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Abstract This work investigates the capability of an oceanic numerical model dynamic
and thermodynamically coupled to a three-dimensional mesoscale atmospheric numerical
model to simulate the basic features of the air–sea interaction in the coastal upwelling area
of Cabo Frio (RJ, Brazil). The upwelling/downwelling regime is an important feature in the
oceanic circulation of Cabo Frio and determines the sustainability of local ecosystems. This
regime is predominantly driven by the atmospheric circulation and is well documented, being
suitable to be used as test reference for atmospheric and oceanic coupled and uncoupled mod-
els. The oceanic boundary conditions, coastline shape and coupling effect have been tested.
The uncoupled oceanic model forced by a NE (SW) wind field generates a realistic upwell-
ing (downwelling) phenomenon regardless of the proximity of the lateral boundary and how
realistic is the shape of the coastline. The atmospheric-oceanic coupled model generates an
upwelling location and intensity similar to the uncoupled simulation, but the upwelling is
gradually enhanced by the sea-breeze circulation. It also generates vertical profiles of mixing
ratio that compare better to the observations than the uncoupled simulation and air potential
temperature and wind vertical profiles that represent particular features of the atmospheric
circulation at Cabo Frio.

Keywords Coupled numerical model · Coastal upwelling · Air–sea interaction ·
Open boundary conditions

1 Introduction

The southeast coast of Brazil (21◦–27◦S, 40◦–47◦W) very often presents the phenomenon
of coastal upwelling due mainly to the atmospheric circulation associated to the South Atlan-
tic Subtropical High (SASH). This high pressure system generates northeasterly surface
winds, which are favorable to the development of the coastal upwelling, over the Brazilian
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Fig. 1 Scheme of the Ekman transport during a coastal upwelling favorable wind and b coastal downwelling
favorable wind

Southeast coast. This phenomenon occurs when the wind has an intense component parallel
to the coast with the coast at its right (left) side at the Southern (Northern) Hemisphere. With
time, due to the Coriolis Effect, surface water is transported away from the coast (Ekman
transport), allowing deeper and colder water to surface (Fig. 1a). Therefore, the upwelling is
characterized by cold anomalies of sea surface temperature (SST). When the wind blows in
the opposite direction, the Ekman transport is from the ocean to the coast, causing the SST to
increase (Fig. 1b). At Cabo Frio, located at the southeast coast of Brazil (22.87◦S, 42.02◦W),
it happens mainly during the passage of cold fronts, when the wind direction at the surface
changes counterclockwise and blows from southwest for approximately 1 day after the pas-
sage of the front [1]. Therefore, southwesterly winds disrupt the coastal upwelling at Cabo
Frio, which is progressively substituted by a downwelling regime (Fig. 1b). Factors like coast-
line geometry and bottom topography cause the region of Cabo Frio to have the strongest
coastal upwelling event of the Brazilian Southeast coast [2].

Coastal upwelling is a very important phenomenon because it brings nutrient-rich water
to the coast [3,4] improving fishery activities [5]. Alkenone-based temperature analysis indi-
cated that upwelling cooling patterns in the Cabo Frio area have intensified over the last
700 years [6]. The colder SST may also have an impact on local atmospheric processes such
as sea-breeze, influencing weather conditions and also pollutant transport and deposition
[7–11]. However, only few works have investigated the air–sea interaction at Cabo Frio area
and its impact on the local patterns of weather and climate.

The coastal upwelling phenomenon at Cabo Frio was previously simulated by some
researchers, but none of them used coupled atmospheric and oceanic models. Rodrigues
and Lorenzzetti [2] used a 2-layer finite-element oceanic model to investigate the effects of
bottom topography and coastline geometry on the coastal upwelling of the continental shelf
at the southeast of Brazil. By integrating the model for 5 days with a constant NE wind field in
three different experiments (the first one with real topography and real coastline, the second
one with flat bottom and real coastline and the third one with real topography and smoothed
coastline), they observed that the first experiment reproduced the upwelling reasonably well
with respect to location and magnitude. They also noticed that coastline irregularities are
important in the location of the upwelling cores at the southern portion of the continen-
tal shelf and that the bottom topography was responsible for the location of the upwelling
cell at the northern portion. It was concluded that the coastline irregularities dominate over
topographic variations in defining the location of the coastal upwelling at Cabo Frio.

