BRAZILIAN JOURNAL OF OCEANOGRAPHY, 59(2):131-144021

THE CO-INFLUENCE OF THE SEA BREEZE AND THE COASTAUPWELLING AT
CABO FRIO: ANUMERICAL INVESTIGATION USING COUPLEIMODELS

Flavia Noronha Dutra Ribeirh Jacyra Soarésand Amauri Pereira de Oliveifa

Universidade de S&o Paulo Instituto de Astronofinfisica e Ciéncias Atmosféricas
Departamento de Ciéncias Atmosféricas - (IAG-CA/USP)
(Rua do Matéo, 1226, 05508-090 Sao Paulo, SP, Brasil)
E-mail: fndutra@model.iag.usp.br

2Universidade de S&o Paulo Instituto de Astronof@infisica e Ciéncias Atmosféricas
Laboratério de Interacdo Ar-mar Grupo de Micromeitamgia
Departamento de Ciéncias Atmosféricas (IAG-CA/USP)
(Rua do Matéo, 1226, 05508-090 Sao Paulo, SP, Brasil)
E-mail: jacyra@usp.br

3Universidade de S&o Paulo Instituto de Astronofinfisica e Ciéncias Atmosféricas
Grupo de Micrometeorologia
Departamento de Ciéncias Atmosféricas (IAG-CA/USP)
(Rua do Matéo, 1226, 05508-090 S&o Paulo, SP, Brasil)
E-mail: apdolive@usp.br

ABSTRACT

A coupled atmospheric-oceanic model was used testigate whether there is a positive feedback
between the coastal upwelling and the sea breeZala Frio — RJ (Brazil). Two experiments were
performed to ascertain the influence of the seazer®n the coastal upwelling: the first one used th
coupled model forced with synoptic NE winds of 8sfnand the sign of the sea breeze circulation
was set by the atmospheric model; the second empatiused only the oceanic model with constant
8 m s' NE winds. Then, to study the influence of the talaspwelling on the sea breeze, two more
experiments were performed: one using a coastatllipg representative SST initial field and the
other one using a constant and homogeneous S8Tofi@6°C. Finally, two more experiments were
conducted to verify the influence of the topograpimgd the spatial distribution of the sea surface
temperature on the previous results. The resutis/st that the sea breeze can intensify the coastal
upwelling, but the coastal upwelling does not istBnthe sea breeze circulation, suggesting that
there is no positive feedbablketween these two phenomena at Cabo Frio.

REesuwmo

Um modelo acoplado atmosférico-oceanico foi usaata pvestigar se ha retroalimentacéo positiva
entre a ressurgéncia costeira e a brisa maritim@am Frio — RJ (Brasil). Dois experimentos foram
realizados para verificar a influéncia da brisaititaa na ressurgéncia costeira: o primeiro usou o
modelo acoplado, forgado com vento de escala sméie NE e 8 m’s e o sinal da brisa foi dado
pelo modelo atmosférico; o segundo utilizou apena®delo oceanico com vento constante de NE e
8 m s&. A fim de estudar a influéncia da ressurgénciatei@s na brisa maritima, mais dois
experimentos foram realizados com o modelo acoplatiacom um campo inicial de temperatura da
superficie do mar (TSM), representativo da ocoiigéde ressurgéncia costeira; e 0 outro com um
campo constante e homogéneo de TSM de 26°C. Ponfais dois experimentos foram feitos para
verificar a influéncia da topografia e da distritio espacial da temperatura da superficie do nsar no
resultados anteriores. Os resultados mostraramaduésa pode intensificar a ressurgéncia, mas a
ressurgéncia nao intensifica a brisa, sugerindoh@@r em Cabo Frio, retroalimentagdo positiva
entre esses dois fendbmenos.

Descriptors: Coupled numerical model, Coastal ufmegl Sea breeze, Local atmospheric
circulation.

Descritores: Modelo numérico acoplado, Ressurgéromateira, Brisa maritima, Circulagdo
atmosférica local.



