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RESUMEN

Este trabajo tuvo como objetivo identificar las condiciones sindpticas asociadas al paso de frentes frios que
provocan vientos intensos en la cuenca de Santos. Ademas, se diferenciaron las caracteristicas atmosféricas
de los frentes frios, los cuales generaron vientos intensos (VINT) y moderados (VMOD) en el area de estudio.
Para este proposito, se elaboraron compuestos VINT y VMOD de episodios de frentes frios. Primero, los
casos VINT y VMOD fueron seleccionados a partir de la intensidad de viento a 10 m de altura observada en
la boya de Santos, perteneciente al Programa Nacional de Boyas de Brasil. Se analizaron imagenes satelitales
y mapas sinopticos de superficie para identificar los sistemas sinopticos responsables de los VINT y VMOD
en la boya de Santos, conservando unicamente los casos generados por los frentes frios. De la comparacion
entre los compuestos VINT y VMOD, fue posible observar en VINT: (i) un mayor gradiente de presion sobre
la cuenca de Santos, lo que provoco intensos vientos registrados en la boya; (ii) una vaguada baroclinica en
los niveles medio y alto que llega a la cuenca de Santos y se ubica al oeste del sistema en superficie; (iii)
gradientes de 500/1000 hPa de espesor y mayor temperatura de punto de rocio sobre el continente, que llega
a la cuenca de Santos e indica la posicion del frentes frios, y (iv) una masa de aire mas fria y seca sobre el
sur de Brasil. A gran escala, se analizaron los trazados de onda de Rossby, en las cuales se notaron diferentes
numeros de onda para cada compuesto. En VINT el numero de onda fue 2, mientras que en VMOD fue 2 y
3. Para los casos de estudio de VINT y VMOD se observaron las principales caracteristicas encontradas en
los respectivos compuestos.

ABSTRACT

This work aimed to identify the synoptic conditions associated with the cold fronts (CFs) passage that causes
intense winds in the Santos Basin. Furthermore, the atmospheric characteristics of the CFs, which generated
intense (INTW) and moderate (MODW) winds in the studied area, were identified. For this purpose, INTW
and MODW composites of CFs episodes were elaborated. First, the INTW and MODW cases were selected
from the 10 m wind intensity observed in the Santos buoy, belonging to the Brazilian National Buoys Pro-
gram. Satellite images and synoptic surface charts were analyzed to identify the synoptic systems responsible
for INTW and MODW in the Santos buoy, keeping only the cases generated by CFs. From the comparison
between the composites, it was possible to observe in INTW: (i) a stronger pressure gradient over the Santos
Basin, with the isobars presenting an almost meridional position near the basin, which caused the intense
winds registered in the buoy; (ii) a baroclinic trough at medium and high levels reaching the Santos Basin
region, located westward of the surface system; (iii) stronger 1000-500 hPa layer thickness and dew point
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temperature gradients over the continent, reaching the Santos Basin region, and (iv) a colder and drier air
mass over southern Brazil. On a large scale, the Rossby wave tracings were analyzed, where different wave-
numbers were noticed for each composite. In INTW, the wavenumber was 2, while in MODW, it was 2 and
3. Finally, the main characteristics found in the composites were observed in the case studies.

Keywords: cold fronts, strong winds, moderate winds, raytracing.

1. Introduction

Among the meteorological systems that affect the
Southeast Region of Brazil and the adjacent ocean,
cold fronts are one of the most important because they
generally cause significant weather changes and oc-
cur more frequently than other transients (Satyamurty
et al., 1998; Cavalcanti and Kousky, 2009). During
the passage of an intense cold front, it is common to
observe an increase in wind speed and change in its
direction, an increase in cloudiness, and heavy rains
(Cavalcanti and Kousky, 2009; Andrade et al., 2015;
Dereczynski and Menezes, 2015; Bonnet et al., 2018;
Dereczynski et al., 2019).

The area of interest for this work is the Santos
Basin, located over the Atlantic Ocean, for the most
part, on the Brazilian southeast coast, extending from
Floriandpolis (Santa Catarina state) to Cabo Frio
(Rio de Janeiro state). The Santos Basin is a vital oil
region and the most prominent Brazilian offshore
sedimentary basin; it has significant pre-salt explo-
ration fields, whose production began in 2010, and
is currently the largest oil and natural gas producer
in Brazil (Petrobras, 2022).

Oil and natural gas production has been intensi-
fying in the Santos Basin, and consequently, there is
an increase in vessel and helicopter traffic. Thus, it is
necessary to understand the behavior of the meteoro-
logical systems that affect the region, especially those
responsible for generating intense winds. Strong
winds can interrupt some operations in the Basin,
causing severe delays, for example, the oil transfer
from floating production storage and offloading units
to tanker vessels or helicopters takeoff and landing.