Carbonel [12] developed a 1½ layer finite difference oceanic model to investigate the
upwelling and downwelling events caused by successive changes in the wind field, using
Cabo Frio as a case study. The change of SST was reproduced with a good degree of approx-
imation and the model was able to reproduce the evolution time of SST during upwelling–
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downwelling cycles. This model was coupled to a biological numerical model by Carbonel
and Valentin [4] to investigate the bloom of phytoplankton in the upwelling ecosystem of
Cabo Frio.

To study the effect of coastal upwelling on the sea-breeze circulation at Cabo Frio, Franch-
ito et al. [13] used a three-dimensional non-linear primitive equation atmospheric model with
the SST held constant and homogeneous. Four experiments were performed simulating sum-
mer, fall, winter and spring periods, and the generated wind fields were then used to force a
2 layer finite-element oceanic model. The atmospheric model results showed that when the
upwelling phenomenon is stronger and produces a higher gradient of temperature between
the ocean and the continent, the sea-breeze is also stronger. The oceanic model results showed
that when the wind field generated by the atmospheric model is combined to a constant NE
wind of 6 ms−1, the upwelling is enhanced. Therefore, the results suggest that there is a
positive feedback between the upwelling and the sea-breeze at Cabo Frio.

The objective of this work is investigating the capability of an oceanic numerical model
dynamically and thermodynamically coupled to a three-dimensional mesoscale atmospheric
numerical model (Topographic Vorticity mode Mesoscale-Non Hydrostatic, TVM-NH) to
simulate the basic features of air–sea interaction in the coastal upwelling area of Cabo Frio
(RJ, Brazil). It should be emphasized that, to the authors’ knowledge, this is the first attempt
to dynamic and thermodynamically couple oceanic and atmospheric models to investigate
the upwelling phenomenon at Cabo Frio.

2 Investigated region

The coastline of the investigated area is shown on Fig. 2. It is located in Rio de Janeiro (RJ,
Brazil), where there are two capes: Cabo Frio and Cabo de São Tomé. Westward of both
capes there are frequently areas of cold water, but the lowest SST area is usually found near
the coast just west of Cabo Frio [2,14].

The coastline from Cabo de São Tomé to Cabo Frio is oriented NE–SW. The continental
shelf has the same orientation and it is about 100 km long, 70–100 km wide and 80–100 m
deep at the shelf break. Southward of Cabo Frio, the coastline and the isobath orientation
changes to E–W. The shelf is about 400 km long, 70–150 km wide and 140–180 m deep [1].

In the investigated region there are three different water masses: the coastal water, located
at the continental shelf and characterized by high temperatures and low salinity; the tropical

Fig. 2 Domain and coastline
considered by the numerical
models. The central square
illustrates the region discussed at
the “Results”. The star symbol
indicates the point “A”, where
were performed atmospheric
vertical profiles considered at the
results
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water, located at the upper part of the water column and characterized by temperatures above
20◦C; and the South Atlantic Central Water (SACW), located at the lower part of the water
column and identified by temperatures below 20◦C. When the coastal upwelling occurs the
SACW may surface, causing the SST to drop as low as 10◦C [1].

According to Castro [15], the circulation at the portion of the continental shelf located
in this area is mainly forced by the wind. In this region, the prevailing wind blows from
NE during the whole year because of the presence of the SASH. This pattern is changed by
the passage of cold fronts, which usually occurs every 5–10 days. The frequency of these
passages is higher during the winter than the summer [15].

Amor [1], performing climatology studies and numeric experiments, concluded that the
intrusion of the SACW into the continental platform is strongly modulated on seasonal scale
by the wind associated to the seasonal oscillations of SASH center over the South Atlantic
Ocean. The northeasterly wind favors the permanent intrusion of SACW at the continental
shelf on a sub-inertial scale; the cold front passages promote the diminishing of the SACW
intrusion for 1–2 days and the very intense southwesterly wind may partially remove the
SACW intrusion from the continental shelf for 1 day.

