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Abstract
The impact of Sea Surface Temperature (SST) on the wind and air temperature numerical simulations over the coastal 
region of the state of Rio de Janeiro, Brazil, was investigated using the Weather Research and Forecasting (WRF) model. 
The study period comprised January 24–26, 2014, characterized by the occurrence of coastal upwelling. Two numerical 
experiments were performed. The first, called EGFS, used the Global Forecast System (GFS) results to prescribe the initial 
and boundary conditions. In the second, called EMUR, the SST was replaced by the Multi-scale Ultra-high-Resolution SST 
(MUR SST). The experiments showed significant differences between the SST fields, being higher than 10 °C. Through 
the comparison with observations, we verified that the upwelling was better represented in the EMUR, which consequently 
generated improvements in the temperature at 2 m above ground level (AGL) over this region. In the offshore region, over 
areas with higher SST, the wind speed at 10 m AGL was stronger, and opposite behavior was observed over low SST areas. 
In addition, in regions with higher SST differences between the experiments, differences of wind direction at 10 m AGL 
higher than 90° were detected. The SST influence on the air temperature and wind speed profiles was significant up to 300 
and 900 m, respectively. The comparisons between the wind observations with the numerical results show that the land–sea 
breeze simulation (thermal forced) was underestimated in relation to the synoptic forcing (South Atlantic Subtropical Anti-
cyclone), even with significant SST differences between experiments.
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1  Introduction

Coastal regions are one of the greatest natural and eco-
nomic resources on the planet. These regions are char-
acterized by high population densities, where are devel-
oped activities related to ports, airports, oil companies, 
tourism and others, which most of the time need accurate 
numerical weather predictions (NWP) to give support to 
their operations. Three different environments compose 
coastal regions: ocean, atmosphere and land surfaces. 
These environments exchange matter and energy through 
their boundaries.

On land surfaces, higher temperature variations occur 
daily due to the low molecular conductivity and low heat 
capacity. In contrast, the high heat capacity of sea water 
causes diurnal low Sea Surface Temperature (SST) vari-
ations. These different heat capacities of the land and 
the sea water generate a mesoscale land–sea horizontal 
temperature gradient that results in a horizontal pres-
sure gradient which drives the land–sea breeze circula-
tion. This phenomenon is able to form when synoptic 
scale forcing is not sufficiently strong to overcome the 
land–sea gradients (Stull 1988). Beyond the land–sea 
breeze, areas over the land with different land use could 
generate temperature gradient that also drives thermally 
induced circulations and the same process occurs over 
the ocean with surface water masses characterized by 
different temperatures.

NWP models are important tools capable of represent-
ing the diurnal variations of the wind field related with 
land–sea breezes (e.g., Knievel et al. 2010; Jeong et al. 
2012; Phan and Manomaiphiboon 2012; Tseng et al. 2012; 
Moisseeva and Steyn 2014; Jiménez et al. 2016) and vari-
ations induced by SST gradients (e.g., Song et al. 2006; 
O’neill et al. 2010; Shimada et al. 2015).

Some studies deal with the sensitivity of the low-level 
atmospheric flow in relation to improvements on the SST 
field representation that is used as initial and boundary 
conditions in NWP models. Despite the use of high-resolu-
tion SST fields does not necessarily produce improvements 
on land–sea breeze representation (LaCasse et al. 2008; 
Knievel et al. 2010), it could have vital importance for 
accurate simulation of the ocean–atmosphere interaction 
processes (Song et al. 2009).

SST is one of the primary indicators of climate vari-
ability (e.g., Santos et  al. 2013; Chen et  al. 2018). In 
climate models, a better representation of SST improves 
the ocean–atmosphere interaction processes, the tele-
connections involving these interactions and the differ-
ent monsoon regimes occurring around the globe (e.g., 
Cataldi et al. 2010; Kucharski et al. 2010; da Silva et al. 
2018). In both studies of seasonal climate forecast and 
climate change, the variability of the ocean determines 

the atmospheric behavior. Therefore, a better representa-
tion of the ocean as initial and boundary conditions con-
sequently generates a better modeling of the atmosphere 
also on these scales. The fact is that the SST is a critical 
parameter for climate modeling. Despite this, it also can 
be a key parameter to improve the NWP of some regions 
in the world. The NWP model performance will depend 
on the regional geophysical characteristics, which present 
processes of different complexities.