132 BRAZILIAN JOURNAL OF OCEANOGRAPHY, 59(2), 2011

INTRODUCTION physical model of the system: diurnal variationtlog#

ground temperature, diffusion of heat, static $itstbi
Cabo Frio is located on the southeasterf-oriolis force, diffusion of momentum, topography
Brazilian coast, at approximately 23°S and 42°w(including the size and shape of the landmass aed t
Even though it is located dhe western border of the details of the coastline) and prevailing wind. The

Atlantic Ocean, this area often presents the lom se?Uthor also suggested that the coastal upwelling

surface temperatures (SST) characteristic of coastd[tensifies the sea breeze circulation, sincedtesses

upwelling. This phenomenon is frequently observed 4he values of the SST near the coast and, constiguen

Cabo Frio due to a semi-permanent large scale hqucrea}ses the horizontal thermal gradient that geee
pressure center (the South Atlantic High) that givethat circulation.
rise to the prevailing NE winds. This wind fieldedi

Mizzi and Pielke (1984) used a numerical
mainly parallel to the coast, with the coast toright.  atmospheric model to study the effect of an ocean

In the southern hemisphere, this wind field caukes surface temperature gradient on the mesoscale
seaward transport of the coastal water (EkmafAtmospheric —circulation —and, among  other
transport) which allows deeper waters to suncacé_?bservatlons, notetthat the coastal upwelling does not

decreasing the SST near the coast to 13-14°ftensify the sea breeze circulation. The authors
(FRANCHITO et al., 1998). suggested that the causes of this were the inatease

Coastal upwelling is usually stronger nearStability and the decreased atmospheric horizontal
Cabo Frio than in other areas of the Braziliarin€'mal gradient near the surface, caused by adwect

southeastern coast because of its particular aoastl ©f cooler marine air. They also affirmed that the
geometry and bottom topography (RODRIGUESSpat'al scale of the ocean thermal gradient was not
LORENZZETTI, 2001) and the availability of large enough to have a significan@ effect upon the
Southeast Atlantic Central Water at the shelf-break€soscale pressure —gradient, since the coastal
especially during summer (CAMPOS et al., 1995)_upwelllng presents low SST values in a relatively
Thisis highly important because it brings nutrient richNarrow area of the ocean near the coast.
water to the coast (CARBONEL; VALENTIN, 1998) _In order to study the effect of coastal
and enhances fishery production (DINIZ et al., 2003 upwellmg on the sea breeze C|rculat|o.n at C?abo,Fno
The colder SST alsbas an impact on atmosphericFra“Ch'to et al. (1998) used a three-dimensionat no
processes and weather conditions. linear primitive equation atmospheric model witke th
Due to the passage of cold fronts, every 5 oS T _ held constant and _homo_geneous. Four
10 days on average, the wind direction changes frofftP€riments were performed, simulating the summer,
NE to SW. This change disrupts the mechanism th&@!l, Winter and spring periods, and the wind fild

sustains the coastal upwelling; increasing SSTesmlu 9enerated were then used to force a 2-layer finite
once again (DOURADO; OLIVEIRA, 2001). element oceanic model. The atmospheric model sesult

Since it is a coastal area, the atmospheriéhowed that .when the upwelling i§ stronger and
circulation pattern at Cabo Frio is greathfluenced produces a higher temperature gradient t_aetween the
by the sea breeze, which is also an importarﬂcean a_nd the continent (summer an(_j spring), the se
phenomenon, since it affects local weather and afreeze is also stronger. '_I'he oceanic model results
quality (MILLER et al., 2003). The sea breeze is Showed th_at, when_the wind field generated b_y the
mesoscale circulation system caused by a temperattﬁirmsﬂhe”C model is added to a constant NE wind of
gradient between the air over the continent trat m s, the upwelling is enhanced. Therefore, the
over the ocean. During the day, the soil is heded results suggest that there is positigedback bgtween
the solar radiation and the aemperature near the the upwelling and the sea breeze at Cabo Frio.
continental surface rises rapidly. The SST changes . Oda (1997) determined hourly averages of a
much more slowly and thus the air over the oceap€fies of 10 years of hourly data of wind at 10 m

remains cooler than that over the continent, prisguc N€ight and SST, taken near the cape (22.90°S and
#2.02°W approximately). The author noted that the

a horizontal thermal gradient. The sea breeze | X ! ; ;
characterized by shoreward flow near the surface>! IS possibly modulated by the diurnal atmospheri

rising air currents over the continent, usually grculation cycle. It was seen, furthehat the sea

seaward return flow at higher altitudes and diffus@r€eze increases the zonal component of the widd an
sinking currents over the ocean, composing gecreases its meridional component and that the lan