Most works investigating the passage of cold
fronts over the Brazilian continental region focus
on precipitation caused during the displacement of
these systems (Lima et al., 2010; Reboita et al., 2010;
Dolif and Nobre, 2012; Dereczynski et al., 2017;
Bonnet et al., 2018; Escobar et al., 2019). This is
justifiable because heavy rainfall events are respon-
sible for landslides, floods, river overflows, and other

problems that pose a high risk to the population,
which may cause loss of life and material goods.

The main characteristics identified in the cold
fronts associated with heavy rainfall events are: (i)
behind the cold front, intense migratory flows high
on the surface; (ii) strong moisture convergence as-
sociated with the cold front, and (iii) great baroclinic
troughs at 500 and 250 hPa (Moura et al., 2013;
Andrade and Cavalcanti, 2018; Bonnet et al., 2018).
Franco et al. (2020) analyzed 23 intense wind events
that caused electrical power transmission towers to
fall in Parana state between 1980 and 2017. Three of
the four synoptic patterns identified were associated
with a strong pressure gradient over the region and
two were related to a cold front south of the study
region.

Some cold front events associated with heavy
rainfall may be connected to wave trains coming from
the Pacific Ocean (Andrade and Cavalcanti, 2018),
related to different phases of teleconnection patterns.
Andrade and Cavalcanti (2018) confirmed the influ-
ence of the Southern Annular Mode (SAM) and the
Madden-Julian Oscillation (MJO) in the passage of
cold fronts with light and heavy precipitation. The
cold fronts were classified based on the precipitation
amount of three days. By ranking the total precipita-
tion in this period, cases with a percentile below 5%
were called dry extremes, and those with a percentile
above 95% were wet extremes. The three-day period
includes pre- and post-frontal precipitation occur-
rence. The authors related the positive (negative)
SAM phase to wet (dry) cases.

Regarding the MJO, they showed that convection
in Indonesia and eastern Brazil have opposite rela-
tionships. When convection is strong in Indonesia, it
reduces in the east of Brazil and vice versa. Caldas
et al. (2020) also verified that a combination of dif-
ferent SAM, El Nifio Southern Oscillation (ENSO)
phases, and Antarctic Ocean ice anomalies in Belling-
shausen-Amundsen (BAS) and Weddel (WDS) seas
influence the cold fronts tracks over South America.
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In the Santos Basin region, the maximum frequencies
occurred for negative SAM, El Niflo, and minimum
sea ice extension in the BAS combination and posi-
tive SAM, La Nifia, and maximum sea ice extension
in the WDS combination (Caldas et al., 2020).

This work aims to identify the characteristics of
the cold fronts responsible for generating intense
winds (INTW) cases in the Santos Basin by com-
paring them with moderate winds (MODW) cases.
Furthermore, another objective is to identify large-
scale patterns contributing to the occurrence of INTW
cases. Section 2 describes the data and methodology
used. The results are in section 3 and the conclusions
are in section 4.

2. Data and methodology

2.1 Case selection and composite preparation

The 10-m wind intensity and direction (W10M) in
the Santos buoy, belonging to the Brazilian Nation-
al Buoys Program (PNBOIA), were analyzed to
select the cases of cold fronts that caused intense
winds in the Santos Basin. The W10M data periods
available extend from 04/12/2011 to 12/31/2011 and
01/01/2014 to 07/15/2017, totaling 1555 days. First,
the cold fronts that caused winds higher than 10 m s~
in the Santos buoy were identified. Infrared images
from the Geostationary Operational Environmental
Satellite (GOES-12 and GOES-13), obtained by the
Division of Satellites and Environmental Systems
of the National Institute for Space Research, were
analyzed to identify cold fronts associated with days
where WI10M > 10 m s™! based on their cloudiness
aspect. Besides, synoptic surface charts, prepared
every 6 h by the Weather Forecasting Group of the
National Institute for Space Research, were used to
ensure the presence of the cold fronts. In this way;, all
cases of W10M > 10 m s~! that occurred during the
passage of cold fronts were selected and organized
in W10M descending order. Thus, the ones above
the 99th percentile (> 13.7 m s™') are named intense
wind (INTW) cases. It is noteworthy that the Beaufort
wind scale classifies winds above 14.4 m s as near
gale (Brasil, 2021). Cases in which W10M is higher
than or equal to the 70th percentile and less than
the 90th percentile (8.6 < W10M < 10.8 m s™') are
considered moderate wind (MODW) cases. Thus, 16
INTW cases and 10 MODW cases were identified.

In order to standardize the number of cases in both
categories, just the 10 most intense cases above the
99th percentile for the INTW classification were used.