Nowadays, many gap-free SST products are available for 
the scientific community, each with its own characteristics. 
These products are generated by methodologies that com-
bine satellites measurements and in situ data (Martin et al. 
2012; Dash et al. 2012). Messager and Faure (2012) and Shi-
mada et al. (2015) observed that SST fields from the Global 
Forecast System (GFS) do not represent oceanic mesoscale 
features. Dufois et al. (2012) found that SST products over-
estimate nearshore values where high SST gradients exist, 
presenting systematic errors. In these regions, the SST fields 
are not representative during peak upwelling season (Dufois 
et al. 2012).

Over the Brazilian Southeast continental shelf, in the 
vicinity of state of Rio de Janeiro, strong SST gradients 
occur associated with the coastal upwelling (Castro and 
Miranda 1998; Rodrigues and Lorenzetti 2001; Franchito 
et al. 2008; Castelão 2012; Mazzini and Barth 2013; Palóczy 
et al. 2014). The localization and magnitude of these gra-
dients are variable among SST products (Castelão 2012), 
impacting the NWPs.

Limited-area numerical models were applied to the state 
of Rio de Janeiro in order to simulate the local atmospheric 
circulation. Paiva et al. (2014) and Giannaros et al. (2017) 
verified, as a general pattern, satisfactory performance of 
the simulations for the metropolitan area of Rio de Janeiro. 
Otherwise, there are errors in the sea breeze representa-
tion at this region (Paiva et al. 2014; Pimentel et al. 2014a). 
Franchito et al. (1998) and Ribeiro et al. (2011, 2016) indi-
cated a strong sensitivity of the numerical simulation of 
wind field due to SST variations in the upwelling region.

To obtain a better numerical representation of the coastal 
region of the state of Rio de Janeiro, this study investigates 
the use of two SST products for the initial and boundary 
conditions to the Weather Research and Forecasting (WRF) 
model and its impacts on air temperature and near-surface 
atmospheric flow.

2 � Study region

The coastal region of the state of Rio de Janeiro has been 
highlighted in several studies due to its high degree of physi-
ographic, oceanographic and meteorological complexity, 
which makes this region extremely challenging from the 
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NWP point of view (Oliveira Júnior et al. 2010; Ribeiro 
et al. 2011; Pimentel et al. 2014a, b; Paiva et al. 2014; Brito 
et al. 2016; Aragão et al. 2017; Silva et al. 2017).

The state is located in Southeastern part of Brazil. It has 
borders with the Atlantic Ocean and the states of São Paulo 
(SP), Minas Gerais (MG) and Espírito Santo (ES) (Fig. 1). 
The coastline has approximately 635  km of extension 
(Brito et al. 2016), with capes and bays. The East and Cen-
tral Coasts are characterized by an extensive lowland area, 
while on the West Coast there is great topographic variation 
(Fig. 1). The soil use and occupation are nonhomogeneous, 
with the predominance of forest, urban and restinga areas 
(Scheel-Ybert 2000; Paiva et al. 2014).

On the synoptic scale, the South Atlantic Subtropical 
Anticyclone (SASA) is the dominant feature that predomi-
nantly influences the state of Rio de Janeiro (Dereczynski 
and Menezes 2015). This system drives the prevailing sur-
face winds to blow from the first quadrant (0°–90°) along 
the East Coast, combined with the land–sea breeze circu-
lation (Franchito et al. 2008; Dereczynski and Menezes 
2015). Specifically, in the Arraial do Cabo region (Fig. 1), 
the winds become more zonal and intense during the after-
noon because of the sea breeze intensification (Franchito 
et al. 2008). In the Central and West Coasts, the land–sea 
breeze circulation overcomes the SASA winds, driving the 

near-surface flow and producing a wind regime perpendicu-
lar to the coastline (Pimentel et al. 2014b; Paiva et al. 2014).

In the East and Central Coasts, the SASA prevailing 
winds together with the orientation of the coastline are 
highly upwelling favorable, characterized by low SST 
near the coast (Emilson 1961; Ikeda et al. 1974; Valen-
tin et al. 1987; Castelão and Barth 2006; Franchito et al. 
2008; Palóczy et al. 2014) that influence the local circula-
tion (Franchito et al. 1998; Ribeiro et al. 2011). During the 
passage of frontal systems, the winds blow from the south-
ern quadrant inhibiting the upwelling (Valentin et al. 1987; 
Stech and Lorenzzetti 1992; Dourado and Oliveira 2000).