vertically rotating cell (MILLER et al., 2003). breeze occurs o.nly during April, May and June )fall .
Miller et al. (2003) reviewed the research on Franchito et al. (2008) used the same series
the forcing mechanisms, structure and relate@f data as Oda (1997) and, by the analysis of the
phenomena, life cycle, forecasting, and impactair monthly averages of the_ wind field and _t_he SST, the
quality of the sea breeze system and suggesteththat author reaffirmed the existence of a positive femitb
following factors should be included in a complet?etween the coastal upwelling and the sea breeze at
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Cabo Frio, since the months with greater valueseft 5=1-,, —_ x and _p*, where xis the upper
zonal component of the wind are also the monthl wit “(u-0) 0
the lowerSST values.

The objective of this study is to investigate
the influence of the sea breeze on the coastal
upwelling and the influence of the coastal upwellin
on the sea breeze, at Cabo Frio, by using a coupled (H,-h)* whenp<y and,, = owhenh > He. He
atmospheric-ocean model. YT ‘ ¢

layer density,j1s the inert layer density.

The entrainment velocityW, ) is defined as

is the entrainment thickneds,is the entrainment time
scale andH; is the initial upper layer thickness.

The atmospheric TVM-NHnodel has been . The source or sink of h_eat across the
successfully used by many authors to study segterface 3 IS defined ~ as
breezes (MARTIN et al., 2000; CLAPPIER et al.,s:Hﬂ(SST—T‘J+HQ/( SST—T‘Jv where Tis the
2000; ORGAZ; FORTES, 1998) and even lake-  ox{ h "oyl h
breezes (STIVARI et al., 2003) in many areas. R is initial temperature of the inert layer. The suefdwmat
finite difference numerical model based on thejux (Q) is defined aSQ H‘Z{TU_SST] when the

Numerical Models

vorticity equationsjs non-hydrostatic and uses sigma 3 h
coordinates (THUNIS, 1995). The oceanic model is ) )
based on the model used by Carbonel (2003) arsd it fmodel is uncoupled, where'is the initial temperature
able to reproduce the most important features ef thof the upper layer angis the surface heat flux time
coastal upwelling phenomenon at Cabo Frio with a

S Scale.
good degree of approximation.

S

When the model is uncoupled, the wind

Oceanic numerical model stress £) is defined aSg = Gww» FXY, where

) . poris the air densityc _is the drag boefficientw is
The model is based on thdescribed by _ e _
Carbonel (2003). It has a lower layer with constanthe wind component in directidnasw; = u, wheni =
temperature and no pressure gradients and an uppedndw; = v, wheni =y. |W| is the wind velocity.

layer where the governing equations are the védistica The boundaries are of two types: land and
integrated non-linear equations of momentum@cean. At the land type boundary, the velocity and
continuity and transport of SST, as follows: transport components normal to the boundary are set
to zero andch and SST are homogeneous. At the ocean
Uy o _ f\/+gh{g@+ﬂi"SST}+ -2 =0 type boundary, the weakly-reflective boundary
o ox oy ox 24 0x 4 condition described by Verboom and Slob (1984) and
1) also discussed by Van Dongeren and Svendsen (1997)
‘LVJ,‘)LVJ,"LVJ,fu+gh{0@+£@'}+r\/_izo is used. _ o .
at  ox ay ay 2u dy P The numerical approximation of this model
2) uses the finitedifference method, with a forward
oh, ou ov_ . _, difference in time with a dissipative interface aad

ot ox ay ° 3) centered difference in space. The velocity and
transport values, u and U respectively, are placed
0SST, 9SST, 9 SS-I;—%5+Q)—0 between the grid points (i, j) and (i, j+1) in thed
ot ox dy h = @ cell; vand V are placed between (i, j) and (i49land
the SST and the thickneds) @re placed at the center
of the grid cell.

