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Abstract

The common idea that the sea breeze is a phenomenon that is always beneficial to the thermal from point of view is questioned in

this study, since the sea breeze front (SBF) development is related with warmer days in the Sergipe region, located in the

northeastern coast of Brazil. For this reason, the first climatology of the SBF and its potential implications on meteorological

conditions were presented by using remote sensing (GOES-13 satellite image) and surface meteorological data. Results showed

daily performance of the SBF: onset at 12:00 UTC and cessation at 19:00 UTC corresponding to a duration of 7 h, mean strength

of 3.6 ms−1, and maximum inland penetration of 94 km from coast. In addition, we also observed SBF passage is related with an

average increase in solar radiation (84 W m−2), temperature (1 °C), and a decrease in relative humidity (10%) and dew point

temperature (1 °C). We hypothesize that, in certain circumstances, the SBF development is not beneficial for human thermal

comfort in the Sergipe region.

1 Introduction

Sea breeze is considered a fundamental atmospheric phenom-

enon for many coastal regions due to its influence on local

weather and climate. Sea breeze structure, behavior, and char-

acteristics have fascinated many scientists for at least a hun-

dred years, which has made it one of the most extensively

studied climate systems on several coastal regions of the

world (Azorin-Molina et al. 2011; Franchito et al. 1998;

Freitas et al. 2009; Furberg et al. 2002; Huang et al. 2016;

Naor et al. 2017; Oliveira et al. 2003; Perez and Silva Dias

2017; Simpson et al. 1977; Teli 2003).

Because of the smaller effect of the Coriolis force, the land–

sea temperature difference for sea breeze occurrence must be

above 4 °C in the intertropical latitudes (Cautenet and Rosset

1989; Okoola 1978), rather than 6 °C in the temperate and high

latitudes. Besides diurnal changes of wind speed and direction,

the sea breeze is usually accompanied by a humidity rise and a

temperature drop, which are associated with the heat

transported through the sea’s cool air (Atkinson 1981;

Simpson 1994). As a consequence, many studies have revealed

the strong interaction between the sea breeze and thermal local

patterns in urban areas, namely the urban heat island (Acero

et al. 2013; Dandou et al. 2009; Freitas et al. 2006; Meir et al.

2013; Papanastasiou et al. 2010; Sasaki et al. 2017; Thompson

et al. 2007; Vemado and Pereira Filho 2016; Yamato et al.

2017; Yoshikado 1990) as well as recognizing it as a positive

climate element to alleviate human thermal stress (Emmanuel

and Johansson 2006; Lopes et al. 2011; Papanastasiou et al.

2010; Sasaki et al. 2017; Yamato et al. 2017).

Surprisingly, even with the overabundance of studies in the

literature, there are still several critical questions regarding the

influence of the sea breeze on meteorological conditions that

have not been discussed in depth. Several studies have shown

that the sea breeze can be associated with adverse meteoro-

logical conditions, such as complex situations for air pollution

by transport and dispersion processes (Clappier et al. 2000;
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Mavrakou et al. 2012; Papamanolis 2015; Papanastasiou and

Melas 2009; Yimin and Lyons 2003), thunderstorm genesis

(Bhate et al. 2016), fire whirl occurrence (Seto and Clements

2011), and effects on microwave propagation along the coast-

al belt (Radha Krishna Rao and Purnachandra Rao 2005;

Reddy and Reddy 2007). However, few studies have given

attention to the interaction between sea breeze and thermal

effect by examining the temperature and solar radiation rises.

Panchal’s (1993) and Khan’s (2010) studies are some of the

few who have approached that issue. The first study showed

that in the winter months (November to April), the tempera-

ture rises in Kalpakkam (India) during the pre-onset of sea

breeze conditions, and consequently, the sea is warmer than

the land due to the increase in insolation with the sunrise. The

second study noticed that during sea breeze days on the

Eastern and Western coast of the Auckland region (New

Zealand), the solar radiation and temperature increased due

to the Earth’s surface overheating, resulting in warmer days.