3 � Data and methods

3.1 � Period

The study period comprised January 24–26, 2014, character-
ized by the continuous occurrence of coastal upwelling in 
the Central and East Coast and dominance of the SASA over 
the state. Under this condition, the SST gradients varied sig-
nificantly between the SST products, which favor the WRF 
model sensitivity evaluation. Since the upwelling in this 
region is characterized by SST values below 18 °C (Calado 

Fig. 1   State area and location in Brazil. S1, S2 and S3 indicate the 
surface weather observation stations sites of Macaé, Arraial do Cabo 
and Marambaia, respectively, and B1 indicates the buoy site. The 
elevation and the land use categories of the urban area and water bod-

ies are also shown. SP, MG and ES are the state abbreviations of São 
Paulo, Minas Gerais and Espírito Santo, respectively. The coastline 
was divided into West, Central and East Coasts to facilitate the fol-
lowing analyses
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et al. 2010; Cerda and Castro 2014), the study period was 
defined through the buoy SST observations (Fig. 1).

3.2 � WRF model and experiments

The simulations are performed with the WRF model 
(Skamarock et al. 2008) version 3.6. The model is config-
ured with a total of three domains applying a telescopic one-
way nesting. The hierarchy of the WRF grids is illustrated 
in Fig. 2. The horizontal resolutions of the coarse (d01), 
intermediary (d02) and finest (d03) domains are 27, 9 and 
3 km, respectively. All the three nested domains were con-
figured with the same stretched vertical grid with 35 levels, 
including seven levels below 1 km.

It is important to emphasize that in the WRF model, 
horizontal velocity components and thermodynamic prog-
nostic variables are assigned to the half-σ levels (Skama-
rock et al. 2008; Shin et al. 2012). Moreover, the WRF 
results on the lowest half-σ level are used in the surface 
layer parameterization to diagnose the wind at 10 m AGL 
and the T2m, at their typical observational heights (Jime-
nez et al. 2012; Shin et al. 2012; Ma et al. 2014). In the 
present simulations, the first half-σ level is located around 
29  m above ground level  (AGL). In the surface layer 

parameterization used in this study, the Revised MM5 
Monin-Obuckov (Jimenez et al. 2012), the T2m and the 
wind at 10 m AGL are diagnosed according to the Eqs. (1) 
and (2), respectively:

where u10m is the wind at 10 m AGL, θ2m is the temperature 
at 2 m AGL, θg is the ground surface potential temperature, 
L is the Obukhov length, z0 is the roughness length, Ψm,h are 
the integrated similarity functions for momentum and heat. 
z is the lowest half-σ level height, and ua and θa are the wind 
and air temperature in this level.

The Moderate Resolution Imaging Spectroradiometer 
(MODIS) data set is employed to represent the land use 
and the United States Geological Survey (USGS) data set 
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Fig. 2   The three nested model 
domains used in WRF. The 
elevation is also shown
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is employed to represent the topography height, both at 
1 km resolution.

Physical parameterizations include the rapid radiative 
transfer model longwave radiation (Mlawer et al. 1997), 
the Dudhia shortwave  radiation scheme (Dudhia 1989), 
the WRF single-moment three-class microphysics scheme 
(Hong et al. 2004), the Betts–Miller–Janjic cumulus param-
eterization scheme (Janjic 1994), the Noah-MP land surface 
model (Niu et al. 2011; Yang et al. 2011), the Revised MM5 
Monin-Obuckov (Jiménez et al. 2012) for surface layer, and 
the Grenier–Bretherton–McCaa Planetary Boundary Layer 
scheme (Grenier and Bretherton 2001).

Initial and lateral boundary conditions from GFS forecast 
results (http://www.emc.ncep.noaa.gov/GFS/doc.php) were 
provided to the WRF model. The GFS forecast results have 
3-h intervals, a horizontal resolution of 0.5° × 0.5° and came 
from the simulation initialized at 00 UTC 24 January 2014.

Two sets of numerical simulations were performed using 
the WRF model. The first experiment, hereafter called 
EGFS, used the GFS forecast results to prescribe the ini-
tial and boundary conditions. The second, from now called 
EMUR, was identical to the EGFS, except that the SST from 
GFS was replaced by the Multi-scale Ultra-high-Resolution 
Sea Surface Temperature (MUR SST). Although at each 
GFS forecast result there is a new SST field, to match the 
temporal resolution of the SST between the numerical exper-
iments, the SST boundary condition was updated daily in 
both experiments because the MUR SST analysis is a daily 
product.