The order of calculation is: first the heat
gxchanges and Q are calculated; then the SST and
he pressure gradient; after that, the transport
omponents (U and V) and finally, the thicknesthef
" upper layer If). The current components are then
g is the acceleration due to gravity, SST is th&alculated as the divisioof the transport components

temperature at the sea-surfage,is the Rayleigh DY the thicknes$. The constant parameters and the
friction coefficient, @is the thermal expansion initial values of the variables are the same asdho

used by Carbonel (2003) and are listed at Table 1.

whereh is the upper layer thickness, u and v are th
velocity componentsin the zonal and meridional
directions, respectively, U and V are the transpor
COMPONeNty y=h.uv=h.y)» i is the Coriolis parameter

coefficient and the density coefficients are defiras
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Table 1. Description of the constant parametersl bsethe 5 _ R, - SH- LH 5)
oceanic model.

whereSHis the sensible heat flux amdH is the latent

Parameter Notation Value heat flux from the previous time step; finally, the
Initial upper layer H, 30m surface temperature is computed for all soil types
thickness except water by the force-restore method of Dedirdor
) i (1978), and specific humidity is computed using the
Ent t thick 20 .
rirainment fickness He " Penmann-Monteith method. For water, when the
Upper layer density o 1023 g m® model is uncoupled, the surface temperature is
constant and homogeneous, but when the model is
Lower layer density /j 1026.7g m® coupled,the time and spatial evolution of the surface
temperature is provided by the oceanic model.
- _ The surface boundary layer fluxes are then
Coriolis parameter - 1
P f 5.68¢10°s evaluated by
Wind drag coefficient Co 2.0x10°
Air density o 12kg m® r=-p™u’ (6)
SH=-p"C,ué
Rayleigh friction r 1.8x10°s® LH =-p*Lu.q
coefficient
Initial upper layer T 26°C wheret is the wind stress, is the specific heat at
temperature .
constant pressurel, is latent heat of water
Lower layer temperature T 14C vaporization,u- is friction velocity, - is the potential
temperature scaling parameter agpdis the specific
Tthrfmal expansion 6 3.0x10%C™ humidity scaling parameter.
coefficient The values of the fluxes are then used to
Entrainment time scale t Y2 day force the hydrodynamic and thermodynamic equations
€ at the other layers of the domain: the turbulenetc
Surface heat flux time t 12days energy equation is solved; the diffusion coeffitien
scale s profiles are obtained; potential temperature, djeci
) humidity and horizontal vorticity equations areveal;
Time step At 600s

the streamfunctions and velocity components are
updated; time is advanced and the cycle is repeated
Atmospheric numerical model For a more detailed description of the model, see
Thunis (1995).
The non-hydrostatic version of the TVM
model, developed by Thunis (1995), is three-
dimensional, follows the Boussinesq approximations/nitial and Boundary Conditions of the Atmospheviodel
of the vorticity equations, obtained from the basic
Reynolds-averaged equations of motion, and uses ) ]
sigma coordinates. The vorticity approach makes the The domain used here is of 218x218 km
pressure and the density variables drop out of tH€presenting the area from 21.8°S to 22.78°S and
prognostic equations. 41°W to 43.05°W (Fig. 1). The two lines (lines 1dan
The vertical grid is structured as follows: 2) of Fig. 1 mark the position of the vertical gos
soil parameters at the bottom boundary; the fm" sections that wilbe analyzed in the Results section.
is the surface boundary layer, where thelhe horizontal grid spacing is 3km in a centrabaoé
meteorological parameters are calculated by siityilar 100x100km, resulting in 33x33 grid points, and
theory equations and, at the other layers, thiefin increasesby geometrical progression with a ratio of
approximation of the hydrodynamic  and 1.2 toward each boundary for 8 more grid points,
thermodynamic equations are solved. totalizing 49x49 horizontal grid points. In ordey t
The soil parameters are determined in th@.VOld the influence of the lateral boundaries, dhly
following order: first the model evaluates solardan results of the central area are analyzed. In thcaé
infrared radiative fluxes and calculates the neflirection, there are 25 grid points. The verticatlg

radiationRy; then it obtains the soil heat flug by Spacing is 15 m near the surface and increases with
. height, reaching 1200 m at the top.
the equation
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CEEER on Oda (1997).
0
-23.6 line 2 _ ‘ _
43 426 422 418 414 Coupling Between the Oceanic and Atmospheric Models
longitude The oceanic model was developed in the

form of a subroutine and set to use the same hutaro
grid spacing as the TVM-NH model. When the
atmospheric model starts, it calls the oceanic mode
The atmospheric model has 6 boundariesSubroutine that returns a 2-day_ integration SSId fie
four lateral boundaries, one boundary at the sarfad®rced by a constant and horizontally-homogeneous
and another at the top of the domain. The zercignad Wind field of 8 m § from the NE (Fig. 3). The 2-day