Thus, the common idea that the sea breeze could be an impor-

tant mechanism to decrease the high temperatures in the north-

eastern coast of Brazil is questioned in this paper.

In general, the northeastern coast of Brazil haswarm summers

and mild winters, characterized by high temperature (mean of

27 °C) and radiation solar (mean of 5 kWh m−2 day−1) values

throughout the year. In this context, the Sergipe region gains

special interest because possible changes in solar radiation and

temperature, especially in the warmer season, could have signif-

icant implications onmeteorological conditions, e.g. human ther-

mal stress.

Nowadays, modern knowledge considers the sea breeze as a

system (Miller 2003). The sea breeze front (SBF) is one compo-

nent of this system, and it is often associated with temperature

drop and humidity rise, in which the air is forced to ascend and

condensate in low-level atmosphere, allowing for the formation

of a line of clouds parallel to the coast (Miller 2003; Simpson

1994). The spatial organization of this line of clouds and its

progressive movement help to locate the SBF and compute its

inland penetration. According to Bigot and Planchon (2003),

SBF monitoring by remote sensing is useful to mark and draw

the geographical position of the SBF and indirectly to estimate

the strength and persistence of the sea breeze.

In the past few decades, the advances in remote sensing tech-

niques have allowed for SBF to be studied more in depth (Banta

et al. 1993; Crosman and Horel 2010; Damato et al. 2003; Gille

2003; Lensky and Dayan 2012; Phan and Manomaiphiboon

2012; Simpson 1966; Zhu andAtkinson 2004). By using satellite

images, we can have a potential signature of the sea breeze,

where a line of clouds parallel to the coast and associated with

the SBF is observed over the image. Damato et al. (2003) used

visible images from the Advanced Very High Resolution

Radiometer (AVHRR) to identify the SBF in the English

Channel region fromMay to September 2000. Their study dem-

onstrated that the SBF inland penetration varied between 10 and

50 km in the early afternoon, as a consequence of topography,

coastal exposure, andmeteorological conditions. By using reflec-

tance images provided by the Geostationary Operational

Environmental Satellite (GOES), Planchon et al. (2006) observed

the higher occurrence of SBF in the north-northeastern Brazil

during the hot season of 2000 (between September and

December) where the results confirmed that the SBF inland pen-

etration varied between 40 and 100 km due to the higher land–

sea temperature difference and higher exposure to trade winds.

Although most of the studies have identified the SBF successful-

ly by using satellite images, they have been limited to a specific

hour of the day—usually in the middle of the afternoon—which

makes it difficult to plot the SBF behavior throughout a SBF day,

which, in turn, is essential to assess its impact on meteorological

conditions in any region of the world.

In this study, a combination of remote sensing (satellite

images) and surface meteorological data will be used to

achieve two main goals, as follows: (i) to identify and com-

pute the SBF with statistics such as onset, cessation, duration,

strength, inland penetration, and classification of SBF day and

(ii) to determine the relation between the SBF and meteoro-

logical conditions in the Sergipe region.

2 Data and methods

2.1 Description of the study area and dataset used

In this paper, we study the characteristics of the SBF in the

Sergipe region, located in the northeastern coast of Brazil,

which is along the Atlantic coast basin between 10° 00′ S

and 37° 00′ W and 11° 00′ S and 38° 00′ W. The Sergipe

region covers an area of 21,910 sq. km with about 2.288

million inhabitants (IBGE 2017). The topography of the re-

gion is relatively flat, varying between 0 and 1088 m above

sea level (with an average altitude of about 300 m), featuring a

slightly curved straight coastline with 163 km, which corre-

sponds to 2.2% of the entire coast of Northeastern Brazil. This

area is more exposed to trade winds coming from the ocean

and, therefore, favoring the SBF’s inland penetration (Fig. 1).