3.3 � SST products

The GFS SST initial and boundary conditions are com-
posed by the weekly 1° (~ 111 km) spatial resolution opti-
mum interpolation SST analysis (Reynolds et al. 2002). This 
product is based on a blending of in situ observations from 
ships and buoys and satellite observations from the infrared 
Advanced Very High-Resolution Radiometer (AVHRR). 
The GFS SST temporal variation is described by Eq. (3):

where t is the time, SST(t) is the SST at time t , SSTc(t) is 
the climatological SST at time t, SSTa(t = 0) is the initial 
SST anomaly, and τ is the decaying time scale of initial SST 
anomaly, with a value of 90 days (Fu et al. 2013). The initial 
SST anomaly is given by Eq. (4):

The MUR SST analysis is a daily product, globally grid-
ded at approximately 1 km resolution by merging data from 
the AVHRR, the MODIS, and the Advanced Microwave 
Scanning Radiometer for the Earth Observing System 

(3)SST(t) = SSTc(t) + SSTa(t = 0) × e

(

−
t

�

)

(4)SSTa(t = 0) = SST(t = 0) − SSTc(t = 0)

(AMSR-E). More information can be found at http://mur.
jpl.nasa.gov/ and data descriptions may also be found at 
http://podaa​c.jpl.nasa.gov/datas​et/JPL-L4UHf​nd-GLOB-
MUR. This product was used to study upwelling and ther-
mal fronts regions in the Gulf of Guinea (Wiafe and Nyadjro 
2015), the Coasts of Peru (Vazquez-Cuervo et al. 2013), 
Chile (Bravo et al. 2016) and Brazil in the vicinity of state 
of Rio de Janeiro (Macedo and Lorenzzetti 2015; Mill et al. 
2015; Fragoso et al. 2016).

3.4 � Observed data

Three surface weather observation stations were selected 
from the INMET (National Meteorology Institute of Brazil) 
located in the coastal region, in the cities of Macaé (S1 in 
Fig. 1), Arraial do Cabo (S2 in Fig. 1) and Rio de Janeiro 
(S3 in Fig. 1). We use hourly observational data of wind 
speed and direction at 10 m AGL, and temperature at 2 m 
AGL (T2m).

The buoy was moored in the vicinity of Arraial do Cabo 
city (B1 in Fig. 1) by Sistema Integrado de Obtenção de 
Dados Oceanográficos project (SIODOC), at approximately 
5 km from the coast. We use hourly observational data of 
wind speed and direction, air temperature and SST. The 
atmospheric variables are measured at 3.5 m above sea level. 
The SST is measured at 0.5 m depth, referred to as bulk 
temperatures (Lazarus et al. 2007). We applied the neutral 
logarithmic wind profile law (Eq. 5) to adjust the buoy wind 
speed data, and so standardize the weather measurements 
(World Meteorological Organization 2008).

where z0 is the aerodynamic roughness length, u10 and u3.5 
are to the wind speeds at 10 and 3.5 m, respectively. To esti-
mate z0, the Charnock relation (Charnock 1955) is applied.

3.5 � Analyses

Results from both experiments using the high-resolution 
grid (3 km) will be presented. The first 6 h are discarded as 
a spin-up. We analyze the fields of each numerical experi-
ment and difference fields between the experiments ([EMUR 
− EGFS]) for 25 January 2014. The SST field is analyzed 
daily, while the T2m and the wind at 10 m AGL fields are 
analyzed at 06 and 18 UTC. The wind direction differences 
between the experiments were calculated following Jiménez 
and Dudhia (2013). The differences represent the smaller 
angle between the vectors and the values are in the range 
[− 180°, 180°]. This definition assigns positive (negative) 

(5)u10 = u3.5

ln
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10

z0

)

ln
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3.5
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differences if the EMUR is rotated clockwise (counterclock-
wise) with respect to the EGFS wind vector.

In addition, the vertical–longitudinal cross sections of 
differences in air temperature and wind intensity between 
the experiments ([EMUR − EGFS]) were analyzed. The 
sections were averaged over the entire study period along 
23.3°S.

The model results were compared with the observational 
data through time series of SST, T2m and wind at 10 m 
AGL. The model results from the lowest level were not 
compared directly with the observational data, since they 
are not at the same height. To conduct a rigorous analysis, 
the observed wind at 10 m AGL and temperature at 2 m 
AGL were compared with the wind and the air temperature 
diagnosed in the surface layer parameterization at the same 
height (Eqs. 1, 2). Besides that, it was realized a careful 
selection of the grid points. In this way, the results from the 
grid points on land that are nearest to the surface weather 
observation stations sites are compared with the observa-
tions taken over this sites. Similarly, the results from the 
grid point on the water that is nearest to the buoy site are 
compared with the buoy data. It must be noted that no inter-
polation was applied.