To identify the main characteristics of cold fronts
that cause intense winds in the Santos Basin, com-
posites were elaborated at the synoptic time closest
to the occurrence of the most intense winds (t = 0) in
each event for the categories described above. Also,
the same composites were elaborated 24 h before
the occurrence of the most intense winds (t=-24) in
each event (see these results in Figs. S1 and S2 in the
supplementary material). CFSR outputs from the Na-
tional Centers for Environmental Prediction Reanal-
ysis, v. 2 (Saha et al., 2014), were used for each case.
The spatial resolution of this reanalysis data is 0.5°
latitude by 0.5° longitude, and the temporal resolution
is 6 h. The meteorological variables used were: (i)
mean sea level pressure (MSLP, in hPa); (i1) 500 and
1000 hPa geopotential height to build the thickness
field between 500 and 1000 hPa (THC500 1000, in
gpm); (iii) 2-m dewpoint temperature (DT2M, in °C);
(iv) 10-m zonal and meridional wind components,
and (v) 500 and 200 hPa zonal and meridional wind
components (inms ™). The t-Student test was applied
with 95% statistical confidence to the composites
(Wilks, 2006).

2.2 Cyclone trajectory

A script identified the cyclones’ trajectory associ-
ated with each cold front searching the minimum
MSLP value over the South Atlantic region to locate
the low-pressure centers. This analysis considered
the day of the most intense wind occurrence and the
day before and after. After this step, the position of
the low-pressure centers was identified every 6 h,
following the reanalysis temporal resolution. Thus,
the cyclones’ tracks were elaborated for each case.

2.3 Raytracing

Raytracing v. 0.1.0 (Rehbein et al., 2020) was
used to obtain the Rossby wave trajectories for the
INTW and MODW composites. It consists of a tool
developed in the R language (R Core Team, 2021)
available in its official repository and GitHub. This
methodology is based on the theoretical development
of Hoskins and Ambrizzi (1993), and it is similar to
Yang and Hoskins (1996) for using the second-order
Runge-Kutta method to get group velocities over
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the integration period. The raytracing obtains the
absolute vorticity () meridional gradient values, the
stationary waves’ total number (Ks), and the Rossby
wave traces for different initial conditions.

The data used is the 200 hPa zonal wind average
(u200) from the CFSR v. 2 reanalysis (Saha et al.,
2014), calculated in the same way as the composites
for INTW and MODW. However, the data were
interpolated using the conservative method (Jones,
1999) for a resolution of 2.5° to avoid signal noise
from smaller-scale systems during tracking.

Raytracing makes it possible to look for the trajec-
tory followed by the Rossby wave through different
initial conditions and varied sources. In this study,
waves generated between 175°-110° W and 25°-50° S
were tracked, with a distance of 5° between the
points, the total integration time of 10 days (program
default), and total wave numbers (K) 2, 3, and 4.

After this, wave traces that crossed the Santos Basin
at any point were selected. In INTW, the trajectories
that passed through the Santos Basin had K = 2. In
MODW, they had K =2, 3.

3. Results

3.1 Composite analysis

Information on the INTW and MODW cases regis-
tered in the Santos buoy from 04/12/11 to 12/31/2011
and 01/01/2014 to 07/15/2017 are listed in Table L.
Note that most INTW cases occurred in 2016 (five
cases), followed by 2011 (four cases) and 2015 (one
occurrence). Regarding seasonality, seven of the 10
INTW cases occurred in winter (JJA), followed by
fall (MAM, 2 cases) and spring (SON, 1 case). There
were no INTW cases in the summer (DJF) since the
penetration of strong cold air masses, which could

Table I. INTW and MODW selected cases caused by cold fronts in the Santos buoy, in speed-decreasing order.

Intense wind cases (INTW)

Moderate wind cases (MODW)

The most intense

The most intense wind

Event time and day wind recorded Event time and day recorded
(t=0;t=-24) Speed Direction (t=0;t=-24) Speed Direction (°)
ms-17) () (ms-171)
21 UTC 08/21/2016 17.3 222 10:00 UTC 08/24/2015 10.7 235
(t=0:18:00 UTC (t=0:12:00 UTC
08/21/2016; 08/24/2015;
=-24:18:00 UTC =-24:12:00 UTC
08/20/2016) 08/23/2015)
20:00 UTC 11/18/2016 16.6 204 7:00 UTC 05/09/2014 10.6 164
(t=0:18:00 UTC (t=0:06:00 UTC
11/18/2016; 05/09/2014;
t=-24:18:00 UTC t=-24:06:00 UTC
11/17/2016) 05/08/2014)
16 UTC 06/04/2011 16.5 209 22 UTC 05/26/2011 10.4 185
(t=0:18:00 UTC (t=0:00:00 UTC
06/04/2011; 05/27/2011;
T=-24:18:00 UTC t=-24:00:00 UTC
06/03/2011) 05/26/2011)
11 UTC 04/27/2016 16.5 252 15 UTC 07/22/2011 10.1 182
(t=0:12 UTC 04/27/2016; (t=0:12:00 UTC
t=-24:12:00 UTC 07/22/2011;

04/26/2016)

t=-24: 12:00 UTC
07/21/2011)
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Table I. INTW and MODW selected cases caused by cold fronts in the Santos buoy, in speed-decreasing order.