boundary condition is used at the lateral boundarieP®rod was chosen because it gives enough time for
At the top, the vorticity, the turbulent kinetic exgy the upwelling phenomenon to become well established

and the vertical gradient of the vertical windin the region. lkeda et al. (1974) showed thattime
component are set to zero and the wind is geoszoph!aPse between the onset of the NE winds, with
Also, the 5 upper levels have a filter to avoidMagnitude greater than 5 m'sand the first
reflection at the top of the domain. At the surfabe aPPearance of colder upwelling water is about 24

wind velocity is zero and the surface fluxes ard!ours: Then the SST field is used by the TVM-NH
determined as described at the previous section. model to determine the surface heat flux over the

The soil type considered here is culture an@c€@N- The time step of the TVM-NH and the oceanic
is homogeneous for the continerpalt of the domain, MCdels are, respectively, 30 and 600 seconds.
since a more realistic soil type distribution higel ' herefore, the SST field remains the same for @@t
impact on the results (not shown here). The sofitePS of the TVM-NH model, and then the oceanic
parameters for culture are: albedo (15%); emissivitT0de! is called again. The TVM-NH model forces the
(92%); superficial resistance (300 s thermal oceanic model with the wind stres3optained by Eg.
capacity (2.5x10J mi® k'%); roughness length (0.2 m); (6) and the_ surface heat fluQ) calculated by E_q. 7.
surface initial temperature (299 K); soil temperatat 1h€ océanic model then updates the SST field and
a depth of 10 cm (297 K). For water, the albedatts ~ "€turns to the TVM-NH model.

Fig. 1. Topography and coastline of the area ingaetgd.

the emissivity is 98%, the superficial resistarcéds Q=G / (Oa" C) (7

m?; the thermal capacity is.04x109 J it k%; the

roughness length is@1 m and the temperatures are 223

constant (for the uncoupled model) or given by the 224 SST (°C)

oceanic model (for the coupled model). 225 ) 28
The initial conditions involve vertical 5,4  COMtineN B

profiles of potential temperature and wind that are < 207 24

horizontally-homogeneous initialized. The potential 3 - ;(2)

temperature vertical profile is shovim Figure 2a and s 18

is based on the radiosondeundings taken at Cabo 22.91 - M5

Frio by Oda (1997) on 01/09/1995, but the wind -23 / o i

vertical profile depends on the experiment. The -23.1 12

specific humidity is 18 g kg* near the surface, also -23.2

based on the soundings taken by Oda (1997), aset is 425 423 421 419 -417

to have an initial logarithmic vertical profile @i2b). Longitude (°)

The day of the year is 37 (February 6), represimatat

of summer. All the simulations of the atmosphericrig. 3. Initial SST field, representative of 2 days
model started at 00 local standard time (LST = GMT integration of the oceanic model forced by a cams8am s-1
3 hours) and lasted for 30 hours. NE wind field.
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Numerical Experiments presence of the upwelling phenomenon is simulaged b

~ EXP2 that uses a homogeneous SST field of 26°C.
~ Two sets of tests were performed. The firsiExp3 was performed to analyze the influence of a

set investigates the influence of the sea breezth®n temperature gradient on the SST field and uses a

coastal upwelling and is composed of twohomogeneous SST field of 18°C. The influence of the

experiments: one using just the oceanic modetopography is investigated by comparing the resfits
hereafter called the OCEAN experiment, and the othétxp1 and EXP4, since EXP4 considers a flat

one using the coupled model, hereafter called thgpography.
COUPLED experiment.

The OCEAN experiment uses a constant and
homogeneous NE wind field of 8 it and was run for
30 hours. The COUPLED experiment uses an initial
NE wind field of 8 m &, but the temporal and spatial
evolution of the wind field is given by the atmospls
model. Both experiments utilized the initial SSTidie
presented ifFigure 3. The difference between the SST fields

The second set of tests was performed tgenerated by the OCEAN and the COUPLED
study the influence of the coastal upwelling onska experiments is presenténl Figure 4a. It is noticeable
breeze. The initial wind field was set to zero ey  that, westward from the cape, the SST is coolghén
to isolate the sea breeze circulation from thectdfef experiment with the sea breeze circulation
the prevailing wind. The set is formed by 4(COUPLED) than in the constant wind experiment
experiments, summarized in Table 2. (OCEAN) but, eastward from the cape, the SST of the
COUPLED experiment is higher than the SST of the
OCEAN experiment. These differences are caused by
the change in the direction of the prevailing widde
to the sea breeze circulation for the COUPLED

ResuLTs
The Main Results are Presented Below.