4 � Results and discussion

4.1 � SST fields

The bigger differences between the EGFS SST and the 
EMUR SST occur close to the coast (Fig. 3c), which high-
lights the importance of assessing the SST products for 
coastal regions. While in the East and Central Coasts there 
are intense gradient and lower SST values in the EMUR 
(22 °C) related to the upwelling (Fig. 3b), in the EGFS there 
are a weak gradient and higher SST values (26 °C) (Fig. 3a). 
These differences are more prominent in Fig. 3c. On the 
West Coast, the pattern is inverse, strong gradient and the 
lowest SST values are in the EGFS, with differences of up to 

10 °C between the experiments (Fig. 3c). The spatial pattern 
found in the EMUR SST field is in agreement with earlier 
studies (Castro and Miranda 1998; Rodrigues and Lorenzetti 
2001; Franchito et al. 2008; Castelão 2012; Palóczy et al. 
2014).

4.2 � Meteorological fields

4.2.1 � Temperature at 2 m AGL

Over the ocean, the T2m (Fig. 4) primarily responded to 
SST, following the same spatial pattern of the SST fields 
(Fig.  3). Over the land surface, the difference of T2m 
between the two experiments was not as intense as over 
the ocean. This result was already expected since only the 
ocean boundary condition was modified (i.e., the SST) and 
it agrees with numerical results from Ribeiro et al. (2011). 
Tseng et al. (2012) found that SST greatly influences the 
T2m AGL over the ocean and over the continent.

The thermal amplitude over land was greater because of 
the smaller soil specific heat compared to the ocean, produc-
ing a land–sea thermal gradient (Fig. 4). In the EMUR, it 
was represented a greater (lower) thermal gradient on the 
West Coast and a lower (greater) gradient on the Central and 
East Coasts, in comparison with the EGFS at 06 UTC (18 
UTC). Thus, the gradients varied in space and time, modify-
ing the thermal forcing between the experiments.

4.2.2 � Wind at 10 m AGL

The wind fields showed that the different regions of the coast 
of the state of Rio de Janeiro were driven by the same forc-
ing mechanisms in both numerical experiments (Fig. 5). 
The wind at 10 m AGL near the coast resulted from the 
combined contribution of the synoptic forcing, the SASA, 
and the thermally induced mesoscale forcing, the land–sea 
breeze. The synoptic contribution induced the flow to blows 
from the first quadrant (0°–90°), while the breeze depended 
on the coastline and the period of the day.

Fig. 3   SST fields (°C) on 25 January 2014: a EGFS, b EMUR, c difference between the experiments [EMUR − EGFS]
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On the East Coast, the predominance of north to north-
east winds at 06 UTC indicates the dominant influence of 
SASA in relation to the land breeze, since the latter should 
induce west winds. At 18 UTC, the wind direction tended 
towards the east on the East Coast, evidencing the sea breeze 
occurrence at this period. On the Central and West Coasts, 
despite the SASA influence, the land–sea breeze was more 
evident than on the East Coast. At 06 UTC, the winds blow 
from the northern quadrants (270°–90°) in both simula-
tions, characteristics of the land breeze (Fig. 5a, c). At 18 
UTC, the occurrence of prevailing east and southeast winds 
over the coastal region shows that the near-surface flow is 
mainly driven by sea breeze (Fig. 5a–d). These patterns 
were observed in Franchito et al. (2008) and Pimentel et al. 
(2014b). However, as the flow approaches the mountains, 

it could be also synergistically influenced by the anabatic 
wind.

Despite the agreement on the forcing mechanisms 
between the experiments (Fig. 5a–d), the disparities in the 
thermal forcing intensity in each numerical experiment 
induced modifications in the near-surface flow (Fig. 5e–h). 
Regardless of the analyzed period (i.e., 06 UTC or 18 UTC), 
it was verified in both experiments the same pattern in the 
wind at 10 m difference (Fig. 5e, f). In the East Coast and 
the eastern portion of the Central Coast, where the EMUR 
showed the lowest SST values related to the upwelling, the 
wind was weaker in the EMUR as compared to that in the 
EGFS. In the West Coast and the western portion of the 
Central Coast, where the EMUR SST was higher, the wind 
was stronger compared to the EGFS. These modifications of 

Fig. 4   Temperature at 2 m AGL 
fields (°C) on 25 January 2014 
at 06 UTC (left) and at 18 UTC 
(right): a, b EGFS, c, d EMUR, 
e, f difference between the 
experiments [EMUR − EGFS]
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the near-surface winds by SST gradients are in accordance 
with the pattern described in several studies (e.g., Sweet 
et al. 1981; Jury and Walker 1988; Wallace et al. 1989; 