The climate in the Sergipe region is characterized by warm

summers (from December to March) and mild winters (from

April to July). According to Köppen’s climatic classification

(Alvares et al. 2013), most of the area is dominated by climate

As (warm and humid tropical climate, with a dry season in the

summer), but to the northwest, the climate is more severe,

namely the semi-arid Bsh (low latitude and altitude) charac-

terized by high temperatures, low humidity, and scarce and

irregular rainfall regimes. Thus, the annual average tempera-

ture of the Sergipe region varies between 24 and 26 °C, rela-

tive humidity between 45 and 70%, and rainfall between

520 mm and 1400 mm (INMET 2016). According to the

Pereira et al. (2017), the Sergipe region is one of the areas
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with the highest solar radiation levels in Brazil with an annual

average of daily global solar irradiation of 5.9 kWhm−2 day−1.

Furthermore, the Sergipe region is subjected to the action of

several macroscale and mesoscale weather systems, such as

the South Atlantic Subtropical Anticyclone (SASA), the

North Atlantic Subtropical Anticyclone (NASA), and the

Upper Tropospheric Cyclonic Vortices (UTCV), among

others. UTCV is the system that usually occurs more strongly

in the warmest months of the year, with an average lifetime

varying from 4 to 11 days (Ferreira et al. 2009). UTCV sym-

metry (location and movement) influences the cloudiness pat-

tern in Northeastern Brazil (Kousky and Gan 1981). Such

systems and associated trade winds play an important role in

understanding the Sergipe region’s climate and weather.

Hourly meteorological data (wind speed, wind direction, air

temperature, relative humidity, sea level pressure, solar radiation,

and dew point) collected from seven surface automatic weather

stations MAWS301 by Vaisala® (Helsinki, Finland) belonging

to the Brazilian National Meteorological Weather Institute

(INMET) were used (Table 1), covering the period between the

1st of December 2014 to the 31st of March 2015 (henceforth

summer 2015). To characterize wind patterns in the Sergipe re-

gion, wind speed and direction data from 2014 to 2017 were

individually analyzed. Regarding the summer period, tempera-

ture and pressure gradient differences are expected to be marked,

and these are responsible for the formation and development of

the SBF. To ensure a correct assessment, a quality control proce-

dure (e.g., unreal value) was performed to validate the internal

coherence in the dataset used. As surface automatic weather

stations are located both on the coast and inland, we assume they

reflect common wind patterns and SBF behavior in the Sergipe

region. Information regarding location, topography, distances

Fig. 1 Terrain map of the study area displaying the locations of automatic weather stations
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from sea, and the time series analysis for all the weather stations

is shown in Table 1.

Along with the meteorological data, remote sensing

data collected by using GOES-13 satellite images on

channel 4 (infrared IV) and South American surface maps

(1000 hPa at 00:00 UTC) produced by the Center for

Weather Forecasting and Climate Studies (CPETEC/

INPE) were used to characterize synoptic conditions dur-

ing the study period. For the identification of the SBF,

daytime GOES-13 images visible in channel 1 (wave-

length between 0.55 and 0.75 μm) and space resolution

of 1 km provided from CPTEC between 11:00 and 21:00

UTC for the summer 2015 were carefully analyzed. The

reason for this will be discussed in the next section.

2.2 Method to identify the SBF

Adapted from Damato et al. (2003) and Planchon et al.

(2006), the SBF identification method followed five

steps, as shown in Fig. 2.

Step 1: applying satellite images In this study, 847 GOES-13

Northeastern Brazil images were sequentially analyzed to

compute the SBF statistic into an environmental Geographic

Information System (GIS). The reason for us to use GOES-13

visible images is because they have well-marked differences

in terms of spectral color between low-level clouds and char-

acteristics of the land–sea surface, which allows us to identify

and delineate the cloud line usually associated to the SBF.

However, it is important to point out that the SBF is not al-

ways associated with the cloud line: if humidity is too low, no

clouds are observed and the cloud line is not visible using the

analysis of the radiometric conditions by remote sensing

(Bigot and Planchon 2003). According to Planchon et al.