Intense wind cases (INTW)

Moderate wind cases (MODW)

The most intense

The most intense wind

Event time and day wind recorded Event time and day recorded
(t=0;t=-24) Speed Direction (t=0;t=-24) Speed Direction (°)
(ms-17") ©) (ms-171)
22 UTC 06/07/2011 16.4 306 01 UTC 09/12/2011 10.0 157
(t=0:00:00 UTC (t=0:00:00 UTC
06/08/2011; 09/12/2011;
t=-24:00:00 UTC t=-24:00:00 UTC
06/07/2011) 09/11/2011)
06 UTC 08/10/2011 16.0 107 19 UTC 12/01/2011 9.9 150
(t=0:06:00 UTC (t=0:18:00 UTC
08/10/2011; 12/01/2011;
t=-24:06:00 UTC t=-24:18:00 UTC
08/09/2011) 11/30/2011)
10 UTC 08/27/2015 16.0 112 09 UTC 05/02/2011 9.9 143
(t=0:12:00 UTC (t=0:06:00 UTC
08/27/2015; 05/02/2011;
t=-24:12:00 UTC t=-24:06:00 UTC
08/26/2015) 05/01/2011)
02 UTC 07/04/2011 14.9 199 19 UTC 11/23/2014 9.9 211
(t=0:00:00 UTC (t=0:18:00 UTC
07/04/2011; 11/23/2014;
=-24:00:00 UTC =-2418:00 UTC
07/03/2011) 11/22/2014)
14 UTC 05/23/2016 14.7 302 22 UTC 05/12/2011 9.0 203
(t=0:12:00 UTC (t=0:00:00 UTC
05/23/2016; 05/13/2011;
t=-24:12:00 UTC t=-24:00:00 UTC
05/22/2016) 05/12/2011)
19 UTC 07/16/2016 14.7 299 00 UTC 04/21/2014 8.8 59
(t=0:18:00 UTC (t=0:00:00 UTC
07/16/2016; 04/21/2014;
=-2418:00 UTC =-24:00:00 UTC
07/15/2016) 04/20/2014)

generate strong pressure gradients, are unusual at
this time of year. Most MODW cases occurred in
2011 (six cases), followed by 2014 (three cases) and
2015 (one event). Five of the 10 cases occurred in
fall, followed by winter and spring (two cases in each
season) and summer (one occurrence). The W10M
oscillated between 14.7 and 17.3 ms™! during INTW

and between 8.8 and 10.8 m s~ during MODW, with
the maximum intensity recorded after the cold front
passage in most cases since the wind direction is from
the south quadrant (Table I).

Figure 1 shows the MSLP and W10M fields,
the THC500 1000 and DT2M fields for INTW and
MODW composites, and also the difference between
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INTW-MODW at the synoptic time closest to the
occurrence of the most intense winds in each event
(t=0). In Figure 1, INTW cases are in the left col-
umn, MODW cases are in the middle column, and
the difference between them (INTW-MODW) is in
the right column. Figure 2 shows the MSLP gradient
and 500 and 200 hPa streamline field composites.
The INTW (MODW) composite is in the left (right)
column. In Figures 1 and 2, dotted areas show where
there is statistical significance at the 95% level. In
other words, the composite is representative of each
case in areas with a confidence range of at least 95%.
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In the INTW composite (Fig. 1a), it is possible
to observe the frontal trough extending meridio-
nally over the Atlantic Ocean, reaching the north
of the Santos Basin, with 1010 hPa. In addition,
a post-frontal anticyclone acts over the continent,
with pressure values above 1022 hPa. There is sta-
tistical significance in both systems. Under these
conditions, a strong pressure gradient (Fig. 2a)
over Santos Basin can be observed, with values up
to 1.6 x 107> Pa m™! in the south of Santos Basin
and the isobars presenting an almost meridional
position near the basin. As a result, winds parallel

25W  20W

45W  40W  35W  30W 15W  10W

60W

55W  50W

60 55W 50w  45W 40w 35W 30W  25W 20W  15W 10

-

60W  55W 50w  45W  40W 35W  30W  25W 20W

()

15W 10w 60W

55W  50W  45W 40w

Fig. 2. Pressure gradient (10~ Pa m™!, vector and shading) with MSLP (red line in hPa) composites
(top row) and streamline at 500 hPa (dashed red) and 200 hPa (solid black) composites (bottom row) at
the synoptic time closest to the occurrence of the most intense winds in each event (t = 0). (a) and (c)
INTW, (b) and (d) MODW. Santos buoy location is indicated in the green diamond.
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to the coast and over the Santos Basin are recorded
in the Santos buoy. The almost meridional isobars
over the region are noteworthy, generating intense
southerly winds in the study area.