Hayes et al. 1989; Wai and Stage 1989; Hashizume et al. 
2002; O’neill et al. 2010; Shimada et al. 2015; Sproson 
and Sahlée 2014; Seroka et al. 2015). Over higher SST, the 

Fig. 5   Wind at 10 m fields on 
25 January 2014 at 06 UTC 
(left) and at 18 UTC (right). 
Wind speed (ms−1) (shaded 
background) and wind vector 
(overlay): a, b EGFS, c, d 
EMUR. Difference between the 
experiments [EMUR − EGFS] 
for e, f wind speed and g, h 
wind direction. The wind vec-
tors from EMUR (green) and 
EGFS (black) are overlaid to 
the wind direction differences 
in g, h 
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vertical mixing results in a transfer of momentum from the 
upper boundary layer towards the surface, increasing the 
near-surface winds. However, over lower SST the process is 
inverse, producing weaker near-surface winds.

If on the one hand, the model responded coherently and 
systematically to this physical process in the offshore region, 
on the other hand, on a smaller spatial scale, the model was 
not sensitive to the land–sea gradient variation near the 
coastline in large part of the coast. Since at 18 UTC the T2m 
increase over the continent occurred in both experiments, the 
lower EMUR SST in the East Coast led to a greater land–sea 
thermal gradient, which should increase the wind intensity, 
in comparison to the EGFS. Likewise, the EMUR should 
represent weaker winds than the EGFS in the West Coast, 
due to the higher SST which resulted in a lower land–sea 
thermal gradient at 18 UTC. This low sensitivity of the WRF 
model in the land–sea breeze representations in relation to 
SST modifications was reported by LaCasse et al. (2008).

The wind direction fields did not present significant dif-
ferences between the experiments in most of the domain, the 
Central and East Coasts (Fig. 5g, h). This result shows that 
even with SST differences of up to 4 °C between the experi-
ments, the model still represented the dominance of the syn-
optic forcing (SASA) in relation to the mesoscale forcing 
(land–sea breeze) driving the near-surface flow. Exclusively 
on the West Coast, the numerical experiments showed sig-
nificant wind direction differences, higher than 90°, where 
SST differences of up to 10 °C are verified. The explanation 
for this wind direction difference between the experiments 
is the flow divergence near 23.25°S and 44.25°W, present 
only in the EGFS. This divergence occurs due to the lower 
SST in this region, inducing at the same time the sea breeze 
and an offshore flow directed to higher SST values. A similar 
result was obtained by Ribeiro et al. (2011) for the region 
of Arraial do Cabo.

4.3 � Cross sections

To determine the mean vertical reach of the SST impact 
on the atmosphere of the coastal region, vertical–longitudi-
nal cross sections of differences in air temperature (Fig. 6a) 
and wind intensity (Fig. 6b) between the experiments were 
defined at a latitude of 23.3°S, which highlights the West 
and Central Coasts.

There were two regions well delimited by the SST impact: 
the West Coast, marked by higher air temperatures, and the 
Central Coast, predominated by lower air temperatures in the 
EMUR in comparison to the EGFS (Fig. 6a). The SST influ-
ence on the air temperature profile decreased with height, 
noted up to around 300 m above sea level, where the maxi-
mum differences are ± 0.5 °C. Near the surface, between 0 
and 100 m AGL, the different SST products induced more 
intense effects, with differences between the experiments 
that ranged from + 3 to − 2 °C depending on the longitude. 
This result is consistent with that reported by Sproson and 
Sahlée (2014).

For the wind profile, the SST impact was noted up to 
about 950  m above sea level, where variations of up 
to ± 0.5 ms−1 are verified (Fig. 6b). The comparison between 
the experiments showed the predominance of stronger winds 
in the EMUR in the West Coast (Fig. 6b). In the Central 
Coast between 0 and 100 m above sea level, the strongest 
winds were verified in the EGFS, while in higher altitudes 
this was observed in the EMUR. This result reinforces the 
discussion presented in Sect. 4.2.2, where it was shown 
a positive correlation between the wind intensity at 10 m 
AGL and underlying SST variations. However, the vertical 
cross-section result indicates that this positive correlation 
is restricted up to 100 m above sea level (Fig. 6b). These 
results agree with that observed by Sproson and Sahlée 
(2014) and Seroka et al. (2015).