(2006), these subjective limitations occur in conditions that

are (i) synoptically disturbed with large lines of clouds not

associated with SBFs and (ii) with a cloudless sky over the

image used.

Step 2: identification of the cloud line and drawing the iso-

chrone Within the SIG environment, each GOES-13 image

was imported into the Feature Analyst software. This tool

was especially useful for the images in which the clouds are

usually not visible to the naked eye, i.e., when the conditions

mentioned in item (ii) of step 1 occur. By using the Bbach^

function embedded in that tool, a large set of images can be

processed simultaneously to export the vector that corre-

sponds to the heap of clouds. SBFs were defined manually

Table 1 Description of the

automatic weather stations used

in this study in the summer 2015

Automatic weather station Latitude Longitude Elevation (m) Distance from

closest sea (km)

Aracaju 10° 57′ S 37° 3′ W 4 3

Brejo Grande 10° 25′ S 36° 28′ W 6 11

Carira 10° 22′ S 37° 42′ W 290 99

Conde 11° 42′ S 37° 37′ W 5 11

Itabaianinha 11° 16′ S 37° 47′ W 205 54

Pão de Açúcar 9° 48′ S 37° 15′ W 21 122

Poço Verde 10° 42′ S 38° 10′ W 367 120

Fig. 2 Five-step method to identify the SBF using satellite imagery

2154 M. Anjos, A. Lopes



and drawn on each image (onscreen digitizing) considering

the cloud line parallel to the coast, similar to what Planchon

et al. (2006) used. The result was another vector format rep-

resented by an isochrone.

Step 3: georeferencing This step is an essential condition for a

spatialization of the SBF on the map to measure its inland

penetration properly. Here, every vector file created in step 2

was georeferenced in the coordinate system (South American

Datum/Zone 24 and Transverse Mercator projection), and

then plotted on a map of the Sergipe region, and subsequently

converted into grid format.

Step 4: line density calculation To calculate the line density

with a high frequency of the SBF passage in an area, the kernel

density estimates algorithm was used (Bailey and Gatrell

1995). The process of drawing over each raster (step 2) was

repeated to create a smooth vector which would correspond to

the specific mean hourly of the SBF passage.

Step 5: definition of the hourly SBF The final vector file was

considered as an isochrone that represents SBF passage in a

specific hour of the day.

2.3 Formulation of a climatology of the SBF

After the identification of the SBF events, the statistics were

computed as follows:

I. Onset (unit—hour): defined as the time during which a

cloud line is observed in the image over the continent.

The onset of the SBF was considered when the wind di-

rection was from 30° to 150°.

II. Cessation (hour): defined as the time during which the

cloud line disappears in the image, usually far from the

coastline and close to sunset

III. Duration (hour): period of time defined between onset

and cessation

IV. Strength (ms−1): defined as the magnitude of the hori-

zontal advance of the SBF expressed by mean wind

speed. To calculate the strength of the SBF, wind speed

data at the exact moment of the SBF passage were com-

puted. The spatialization of the SBF on a map helps to

identify which weather stations should be included in the

calculation of strength. The consecutive introduction of

the wind speed data to compute the strength of the SBF

takes into account the fact that it advances inland in one

predominant direction as defined at the onset stage.

V. Inland penetration (km): maximum extension of the SBF

inland based on an observational line through the inland

projected from the coast of Aracaju

VI. Classification of a SBF day: the first task was to

eliminate the synoptic events that did not allow the

identification of the cloud line associated with the

SBF on the satellite image. Secondly, a good exam-

ple of a SBF day from the GOES-13 image is seen

in Fig. 3a, which shows the visible presence of SBF

by greater cloud development along a line. The

well-delimited cloud-free zone is seen on the sea-

ward side of this line, meaning a common potential

signature of the sea breeze (Planchon et al. 2006;