The MODW composite (Fig. 1b) has a low-pres-
sure center with 1002 hPa over the Atlantic Ocean
(around 40° S/35° W), making the MSLP lower in this
region than in the INTW composite and with statistical
significance, showing that this pattern is similar in
most cases. However, the frontal trough that reaches
the Santos Basin and the post-frontal anticyclone
over the continent is not as intense as in the INTW
composite, generating a weaker pressure gradient
over the Santos Basin (Fig. 2b) of 0.8 x 107> Pa/m.
The isobars are also not as meridional over the Santos
Basin. So, winds recorded in the Santos buoy were
not as intense in the MODW composite. Figure 1c
shows that over the Santos Basin, the pressure in
INTW is lower than in MODW (between 2 and 4 hPa),
and it is higher than MODW over the continent (up to
6 hPa) and the ocean around 40° S/35° W (up to 9 hPa).

The strong THC500 1000 and DT2M gradients
show the cold front position over the Santos Basin
region, getting into the continent in INTW (Fig. 1d).
Meanwhile, in MODW the cold front is more oceanic,
located over the southern Santos Basin (Fig. 1e). Be-
sides, the air mass advancing over southern Brazil in
INTW is colder and drier. It penetrates further into the
continent (Fig. 11), generating THC500 1000 values
around 100 gpm (lower in INTW than in MODW)
over the Rio Grande do Sul State, and DT2M values
4 °C lower in INTW than in MODW.

In Figure 2c, at 500 (dashed red) and 200 hPa
(solid black), the baroclinic structure of the INTW
systems in the Santos Basin can be seen. At both
levels, the trough has greater amplitude, reaches
the Santos Basin region, and is located west of the
surface cold front, providing dynamic support for the
intensification of cold fronts. In MODW (Fig. 2d),
the trough reaches only the southern Santos Basin
with a smaller amplitude than INTW, indicating that
the frontal waves were more restricted to this region,
collaborating with the surface systems’ displacement
over the ocean.

The same fields shown in Figures 1 and 2 for
t = 0 are shown in Figures S1 and S2 in the supple-
mentary material for t=—24. In the INTW composite
(Fig. Sla), a relatively low-pressure area (1012-

1014 hPa) extends over the Atlantic Ocean, associat-
ed with a low-pressure area of 1004 hPa in 49° S/30°
W. The post-frontal anticyclone is located south of
Uruguay, with MSLP above 1020 hPa, with statistical
significance. The pressure gradient (Fig. S2a) over the
Santos Basin is weak, around 0.6 x 107 Pam™. In
the MODW composite (Fig. S1b), the low-pressure
center over the Atlantic Ocean is 1004 hPa (around
39°S/49° W), producing a stronger pressure gradient
when compared to INTW over the Atlantic Ocean
near this center and also over the Santos Basin
(around 0.8x 10 Pam ™). Also, the South Atlantic
Subtropical High is displaced to the southwest, pro-
ducing stronger northerly winds than INTW cases.
Figure S1c is similar to Figure 1c, except that systems
are displaced to the south in t =-24.

In Figures S1d and Sle, it is possible to ob-
serve THC500 1000 and DT2M stronger gradi-
ents over South Brazil, with a deeper thickness
(THC500_1000), and colder and drier air (DT2M) in
INTW cases compared to MODW cases (Fig. S1f).

In Figure S2c¢, both troughs (500 and 200 hPa) are
tilted to the left and almost in phase in INTW cases.
The throughs in MODW show a baroclinic structure,
and they are more meridional than in INTW.

Comparing the meteorological fields in Figure S1
to Figure 1 and in Figure S2 to Figure 2, a southern
position of the system in t = —24 compared to t = 0
1s evident. However, the differences between INTW
and MODW composites are not as expressive in t
=-24 as in t = 0. This result shows the difficulty in
forecasting intense winds at the Santos Basin when
the cold front is still located south of the basin, 24 h
before its penetration in the studied region.