Fig. 6   Vertical–longitudinal 
cross sections of differences in a 
air temperature (°C) and b wind 
intensity (ms−1) between the 
experiments [EMUR − EGFS] 
up to 1.0 km at 23.3°S. The 
dashed black lines in a and b 
delimits the Central and West 
Coasts
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4.4 � Observations and model verification

4.4.1 � SST

The observed SST at the buoy in the Central Coast was lit-
tle influenced by the diurnal cycle of solar radiation and, 
besides, there were significant differences between the 
numerical results against the buoy observations (Fig. 7). The 
observed SST is overestimated by up to 7.6 and 10.6 °C, 
respectively, to the EMUR and the EGFS (Fig. 7). However, 
the superiority of the EMUR SST stands out, since the val-
ues are 3 °C lower than EGFS SST. Although the satellite-
derived SST products have been evolving, this result shows 
the difficulty of satisfactorily representing the upwelling, 
corroborating studies for several regions in the world (e.g., 
Dufois et al. 2012; Messager and Faure 2012; Tseng et al. 
2012; Peres et al. 2017). Specifically for the study region, 
Peres et al. (2017) found a positive bias, between satellite-
derived SST products and buoy data that can reach 5 K dur-
ing simultaneous upwelling events and atmospheric sub-
sidence over coastal waters. The authors explain that the 
unexpected errors are due to water vapor compression in the 
lower atmospheric layer related to a temperature inversion 
and low SST values.

4.4.2 � Temperature at 2 m AGL

Over the sea, at the buoy site (Fig. 1), the simulations over-
estimate the observed T2m AGL (Fig. 8a), similar to the 
pattern observed for the SST (Fig. 7). However, the better 
representation of the SST in EMUR improves the T2m simu-
lation by WRF in up to 2 °C (Fig. 8a).

Following the same pattern of the SST (Fig.  7), the 
observed T2m at the buoy also does not presented a temporal 
variation exclusively directed by the diurnal cycle of solar 
radiation (Fig. 8a). However, the numerical results show a 
well-defined diurnal cycle of T2m for the 3 days, disagreeing 
with the observed pattern. Theoretically, the air temperature 
variation inside the surface layer is mainly driven by the 
longwave radiation from the surface, following the intensity 
variation over time (Ahrens 2009). Intriguingly, the numeri-
cal experiments which do not represent diurnal SST varia-
tion, produce a diurnal cycle of T2m, suggesting that another 
process not so apparent in the observed data is influencing 
the model results. This process can be the horizontal advec-
tion of heat. Besides this, it can be noted some fluctuations 
of the T2m observed at the buoy site. These fluctuations are 
possibly related to changes in the position of the temperature 
sensor generated by waves, and related to transport of heat 
by eddies, which are not well represented by the model.

Over the land surface, the different representations of 
the SST also impacted the T2m. In these cases, Arraial do 
Cabo (Fig. 1) was the most sensitive site in relation to the 
different SST products used (Fig. 8b), the site with the great-
est influence of the upwelling. At this spot, the simulations 
also overestimate the observed T2m, similar to the results 
obtained for the buoy site. Despite these systematic errors, 
there are also consistent improvements in the T2m repre-
sentation in the EMUR, especially during the night. The 
largest errors in the T2m representation at Arraial do Cabo 
site happen during the daytime period (Fig. 8b) when the 
sea breeze occurs. Since the model represents higher tem-
peratures than observed over the sea (Fig. 8a), the advection 
of this maritime air by the breeze contributes to the T2m 
overestimation over the land surface. The T2m AGL was 
also improved with better SST representation in other studies 
(e.g., LaCasse et al. 2008; Knievel et al. 2010).

At the sites of Macaé in the East Coast and Marambaia 
in the border between the Central and West Coasts (Fig. 1), 
no significant differences between the simulated T2m by 
the numerical experiments are evident (Fig. 8c, d). Both 
experiments represent the observed diurnal cycle of T2m 
in both sites. The maximum simulated values were close to 
those observed, with temporal lags, more evident at Mar-
ambaia site. In relation to the T2m minimums, the WRF 
results underestimate the observations with differences of 
up to 4 °C on 25 January 2014.

4.5 � Wind at 10 m AGL

As previously indicated, the analysis of the wind at 10 m 
AGL at the evaluated sites (Fig. 9) confirms the combined 
contribution of two meteorological systems: the SASA, the 
synoptic scale system, and the land–sea breeze circulation, 

Fig. 7   Time series of the observed and simulated SST (°C) at the 
buoy site
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the mesoscale system. The numerical experiments pre-
sented similar results and adequately represent the wind 
during most of the evaluated period.