Influence of the Searbeze on the Coastal Upwelling

Table 2. Summary of the initial conditions of theperiments. The
initial wind field was set to zero.

Experiment Model Initial SST ~ Topography : i .

field experiment (Fig. 4b). The sea breeze increases the

. . component of the wind stress that is parallel te th
EXP1 coupled Figure 3 realistic .

coast on the western part of the cape and decrddses

EXP2 atmospheric 26°C realistic component on the eastern part.
EXP3 atmospheric 18°C realistic A similar pattern can be seen in the current

, fields (Fig. 5). The currents are more intensetfa
EXP4 coupled Figure 3 flat

COUPLED experiment (Fig. 5&) the western part of
the domain and less intenisethe eastern part than for

EXP1 simulates an upwelling case andthe OCEAN experiment (Fig. 5b).
considers a realistic topography. The case withioait

@)
2237

(b)
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-22.4- 22 41 Jllllli’[//‘///‘/////// eyl
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« & & K 4 4 4
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Longitude (°)

425 423 -421 -41.9 -41.7 longitude (°)

Fig. 4. (a) SST field difference between the experits OCEAN and COUPLED and (b) wind field at 15 m
of height for the coupled model at 18 LST.
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Fig. 5. Current field after 30 hours of integratimina) COUPLED and (b) OCEAN experiments.

Influence of the Coastal Upwelling on the Sea Beeez

Figure 6 shows the wind field and the air
potential temperature field at 15 m height at 157LS
(left column) and 18 LST (right column) for EXP1 to
Comparing EXP1 and EXP2 (Fig

EXP4 (Table 2).

6a-d), it is noticeable that, over the continehg &ir

potential temperature fields of both experiments ar

similar, but they are different over the oceangsithe
initial SST fields are different in thtevo experiments.

For EXP2, the air temperature over the oceaﬁ

SST temperatur
approximately 26°C. The difference between the air
temperature at 15 LST and 18 LST shows the inla
penetration of the sea breeze. The thicker lin
represents the 29°C contour lia@d has penetrated

remained close to the initial

experiments.

The wind field also shows the presence o

the sea breeze circulation, since the directiorthef
wind vectors, near the coastline, is alwégsdward.

Some circulation patterns related to the topograp
can be found, especialin the upper left part of the
domain (approximately 22.4°S and 42.4°W). The?

€,

n

EXP1. The wind field is also stronger in EXP3 than

EXP1, especially as regards the sea breeze cimulat
The air potential temperature field in EXP4
(Fig. 6g,h) is different from that in EXP1 over the
continent, since EXP4 considers a flat topography.
The wind fieldin EXP4 is weaker than in EXP1 over
the continent, where the sea breeze does not aiecul

Over the ocean, the wind fields are similar. The ai
potential temperature field in EXP4 shows thattba

reeze penetrates inland from the coastline less ith
oes along most of the coastline in EXP1.

Figure 7 presents the vertical cross-section
f the zonal component of the wind over line 1 of
gigure 1. The zonal component is the main component

of the sea breeze circulation over this line. Alet

further inland at 18 LST than at 15 LST for bothheightS given are abo_ve ground level. .
The circulation near the surface in EXP1

Fig. 7a,b) has similarities with that in EXP2 (Fig

c,d) and is weaker than the circulation in EXPig).(F
7e,f). Above 700 m height, the first 3 experiments
resent similar fields, but EXP4 does not show the
irculation from the east over the continent du¢h®

bsence of topography the domain. The sea breeze

greater difference between EXP1 and EXP2 is ower tkfljgct”s?lt_ign_ de_ve_llops Iar':er _inEE)z(PPl4 (Fig. 7g,h), tant
ocean, since EXP2 presents SE winds (landwatd) It Is similar to that in :

almost every point of the domain over the ocean and

EXP1 presents great variation the wind direction,

especially in the right part of the domain. This

difference is related to the horizontal thermaldigat

over the ocean IrEXP1 that generates a thermal

westward gradient force.

The vertical cross-section of the meridional

component of the wind over line 1 is presented in

Figure 8. The first 3 experiments (Fig. 8a,b) show

similar fields (only EXP1 results are presentedjhw

null meridional component over the ocean, since the
sea breeze circulation i the coast.

