven upwelling in coastal
upwelling regions around the world (Bakun et al. 2010).
Long-term observations of the Benguela Current System also
reveal the enhancement of upwelling associated with the
upwelling-favorable wind (Santos et al. 2012). This may lead
to an increase in the SST gradient in the upwelling boundary
region. No robust trend was found in our study, but the up-
welling features and the associated frontal activities of Brazil
are expected to be enhanced due to the impact of global
changes. Using a time series of approximately 30 years,
Kahru et al. (2012) showed that the SST and chlorophyll
fronts in the California Current System have a significant de-
cadal increasing trend. Therefore, it would be interesting to
investigate whether the same trend exists on the southeastern
continental shelf of Brazil.

Finally, this study reveals that the alongshore wind stress
and wind stress curl play important roles in the SST fronts and
that other mechanisms also influence the local dynamics.
Numerical modeling can be used to simulate the dynamic
processes and the related frontogenesis. It will be important
to quantify the influence of each factor on SST frontal activity
in the southeastern continental shelf of Brazil to improve our
understanding of local hydrodynamical processes.

In summary, 14 years of observations and analysis data are
used to describe the seasonal variation and spatial distribution
of SST fronts along the Brazilian coast. The frontal activities
are compared with the wind fields to quantify their relation-
ship. The frontal characteristics in this area show strong sea-
sonal variations from V to SSI, which is consistent with the
coastal wind stress and wind stress curl. The frontal probabil-
ities increase mainly near the capes. The strong front activity
is often accompanied by strong prevailing winds that favor
upwelling. In addition to the wind forcing, the bottom

topography, the irregular coastline, and the curvature of the
Brazil Current all have important influences on the frontogen-
esis. The influences of the different mechanisms on the fronts
should be further quantified by hydrodynamical models and
detailed observations. In addition, longer time series should be
used to study the decadal-scale variability and long-term trend
of the frontal activity.
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