At the buoy site (Fig. 1), the experiments satisfacto-
rily represented the near-surface wind throughout the 
evaluated period (Fig. 9a). During most of the period, 
the wind blows from the northeast, characterizing the 
SASA influence. However, during the afternoon the 
wind direction changes to east, evidencing the sea breeze 
signal.

The numerical results for Arraial do Cabo (Fig. 9b) and 
Macaé (Fig. 9c) sites follow the same observed tempo-
ral variation pattern. Although, the representation of the 
wind during the afternoon is not as sensitive to the diurnal 
cycle of the land–sea thermal gradient. In this period, the 
mesoscale system intensifies due to the enhancement of 
the land–sea thermal gradient and prevails the sea breeze 
winds superimposed on the SASA. Furthermore, the winds 
become more zonal and change the direction from north-
east to east and southeast. However, the model seems to 
underestimate the mesoscale system, even with the better 
representation of the SST in the EMUR.

At the Marambaia site, in the border between the Cen-
tral and West Coasts (Fig. 1), the measurements reveal 
that the near-surface wind is modulated by the land–sea 
breeze along the day (Fig. 9d). Since the coastline in this 
region is well defined in the east–west direction, during 
the night the land breeze blows from north, while in the 
afternoon the south quadrant winds characterize the pres-
ence of the sea breeze. The experiments are sensitive to 
this diurnal wind variation. However, as described for 
Arraial do Cabo and Macaé sites, the model underesti-
mates the component of the wind characteristic of the 
sea breeze, which at this site is the southern component. 
The difficulty of satisfactorily representing the sea breeze 
in the coastal region of the state of Rio de Janeiro was 
also mentioned in Paiva et al. (2014) and Pimentel et al. 
(2014a). At this site, the EGFS represented the lower SST 
and greater land–sea thermal gradient during the after-
noon (Fig. 4) and had the earliest sea breeze onset time 
(Fig. 9d). However, the SST modification did not have a 
significant impact on the wind speed and direction after 
the sea breeze arrives, agreeing with Knievel et al. (2010) 
and Sweeney et al. (2014).

Fig. 8   Time series of the observed and simulated temperature at 2 m AGL (°C) at the a buoy, b Arraial do Cabo, c Macaé, d Marambaia sites



1094	 I. C. D`. V. Dragaud et al.

1 3

5 � Summary and conclusions

In the numerical experiments, the SST field in the coast of 
the state of Rio de Janeiro was represented significantly 
different by the MUR SST and GFS SST products. SST 
differences of up to 10 °C on the West Coast and 4 °C 
on the Central and East Coasts were verified between the 
experiments. The upwelling was better represented by the 
MUR SST. However, it is noteworthy that these satellite-
derived SST products are still far from reality.

The different SST products used as initial and boundary 
conditions significantly impacted the T2m field, mainly 
over the ocean. In the region of Arraial do Cabo, influ-
enced by the upwelling, the improvements obtained in the 
EMUR stand out. The observations at the buoy showed 
that there was no diurnal variation of T2m over the ocean 
at the frequency of the diurnal cycle of solar radiation. 
However, intriguingly, the numerical experiments which 
do not represent diurnal SST variation produced a well-
established diurnal cycle of T2m. This result indicates that 
the model may be overestimating another process (e.g., 
horizontal advection of heat).

Between 0 and 100 m above sea level, over the offshore 
region, the wind was represented weaker over low SST, 
and stronger over high SST, which agrees with the pattern 
described in the literature (e.g., Wai and Stage 1989; O’neill 
et al. 2010; Shimada et al. 2015). Regarding wind direction, 
significant differences between the experiments (above 90°) 
occurred exclusively on the West Coast, where the greatest 
SST differences were verified.

The SST impact on the air temperature profile was sig-
nificant up to 300 m above sea level, while the influence on 
the wind intensity profile was significant up to 900 m above 
sea level.

In all evaluated sites, a characteristic of the numerical 
results in comparison to the observations is highlighted. The 
thermal forcing is underestimated in relation to the synop-
tic forcing (SASA), even when there was land–sea thermal 
gradient intensification. When the mesoscale system (land 
breeze) induces wind in the same direction of the synoptic 
system, the model properly reproduces the wind direction 
near the surface. However, when the mesoscale system (sea 
breeze) induces wind in the opposite direction of the syn-
optic system, the model underestimates the thermal forcing, 

Fig. 9   Time series of the observed and simulated wind at 10 m AGL (ms−1) at the a buoy, b Arraial do Cabo, c Macaé, d Marambaia sites
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culminating in larger differences between the modeled 
and observed wind, even with significant SST differences 
between experiments.
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