Over the

EXP3 (Fig. 6e,f) has a wind field, over the continent, below 300 m height, the circulation from
ot X the south that appears in all the experimentslaes

continent, similar to that of EXP1 and, over theam,

similar to the wind field of EXP2, since EXP3 also
used a homogeneous initial SST field. Lower vahfes

temperature penetrated further inlandEXP3 than in

to the sea breeze circulation that occurs in theteve

part of the domain, since line 1 is close to thastine

in this area

(Fig. 1).
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Fig. 6. Air temperature (AT) and wind vectors atrbhtheight for EXP1 at (a) 15 LST and (b) 18LST,
EXP2 at (c) 15 LST and (d) 18 LST, EXP3 at (e).85 and (f) 18 LST and EXP4 at (g) 15 LST and
(h) 18 LST. The thicker black line represents tbetour line of 29°C and the white line represehts t
coastline.

Above 700 m, the first 3 experiments presento the topography, however EXP4 (Fig. 8c,d) dods no
over the continent a circulation from the northatetl  present this circulation due to the flat topography
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EXP4 also shows a sea breeze circulatiopresent a circulation related to the topographpvab
that develops later and becomes more intense than900 m height, that is not present in EXP4 (Figf)9e,
the other experiments, suggesting that the topbgrapAt 18 LST, EXP4 presents the influence of the
of the region induces an earlier but less interes®e scoastline on the wind field, since the circulatioom
breeze. the east near the surface suffers the influencthef

The meridional component of the wind is thesea breeze from the eastern part of the domain.
main component of the sea breeze over line 2 (not Regarding the offshore extension of the sea
shown here). As with the results over line 1, théoreeze circulation, the results of EXP3 (Fig. @&mé
circulation in EXP1 is similar to that in EXP2, Wit 9c,d) showed the greatest values, since the S&iidie
both experiments showing a less intense circuladton homogeneous and has a lower value than the SSIT fiel
18 LST than at 15 LST. EXP3 once again presents & EXP2, in agreement with the results of Arrit $89.
more intense sea breeze circulation than the other The vertical cross-section of the air potential
experiments and EXP4 once more presents a latemperature over line 1 is shown on Figure 10. The
development of the sea breeze, but the circulatioresults of EXP3 are similar to those of EXP1 antl wi
becomes more intense at 18 LST than in the othewot, thereforebe shown here. EXP1 (Fig. 10a,b) and
experiments. Between 600 m and 1300 m height, theEeXP4 (Fig. 10e,f) have an intense horizontal thérma
is a circulation related to the topography thairissent gradient near the surface over the ocean. At 15 LST
in EXP1, EXP2 and EXP3, but not in EXP4. (Fig. 10a,c) an intense horizontal thermal gradient

The vertical cross-sections of the zonalover the continent near the coastline is notecliiche
component of the wind over line 2 are presented iexperiments (contour lines from 300 K to 303 K
Figure 9. There is great similarity between EXPify(F between the latitudes of 42.1°W and 42.0°W) due to
9a,b) and EXP2 (not shown here). EXP3 (Fig. 9c,dthe low SST values characteristic of the preserice o
shows a more intense circulation between 50 m arttle coastal upwelling. At 18 LST (Fig. 10b,d), ade
200 m height, but one that is also similar to thoSe intense horizontal thermal gradient is to be seesr o
the first two experiments. All the 3 experimentsthe continent (contour lines of 300 K and 301 K
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between the latitudes of 42.1°W and 42.0°W) and thsurface because of the flat topography of the
contour line of 302 K moved from 42.0°W to experiment. Near the surface of the continentabreg
42.54°W, EXP1 thus showing great similarity tothe atmosphere is unstable, especially at 15 LEJ. (F
EXP2. A similar pattern is to be observed over the 10e). The other experiments show an inclinatiothef
(not shown here) but, over line 2, the barocligicit contour lines, mainly over the continent, thus aams
caused by the topography is more evident. the circulation from the east observed at the eross