Leite [16] compared currents measured by an Acoustic Doppler Current Profiler (ADCP)
with the wind field obtained by a meteorological buoy and by QuickSCAT scatterometer and
observed that the currents are directly influenced by the wind field, proving that the wind is
the main force on the currents at Cabo Frio.

Oda [17] performed radiosonde soundings to evaluate the atmospheric boundary layer
depth in the Cabo Frio region. The results showed that the atmospheric boundary layer is
more stable during the occurrence of upwelling and suggested a positive feedback between
the coastal upwelling and the sea-breeze circulation, as suggested by Franchito et al.
[13].

Dourado and Oliveira [18] investigated through observational data the evolution of the
vertical extent of the atmospheric and the oceanic boundary layers at Cabo Frio during the
passage of a cold front in 1992. A deepening of both boundary layers was observed, as
the upwelling was disrupted by the cold front passage. Later on, a one-dimension atmo-
spheric second-order closure model thermodynamically coupled to an oceanic mixed layer
model was used to investigate the short term variation of the atmospheric and oceanic bound-
ary layers at Cabo Frio, taking as reference the observations performed before [19]. When
compared to the observations, the model results indicated that the thermal contrast (ocean
surface warmer than lower atmosphere) is not strong enough to generate oceanic and atmo-
spheric boundary layers as deep as observed during the passage of the cold front. Other
mechanisms like convective turbulent mixing in the ocean, associated with the cooling of
the surface and the warming of the oceanic bottom boundary layer and the effect of surface
waves may have important roles in the deepening of both oceanic and atmospheric boundary
layers.

As indicated by the review above, all numerical investigations carried out to simulate the
interaction between air and ocean at the Cabo Frio upwelling region did not dynamically
couple the ocean to the atmosphere. The only study that couples the atmosphere to the ocean
did it thermodynamically [18], and it was carried using a one-dimensional model. Thus, it
did not have horizontal structure and could not relate mass to wind in the atmosphere or
current in the ocean as expected in the dynamical coupling. Therefore, the present work,
that couples a three-dimensional mesoscale atmospheric model to a two-dimensional ocean
model, is the first attempt to address the air–sea interaction by coupling atmosphere and
ocean thermodynamically and dynamically.
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3 Numerical models

The oceanic and atmospheric models used in this work are described below.

3.1 Oceanic numerical model

The oceanic model developed here is a 1½ layer model and followed the description of the
one developed by Carbonel [12]. The concept of a 1½ layer ocean model is well known and
documented in literature since the early 1970s [20–25]. It has a lower inert layer with con-
stant temperature

(
T l

)
and no pressure gradients, and an upper layer where the governing

equations are the vertically-integrated non-linear equations of momentum, continuity and
transport of SST.

The equations are similar to the ones used by Carbonel [12], as follows:
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where h is the upper layer thickness, u and v are the velocity components in the x and y
directions respectively, U and V are the transport components (U = hu; V = hv) , f is the
Coriolis parameter; g is the gravity acceleration, SST is the sea surface temperature, r is the
Rayleigh friction coefficient, θ is the thermal expansion coefficient and the density coeffi-
cients are defined as, σ = 1 − μ,μ = μ

(μ−σ)
and μ = ρu

ρl , where ρu is the upper layer

density and ρl is the lower layer density.

The entrainment velocity (we) is defined as: we = (Hi−h)2

teHe
when h ≤ He and we = 0

otherwise. He is the entrainment layer thickness, te is the entrainment time scale, Hi is the
initial upper layer thickness.

The source or sink of heat across the interface (s) is defined as s = Hi
∂U
∂x

(
SST −T l

h

)
+

Hi
∂V
∂y

(
SST −T l

h

)
, where T l is the constant temperature of the lower layer.

The surface heat flux, Q, is defined as:

Q = −H 2
i

ts

(
T u − SST

h

)
(5)

where T u is the initial temperature of the upper layer and ts is the time for the upper layer to
relax back to the initial temperature T u.