Simpson 1994). Since the synoptic systems of that

region last several hours of the day until the night,

we assumed that the situation was likely to be a

SBF day. A SBF day considered once the onset

and cessation stages were reached. On the other

Fig. 3 Examples of three Sergipe region GOES-13 images at 16:00 UTC

on different days. a SBF associated with a line of cumulus on January 3,

2015. b Synoptically disturbed conditions and wide clouds not associated

with the SBF on December 15, 2014. c Cloudless skies over the whole

study area not associated with the SBF on March 28, 2015
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hand, Fig. 3b shows an example of the action of a

synoptic system on the GOES13 image whose high

concentration and discontinuity of cumulus clouds

are visible at a specific hour of the day and Fig.

3c shows a clear sky without clouds on the GOES-

13 image. These situations were rejected as possible

SBF days in this study area.

Subsequently, several statistical analyses and assessments

of the SBF were made as follows:

I. Statistical evaluation of the number of daily and monthly

occurrence

II. Definition of the daily cycle using onset, cessation,

duration, and strength

III. Spatio-temporal frequency of the hourly and monthly

passage

IV. Computation of hourly and monthly inland penetration

V. Comparison between SBF days and non-SBF days

Finally, we explored the relationship between the SBF and

meteorological conditions in the Sergipe region by comparing

Fig. 4 South American surfacemaps at sea level pressure—hectopascals (a, c) andGOES-13 images on channel 4 (infrared IV) (b, d) byCPETEC/INPE

both at 00:00 UTC during a SBF day (January 3, 2015) and a non-SBF day (December 15, 2014)
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the hourly mean of seven meteorological variables (wind speed,

wind direction, temperature, relative humidity, sea level pressure,

solar radiation, and dew point temperature) during SBF days and

non-SBF days in the summer 2015 period.

Fig. 5 Wind roses showing direction and speed frequencies with eight categories for seven weather stations in the Sergipe region in the 2010–2017 period

Table 2 Statistics of SBF

occurrence in the summer 2015 Month-year No. of

SBF days

No. of

non-SBF days

No. of days

analyzed

No. of GOES-13

images analyzed

December-2014 16 15 31 217

January-2015 17 14 31 217

February-2015 16 12 28 196

March-2015 18 13 31 217

Summary 67 54 121 847
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3 Results

3.1 Synoptic setting

The synoptic analysis for this study period shows, on the

surface level, that SASA is located over Southeastern

Atlantic Ocean (Fig. 4a, c) and a UTCV is positioned over

the northeastern portion of Brazil during a SBF day and a non-

SBF day (Fig. 4b, d). The position and movement of the

SASA and UTCV have a pronounced effect on the meteoro-

logical conditions over the South American continent.

Figure 4b shows, on January 3, 2015, an atmospheric stability

characterized by clear sky due to the position of the vortex

center of UTCVover of the study area, which favors cloudi-

ness associated with the SBF. Figure 4d shows, on December

15, 2014, an atmospheric instability with strong convective

activity because of the movement of the UTCV over the

Sergipe region, which did not favor the typical cloudiness of

the SBF.

3.2 Wind pattern characterization

Figure 5 shows the eastern prevailing wind direction at

almost all the weather stations, except Brejo Grande

with the wind blowing from northeast and Pão de

Açúcar with southeastern winds. The mean wind speed

frequencies between the weather stations were differen-

tiated due to topography and distance from coast: the

highest wind speed is 2 to 4 ms−1 highlighting the

Aracaju station with 75% of frequencies, followed by

Pão de Açúcar station with 51%, Itabaianinha with

48%, Brejo Grande with 40%, and Conde with 20%.

For the inland stations, the highest frequencies of 35%

in the strong wind class of 4–6 ms−1 and about 10% in

the class 6–8 ms−1 were recorded in Poço Verde and

Carira. These stations also registered 20% of frequencies

in the light wind class of up to 0.5 ms−1.