The air potential temperatures of EXP4 (Fig.sections of the zonal component over line 1(Fig. 7)
10e,f), above 300 m height, are nearly paralleth®
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Fig. 9. Vertical cross-section of the zonal compudrwver line 2 for EXP1 at (a) 15 LST and (b) 181.&EXP3 at (c) 15
LST and (d) 18 LST and EXP4 at (e) 15 LST and LST. Contour interval is 0.5 nts
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Land Breeze due to a difference of the potential temperaturer ov
the ocean and the continent of about of 1°C (the
Only EXP1 and EXP2 have been thicker line represents of 25°C). The wind field ko
investigated for the following analysis, becausePEX evidence of the land breeze circulation only alang
represents a more realistic coastal upwelling ease small part of the coastline (approximately at 22285
EXP2 represents the absence of the coastal upwelliang 42.4°w), but it appears to be influenced by the
phenomenon. The wind field at 15 m height at O§opography. These results are in agreement witsetho
LST, after 30 hours of simulation, for EXP1 (Fida) given by Oda (1997), where the author estimated
does not show evidence of the land breeze ciromati hourly values of the wind at 10 m height (from a 10
due to the lack of horizontal thermal gradient nsi@n year data series) anobserved that the land breeze

(air above the continent cooler than the air abit"ée cjrculation is not a frequent pattern of atmospheri
sea) that generates the land breeze. EXP2 shows:jgculation at Cabo Frio.

weak horizontal thermal gradient inversion (Figb)L1
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Fig. 11. Air temperature (AT) and wind vectors &trh height after 30 hours of simulation for (a) BX&hd (b) EXP2. The
thicker black line represents the contour fi@5°C and the white line represents the coastline

Discussion the upwelling on the sea breeze circulation (Fagdy.
An analysis of the vertical cross-section of the ai

The influence of the sea breeze on thépotential temperature showed that, for both

coastal upwelling phenomenon was investigated b@xperiments, the horizontal thermal gradient qbar t
comparing the results of an oceanic model forceti wi SUrface at the coast decreases with time, as trieena

a constant NE wind field to the results of the dedp & penetrates inland (Fig. 10). These results iare
oceanic-atmospheric model. The wind field generate9réement with those of the work of Mizzi and Reelk
by the coupled model, during daytime, showed th&1984).
development of the sea breeze circulation. This It was observed that the topography
circulation is peculiar to Cabo Frio due to the gman 9€nerates an early development of the sea breeze an
in the direction of the coastline from NE-SW to E-w " Some parts of the domain, increases the inland
Eastward from the cape (NE-SW coastline€xtension of the breeze (Flgs 7g,h and 8c,d).
direction), the influence of the sea breeze on the When the upwelling |s°represented by a
prevailing NE wind decreases the wind componerfiomogeneous SST field of 18°C, the sea breeze
parallel to the coast, consequently diminishing th&irculation is more intense and reaches furtheanidl

intensity of the upwelling. Westward from the Capeamd offshore than that generated by a more realisti

(E-W coastline direction, around 22.9°S of latityde SST spatial distribution, overestimating the sesebe

the influence of the sea breeze causes an inc-rBasecircuIation, because the whole wind field over the

the wind component parallel to the coastline andcontinent near the surface is forced towards the
consequently, intensifies the upwelling. These Itesu continent by the horizontal thermal gradient. The
indicate that the sea breeze intensifies the ujwell reallgtlc SST field generates a horlzontal thermal
westward from the cape, but does not intensify igradient near the surface that, besides the seaeyre
northeastward from the cape (Figs. 4 and 5). drives an offshore circulation, towards areas that
The influence of the upwelling on the segPresent larger values of SSiiherefore, the sea breeze

breeze circulation has been studied comparing tHgrculation generated by a realistic SST field essl
results generated by an experiment with an inG®@T intense than when a homogeneous SST field is used
field representative of upwelling with those of an(Figs 7&,fand 9c,d). . .
experiment using a constant SST field without the _In the presence of the upwelling, there is no
presence of the upwelling phenomenon. The verticdpmation of land breeze circulation because there
cross-sections of the wind components over the twB0 inversion of the horizontal thermal gradient
lines across the domain presented similar resolts fPetween the air above the ocean and that above the
both cases (with and without the presence ggontinent. In the_ a_bsence of upwelling, the inarsi
upwelling), indicating the absence of any influenge MaY Occur, but it is not strong enough to geneaate
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land breeze circulation, except on some parts ef tHFRANCHITO, S. H.; ODA, T. O.; RAO, V. B. E; KAYANO,
coastline (Fig. 11). M. T. Interaction between coastal upwelling andaloc
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