Figure 3 shows the cyclone centers’ trajectory
associated with the cold fronts analyzed in both com-
posites INTW and MODW). Each color represents
one of the selected cases. The starting point is close to
the continent, and the ending over the ocean. In INTW
(Fig. 3a), the cyclones are farther apart. It justifies that
the MSLP composite does not have a well-marked
center with low mean pressure but rather a trough
(INTW composite, Fig. 1a). In MODW (Fig. 3b),
the cyclones are concentrated southward of 30° S
with similar trajectories. It makes the MSLP com-
posite more defined, thus enabling the identification
of a center of low pressure in the average of all the
cases (MODW composite, Fig. 1b).
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Fig. 3. Cyclones’ trajectories detected from the CFSR reanalysis: (a) INTW cases and (b) MODW cases.
Santos buoy location is indicated in the green diamond.

3.2 Large scale analysis

To identify INTW and MODW patterns on a large
scale, geopotential height at 500 hPa, its anomaly
(Fig. 4), and 200 hPa meridional winds (v200, Fig. 5)
fields were elaborated. Figure 4a shows significant
negative anomalies in almost the whole middle lati-
tude circle, which indicates a negative SAM phase.

INTW

-80
—-100
-120

-140

Besides that, Figure 3a shows the cyclones’ trajecto-
ries further north over the ocean, characteristic of the
negative SAM (Reboita et al., 2009). In MODW, there
is no clear sign of the SAM performance (Fig. 4b).
Instead, the middle latitudes present an alternation
between positive and negative anomalies on these
latitudes. In the INTW, it is possible to observe a

(b)

Fig. 4. Geopotential height (gpm, solid lines) and geopotential anomaly (gpm, shaded) composite at 500 hPa
for: (a) INTW, (b) MODW. Areas with a confidence level of 95% in dots (t-Student test) for geopotential
anomaly. Positive (+) and negative (—) signs symbolize positive (ridges) and negative (troughs) geopotential

anomalies, indicating the number of waves.
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significant negative anomaly over the east coast of
South America, reaching the Santos Basin. Also,
there is a large trough from the south of South
America to southeast Brazil (Fig. 4a). In MODW
(Fig. 4b) there is also a significant negative anom-
aly near South America. However, it is a bit further
away from the continent. In addition, the trough
is over the ocean and has less amplitude than in
INTW.

Both composites registered a wave train from
the Pacific to the Atlantic. Nevertheless, the anoma-
lous centers in MODW seem to be shifted eastward
concerning INTW, which can be explained by the
wavenumber difference at higher latitudes (Fig. 4).
While in INTW (Fig. 4a) the composite shows a low
wavenumber pattern (wave 2), in MODW (Fig. 4b)
there is higher wavenumber pattern (wave 4).

Figure 5 shows the paths followed by Rossby waves
in INTW (Fig. 5a) and MODW (Fig. 5b), from aregion
at around 40 °S/145° W. In this region south quadrant
winds are observed at 200hPa in INTW (Fig. 5a).
In MODW (Fig. 5b) there are northerly winds. The
v200 composite also shows that the wavenumber is
higher in MODW (Fig. 5). In INTW there are only
paths with K =2 (Fig. 5a). In MODW, there are tra-
jectories with K =2, 3, where the curvature is wider
than K =2. The K =3 and some of the K =2 trajecto-
ries starting near the continent may have favored the
cold fronts in MODW to be more oceanic (Fig. 5b).
Thus, there is a relationship between the Rossby
wave formation region over the South Pacific and the

cold fronts that moved over the Santos Basin. This
suggests that remote characteristics can influence the
circulation pattern, displacing the cold front passages
over South America and the adjacent Atlantic, there-
by affecting the Santos Basin. Several authors have
already discussed this remote influence on South
America through wave trains (e.g., Vasconcellos and
Cavalcanti, 2010; Coelho et al., 2016; Vasconcellos
and Souza, 2022).

3.3 Case studies

The case studies were selected based on data from
the Santos buoy from 05/03/2018 to 07/12/2018.
The selection criteria for the fronts and the INTW
and MODW thresholds were the same in the com-
posites. The first case was a cold front that passed
through the Santos Basin on 07/03/2018. The 18:00
UTC satellite image (Fig. 6a) shows low cloudiness
over the Santos Basin associated with the cold front,
which moves over the ocean. It caused winds of up to
19.8 m s ! recorded in the Santos buoy at 16:00 UTC.
In the second case, the cold front passed through
the Santos Basin on 05/12/2018, causing winds of
9.5ms ! recorded in the Santos buoy at 15:00 UTC.
Its associated cloudiness can be seen in Figure 6b.
Therefore, the first case is an INTW (above the 99th
percentile threshold) and it will be called INTW Case.
The second one is a MODW case (between the 90th
and 70th percentiles thresholds) and it will be called
MODW Case. The fields are for the closest time to
the occurrence of the strongest wind.