3.3 Characterization of the SBF

3.3.1 Daily cycle and occurrence

Table 2 shows that from 121 summer days analyzed (total of

847 GOES-13 images), 67 days were computed as SBF days

and 54 as non-SBF days. March had the highest number of

days with SBF (18), followed by January (17), February, and

December both with 16 days.

Figure 6 presents the hourly number of occurrence and

strength of the SBF in the summer 2015, where the onset of

the SBF started at 12:00 UTC with 5 occurrences and the

cessation occurred at 19:00 UTC with 47 occurrences, which

leads to the duration of 7 h with the maximum of occurrence

(60) of the SBF at 16:00 UTC. In the daily cycle period, the

hourly mean strength of the SBF was 3.7 ms−1, varying be-

tween the minimum of 3.3 ms−1 at 12:00 UTC and the max-

imum of 4.0 ms−1 at 19:00 UTC.

3.3.2 Spatio-temporal organization

The spatio-temporal of the SBF inlands represented by the iso-

chrones was plotted on the Sergipe regionmap for eachmonth of

the study period. As seen in Fig. 7, the SBF was relatively uni-

form during the summer months with the maximum advance of

the isochrones inland occurring in March (at 19:00 UTC) (Fig.

7d). Figure 8 also shows mean hourly SBF passage summarized

for the summer months 2015, in which the SBF passage was not

observed in certain municipalities of the Sergipe region: Poço

Verde (southwest), Nossa Senhora da Glória, Poço Redondo,

and Canindé do São Francisco (north-northwestern).

3.3.3 Inland penetration

The hourly inland advance of the SBF on several municipal-

ities of the Sergipe region was calculated (Table 3). As expect-

ed, there was a gradual increase of the mean advance of the

SBF throughout the day and months varying between the

Fig. 6 Number of hourly

occurrences, strength (wind

speed—ms−1), onset, duration

and cessation (hour) of the SBF

in the summer 2015
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maximum distance of 94 km at 19:00 UTC in March and the

minimum distance of 0.5 km at 12:00 UTC in December from

coast during an SBF occurrence.

Regarding the isochronous advance in March, at 13:00 UTC,

the SBF was restricted near coast on the municipalities of

Aracaju and Barra dos Coqueiros (Fig. 9). Later, at 16:00

UTC, the SBF was observed on the municipalities of

Laranjeiras and Itaporanga D’Ajuda located 30 km away, which

represents a mean advance inland of 10 km per hour. This inland

advance doubled (20 km) with the arrival of the SBF at 17:00

UTC to the municipalities of Areia Branca and Itabaianinha lo-

cated 43 km from coast. By 19:00 UTC, the longest penetration

inland of the SBF was registered on the municipalities of Carira

and Pinhão located 94 km away from the coast.

Fig. 7 Mean-hourly month isochrones of the SBF in the Sergipe region for the summer months 2015. a December 2014. b January. c February. d

March 2015. The dashed curved lines indicate the SBF
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3.4 Relationship between the SBF and meteorological
conditions

The daytime hourly mean set of meteorological variables for

SBF days and non-SBF days in the summer 2015 is presented

in Fig. 10. The mean sea level pressure remained almost con-

stant during SBF days and non-SBF days (Fig. 10 (A)).

Daytime wind speed difference is almost unnoticeable for

SBF days and non-SBF days varying between 1.5 ms−1 at

10:00 UTC and 4 ms−1 at 19:00 UTC (Fig. 10 (B)). The mean

solar radiation increased during SBF days reaching

861 W m−2 at 16:00 UTC that compares with non-SBF days

that reached around 777 W m−2, i.e., a 84 W m−2 difference

(Fig. 10 (C)). As a consequence, the mean temperature differ-

ence of up to 1 °C was particularly noticeable during a SBF

day from 12:00 to 19:00 UTC (duration stage) when

Fig. 8 Summary of the mean-hourly isochrones of the SBF in the Sergipe region for the summer months 2015 (betwenn December 2014 and

March 2015). The dashed curved lines indicate the SBF
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compared to non-SBF days (Fig. 10 (D)). In this interval of

time, the relative humidity decreased only a little on SBF-days

until nighttime (Fig. 10 (E)) and the mean dew point temper-

ature decreased by 1 °Cmore on SBF days than non-SBF days

(Fig. 10 (F)).

4 Discussion

The Sergipe region has relatively low topography and an al-

most straight coastline, making it more exposed to trade winds

coming from the sea, which forces the inland penetration of

the sea breeze. Thus, this study presented the first evidences of

the daily variations of the SBF. Remote sensing using the

GOES-13 satellite images combined with meteorological data

has proved to be a powerful method to identify the SBF and to

analyze its implications on meteorological conditions in the

Sergipe region, whichmay serve as a reference for other coast-

al regions. Based on this method, the first climatology of the

SBF of the northeastern coast of Brazil was presented, includ-

ing daily behavior.

Results have shown that the SBF in the Sergipe region

acts between 12:00 and 19:00 UTC (09:00 to 16:00 local

time), which fluctuates from ~ 03:00 h after sunrise to ~

2:00 h before sunset. This is consistent with Yamato

et al.’s (2017) study on the Tokyo Metropolitan area that

observed the SBF between 12:00 and 16:00 (local time)

and with Azorin-Molina and Chen’s (2009) study in

Alicante (Spain), in which they found that the mean

onset of the sea breeze occurred at 09:40 UTC and

cessation at 20:00 UTC. In addition, the SBF typically

has a duration of 6 h with prevailing eastern and south-

eastern winds and the mean strength of 3.6 ms−1,

reaching a maximum of 4.0 ms−1 close to cessation.

The SBF advance inland, on average, from 10 to

20 km every hour, with the highest inland penetration

of 94 km from the coast. Simpson (1994) and Simpson

et al. (1977) reported that the magnitude of the wind

component associated with the coastal environment is

an important force for inland penetration of the SBF.

This has also been observed in the Sergipe region, where

the mean maximum strength of the SBF of 4.0 ms−1

coincided with the rising trade winds speed in daytime

as illustrated by Fig. 10 (B), once the higher inland pen-

etration (94 km) occurred at sunset (at 19:00 UTC). This

result is in accordance with Planchon et al.’s (2006)

study, in which the inland SBF penetrated 100 km (at

18:00 UTC) in the north-northeast region of Brazil as

well as with the Simpson et al.’s (1977) and Damato

et al.’s (2003) studies that registered SBF advance inland

between 17 and 34 km in the early afternoon.

These findings reinforce the fact that the sea breeze in the

Sergipe region is influenced by the synoptic flow and weather

systems, particularly trade winds. As reported by Verejão-

Silva (2001) and Barreto et al. (2002), in this study, the SBF

presence did not cause significant changes in wind speed and

direction (Figs. 5 and 10 (B)) due to the persistence of trade

winds throughout the day and year. Furthermore, the SBF is

sensitive to the variations of the synoptic mesoscale systems,

such as SASA and UTCV, which favors cloud pattern that

helps to identify the cloud line associated with the SBF on

the GOES-13 image. Sea level pressure analysis in the

Fig. 10 (A) clearly indicated on the Sergipe region a reason-

ably low variability in wind direction and speed during the

SBF days and non-SBF days.

In this study, the most interesting finding was the fact

that the SBF passage is related with warmer days in the

Sergipe region. We hypothesize that after the SBF has

passaged (after the cloud line movement), clear sky con-

ditions were created that allowed for the entrance of more

direct solar radiation to the low-level atmosphere; this

available energy is converted into sensible heat flow and

stored in the ground eventually increasing surface and air

temperatures and resulting in warmer days. In this study,

the day is considered to be warmer when the mean solar

radiation and air temperature values that day have in-

creased due to the SBF development. Thus, there was a

mean increase by 84 W m−2 of solar radiation and 1 °C of

Table 3 Inland penetration of the SBF (hourly) in the summer 2015

Month-year Hour (UTC)