Intense winds in the Santos Basin, Brazil

rons)
01807031811

‘GOES16 - CANAL 13 (1030 micr
América Lali

50°8 4
1N

S5y A R

| | - s

s e = - 2 ~ RS W ! . | o e
115°W 110°W 105°W 100°W 95°W 90°W 85°W 80°W 75°W 70°W 65°W 60°W 55°W 50°W 45°W 40°W 35°W 30°W 25°W  115°W 110°W 105°W 100°W 95°W 90°W 85°W 80°W 75°W 70°W 65°W 60°W 55°W 50°W 45°W 40°W

-100 -90 -80

(@)

-70 -60 -50 —40 -30

-20

€ @ & ) GEONETCast o

-10 0

543

‘GOES16 - CANAL 13 (10.30 microns)
América Latina: 201805121745 - 201805121756 GMT

@) @ & ) GEONETCast
=4 ——
30°N 1§

25°N

20°N

35°W 30°W 25°W

10 20 30 40 50 60 70 80 90 100

(b)
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at 18:00 UTC (MODW Case).

On the MSLP field, the INTW Case (Fig. 7a)
shows the cold front with the pressure trough close
to the north of the Santos Basin, similar to that seen
in the INTW composite (Fig. 1a), with 1012 hPa,
indicating the cold front position. The low-pressure
center with less than 964 hPa is over the ocean at
around 48° S/37° W. The post-frontal anticyclone
is over the continent, around 60° W, with a value
of up to 1028 hPa (Fig. 7a). As seen in Figure la,
there is also a post-frontal anticyclone and intense
frontal trough, with meridional isobars in the INTW
case. Under these conditions, a strong pressure gra-
dient with a module up to 2 x 10 Pa m™' and east-
west orientation is observed over the Santos Basin
(Fig. 7¢), causing the intense winds recorded in
the Santos buoy. In the MODW Case (Fig. 7b), the
980 hPa low-pressure center over the ocean, close to
42° S/35° W, is weaker than in the INTW Case. The
frontal trough also reaches the north of the Santos
Basin; nonetheless, it is more intense than in the
INTW case. It opposes what was observed in the
MODW composite (Fig. 1b), with a value between
1008 and 1012 hPa. The post-frontal anticyclone over

the continent (at 30° S/58° W) is weaker than in the
INTW Case, with 1020 hPa at its center. It causes
a weaker pressure gradient over the Santos Basin,
with a module lower than 1 x 10 Pa m™' and less
zonal orientation than in the INTW case (Fig. 7d),
responsible for the moderate winds recorded in the
buoy. It should be reiterated that the field’s time is
after the event occurs in both cases.

At medium (dashed red) and high (solid black)
levels, the baroclinic trough of the INTW Case is
lower and is located east of the Santos Basin, over
the ocean. At this time, the system was in occlusion
(Fig. 7e). This large and deep meridional trough
is one of the main features observed in the INTW
composite (Fig. 2a). In the MODW Case (Fig. 7f),
the baroclinic trough is also over the ocean, east of
the BS. However, it has a lower amplitude and inten-
sity than in the INTW Case (Fig. 7¢). These trough
characteristics with lower amplitude and weaker
intensity at high levels are similar to those observed
in MODW (Fig. 2b).

The strong THC500 1000 and DT2M gradients
(Fig. 7g, h) indicate that the cold front is over the
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diamond.
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Fig. 7. (g) and (h) THC500 1000 (gpm, shaded) and DT2M (°C, contour). Fields are for INTW Case
(07/03/2018 at 18:00 UTC (left column) and MODW Case (05/12/2018 at 18:00 UTC (right column).
Santos buoy location is indicated in the green diamond.

ocean and reaches the north of the Santos Basin in
both cases. The cold air behind the cold front is colder
and drier in the INTW Case (Fig. 7g). Nonetheless,
the warm air forward the cold front is wetter and
warmer in the MODW Case (Fig. 7h). The air masses
differences in the INTW composite (Fig. 1¢), which
generates a strong gradient of THC500 1000, DT2M,
and MSLP, are also noted in the INTW Case (Fig. 7g).