12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00

Distance to coast during SBF occurrence (km) and (standard deviation)

December-2014 0.5 (0.13) 7 (1.78) 15 (1.7) 18 (6.02) 32 (1.28) 48 (3.5) 62 (2.52) 72 (10.94)

January-2015 0.7 (0.07) 3 (2.52) 14 (2.7) 24 (0.58) 36 (2.72) 43 (1.5) 50 (14.52) 80 (2.94)

February-2015 0.7 (0.07) 4 (0.82) 20 (3.3) 25 (0.98) 31 (2.28) 38 (6.5) 61 (3.52) 73 (9.94)

March-2015 – 6 (0.78) 17 (0.8) 27 (3.48) 33 (0.12) 50 (6) 82 (18.08) 94 (10.76)

Summary of the months – 6 (0.78) 17 (0.3) 21 (0.98) 33 (0.72) 43 (1.5) 57 (2.48) 75 (13.06)
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Fig. 9 Summary of isochrones of

inland penetration of the SBF

(hourly) in the summer 2015.

Also displayed is a straight

dashed line representing the ob-

servation on the Sergipe region

and dashed curved lines indicat-

ing the SBF

2162 M. Anjos, A. Lopes



temperature during SBF days when compared with non-

SBF days as shown in Fig. 10 (C, D). These results are in

agreement with those found by Khan (2010) in the region

of Auckland, where he showed a 1.5 °C rise in mean

temperature followed by the mean positive difference of

total daily solar flux of up to 0.83 kWh m−2 day−1 during

sea breeze days. Relative humidity levels did not show a

significant difference between SBF days and non-SBF

days. First, the cool air from the sea (onshore) is expected

to raise humidity levels in the Sergipe region; however,

due to the coastal location of the region and the regular

trade winds, a humidity rise during breeze events is un-

expected. Second, contrary to expectations, the little de-

crease by 10% verified during SBF days is caused by the

increase of temperature at this moment. In response to the

temperature increase and relative humidity decrease, the

dew point temperature began to decrease during the SBF

passage as seen in Fig. 10 (F). Results suggest that there

was not an increase in water vapor (or absolute humidity)

with the SBF passage, which disagrees with the observa-

tions made by Sánchez-Ccoyllo and Silva Dias (2000) in

São Paulo.

The findings reported in this study contradict the com-

mon idea that the sea breeze is always a beneficial phe-

nomenon from the thermal point of view. The idea that

the inhabitants of coastal settlements often find the cool

sea breeze to be beneficial in offsetting a hot climate

(Oke 1987) seems to be more complex, regarding the

sea breeze development on the northeastern coast of

Brazil. In fact, since the SBF implies an increase in tem-

perature and solar radiation and results in warmer days,

it can decrease human thermal comfort in the urban areas

of the Sergipe region.

5 Conclusion

The sea breeze, here represented as the SBF, is an im-

portant mesoscale system in the Sergipe region due to its

frequency and intensity. By using remote sensing

(GOES-13 satellite images) and surface meteorological

data, the first climatology of the SBF for the northeastern

coast of Brazil that includes daily behavior (onset, ces-

sation, duration, inland penetration, classification by SBF

day) was presented. Based on this climatology, it was

possible to evaluate a relationship between the SBF and

meteorological conditions in the Sergipe region, which

showed warmer days related to the SBF passage as a

function of the mean increase of solar radiation

(84 W m−2) and temperature (1 °C) verified. This

Fig. 10 Daytime hourly mean of all weather station of (A) sea level

pressure, (B) wind speed and direction, (C) solar radiation, (D) air tem-

perature, (E) relative humidity, and (F) dew point temperature for SBF

days and non-SBF days in the summer 2015. Also displayed is the dura-

tion of the SBF from 12:00 to 19:00 (hatched grey area)
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suggests that the SBF can be an aggravating factor for

human thermal comfort in the Sergipe region, which is

regarded as a naturally Bstressful^ thermal environment.
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