On a large scale, the INTW Case (Fig. 8a) shows
negative anomalies in almost the whole mid-latitudes
circle, even as in the INTW composite (Fig. 4a), in-
dicating the negative SAM performance. Meanwhile,
in the MODW Case (Fig. 8b), the anomalies are less
intense and do not show the SAM well-configured
performance. On the east coast of South America,
a negative anomaly and a large trough extend from
the south of South America to the South of Brazil in
the INTW Case (Fig. 8a), similar to those observed
in the INTW composite (Fig. 4a). They may have
favored the system intensification and, consequently,
the pressure gradient observed. In the MODW case
(Fig. 8b), this anomaly is less intense and further
away from the continent. Besides, the trough has a
smaller amplitude than in the INTW Case as in the
composite (Fig. 4b). There is a pattern with a lower
wavenumber in the INTW Case than in the MODW
Case (Fig. 8a, b) at higher latitudes, similar to that
seen in the composites (Fig. 4). At high levels, it is

possible to observe the south quadrant winds over the
east coast of South America and the Santos Basin in
the INTW Case (Fig. 8c). In addition, the wavenum-
ber in the INTW Case is smaller than in the MODW
Case (Fig. 8c, d), as seen in the composites (Fig. 5).
Figure 8c shows south quadrant winds over the coast,
but they are more restricted to the southern region
of Brazil. In Figure 8d, it is possible to observe a
transition between winds from the south to the north
quadrant in the north of the Santos Basin.

4. Conclusion

The present work aimed to identify the main atmo-
spheric characteristics of the cold fronts that caused
intense winds in the Santos Basin. Cases with W10M
above the 99th percentile were considered INTW
cases and those between the 70th and 90th percentiles
as MODW cases. Most selected cases occurred in
winter in INTW (seven out of 10 cases) and autumn
in MODW (five out of 10 cases).

The composite analysis indicates that, for INTW
cases, the post-frontal anticyclone that advances over
the continent and the frontal trough that reaches the
BS are more intense than in MODW, which caused
a strong pressure gradient over the Santos Basin (up
to 1.6 x 102 Pam™!), with the isobars presenting an
almost meridional position near the basin, generating



546 J. Magalhaes da Silva et al.

50
25

100°W 50°W 0°

(c)

> : t iff
v200 (mis) 20° | \ / & L] vaoo (mis)
z N 50
‘ \ \ 4 25
kL) A

oS { [ ==

=100

=150

-200

-250

-300

-350

001

[P

100°W 50°W 0°

(d)

Fig. 8. Geopotential height (gpm, solid lines) and geopotential anomaly (gpm, shaded) at 500 hPa (top row) and
v200 (bottom row) for: (a) and (c) INTW case (07/03/2018 at 18:00 UTC), (b) and (d) MODW Case (05/12/2018 at

18:00 UTC).

the strong winds recorded in the buoy. In addition,
the baroclinic trough at medium and high levels has a
greater amplitude than MODW and is over the study
region. The air mass associated with the post-frontal
anticyclone is colder and drier in INTW and goes fur-
ther into the continent. Meanwhile, the air mass that
acts on the inner part of the country and north of the
Santos Basin is warmer and wetter, intensifying
the THC500 1000 and DT2M gradient. It was also
observed that the cold fronts were more continental
in INTW since the strong THC500 1000 and DT2M
gradient were over the continent.

On a large scale, there is a wave train from the
Pacific to the Atlantic at medium and high levels, but
anomalous centers shifted eastward in MODW rel-
ative to the INTW. Rossby wave trajectory analyses

using the raytracing method suggest that most waves
leave from mid-latitudes in the South Pacific towards
South America. In addition, this method indicates that
some trajectories start closer to the continent with K=
2,3 in MODW. This corroborates what is observed in
the composites, where the wavenumber is smaller in
INTW (K =2), which may have favored the systems
to be more continental in INTW.

Regarding the case studies, the analyses indicate
that the main characteristics found in the respective
composites are observed in the selected cases. For
the INTW Case, a post-frontal anticyclone advance is
higher than in the MODW Case. However, the frontal
trough over the basin is less intense. As in the INTW
composite, there is a baroclinic trough with great
amplitude in medium and high levels, the advance
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of a colder and drier air mass over Southern Brazil,
and THC500 1000 and DT2M stronger gradients
over the continent and ocean in the INTW Case. On
a large scale, the wavenumber is smaller than in the
MODW case, as in the composite.

It can be concluded that the cold fronts responsible
for the generation of intense winds over the Santos
Basin are associated with a great trough in medium
and high levels and an intense post-frontal anticy-
clone, which contribute to a strong pressure gradient
over the region. Wave trains from the Pacific with low
wavenumbers (K = 2) favor the configurations found
in the Atlantic for the SF that cause intense winds in
the Santos Basin.
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Fig. S2. Pressure gradient (10> Pam™', vector and shading) with MSLP (red line in hPa) composites (top
row) and streamline at 500 hPa (dashed red) and 200 hPa (solid black) composites (bottom row), 24 h

before the synoptic time closest to the occurrence of the most intense winds (t =—24) in each event. (a)
and (c) INTW, (b) and (d) MODW. Santos buoy location is indicated in the green diamond.