When the oceanic model is not coupled to the atmospheric model, the component of the
wind stress is defined as:

τi = ρairCDwi |W |i=x,y (6)

where ρair is the air density, W is the wind velocity intensity at a reference height, wi is the
wind component in the direction i and CD is the drag coefficient.
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When the models are coupled, the surface heat flux Q and the wind stress τi are provided
by the atmospheric model.

3.1.1 Boundary conditions

At the coastline, the velocity and transport components normal to the boundary are set to
zero and the zero gradient condition is applied to the upper layer thickness and to the SST
values.

At open boundaries is used the weakly-reflective boundary condition described by Ver-
boom and Slob [26] and also discussed by Van Dongeren and Svendsen [27]. This condition
is based on the characteristic method; the characteristics are curves at the x–y plane through
which the information at the boundaries is propagated. The system formed by Eqs. 1–3 is a
non-linear hyperbolic system; therefore it has two characteristic equations. The general solu-
tion of the system contains progressive waves which cannot be completely uncoupled, so it
is not possible to derivate a truly non-reflective boundary condition. Verboom and Slob [26]
developed a weakly-reflective boundary condition by applying transformations that decouple
the ingoing waves from the outgoing waves up to the desired order of approximation.

This boundary condition is applied on the axis normal to the boundary (n), as follows:

∂ (Un ± ch)
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∂ (Un ± ch)

∂xn

± c
(
we

) + ∂ (unUn)

∂xn

+ εn + gh2θ

2μ
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− τn

ρu
+ rUn = 0

(7)

where c = √
σgh is the characteristic velocity. The sign of c is chosen at each boundary to

define the ingoing characteristic equation for each case.
The numeric approximation used in this model is finite difference, forward in time (k)

with a dissipative interface and centered in space, as follows:
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where φk is the forward in time finite-difference operator, αi is the centered in space finite-
difference operator and f ∗ is the dissipative interface defined as:
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The velocity (u) and transport (U) values are placed at the grid cell between the grid points
(i, j ) and (i, j + 1); v and V are placed between (i, j ) and (i + 1, j ); SST and the thickness
(h) are placed at the center of the grid cell, as shown in Fig. 3.

The numerical approximations of Eqs. 1–4 used here are:
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Fig. 3 Scheme of variable
positions on the grid cell
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pressure components in function of h and SST.
The variables with bars are spatial averages. They are a better approximation of the value

of each variable at the point of calculation, when its value is positioned elsewhere (Fig. 3).
Therefore, one additional grid point at each boundary is necessary to allow the evaluation of
the variables mean value at the boundaries. The lateral space finite-difference operator (λb)

used at the open boundaries is defined as:
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2	x
(15)

where b is the boundary point and b−1 and b−2 are the interior points in an axis normal to
the boundary.

Then the boundary condition in Eq. 5 becomes:
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The constant parameter values in (1)–(16) are similar to those used by Carbonel [12] and are
listed in Table 1.

Finally, the numerical solution of the equations described above is carried out through
the following steps: first, the heat exchanges (s and Q) are calculated; next the SST; then the
pressure (p); after that, the transport components (U and V); and at the end, the thickness of
the active layer (h). The current components are then obtained by the division of the transport
components by the thickness h.

3.1.2 Initial conditions

The initial SST was 26◦C and the initial surface layer thickness was 30 m. The initial trans-
port and velocity components were zero and the initial wind stress was calculated by Eq. 6
with a NE wind of 6 ms−1.
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Table 1 Constant parameters of
the oceanic model

Parameter Notation Value

Initial upper layer thickness Hi 30 m

Entrainment layer thickness He 20 m

Upper layer density ρu 1023 kg m−3

Lower layer density ρl 1026.7 kg m−3

Coriolis parameter f −5.68 × 10−5 s−1

Wind drag coefficient CD 2.0 × 10−3

Air density ρair 1.2 kg m−3

Rayleigh friction coefficient R 1.8 × 10−6 s−1

Initial upper layer temperature T u 26◦C

Lower layer temperature T l 14◦C

Thermal expansion coefficient θ 3.0 × 10−4◦C−1

Entrainment time scale te 1/2 days

Surface heat flux time scale ts 12 days

Grid step 	x 1800 m

Time step 	t 600 s

3.2 Atmospheric numerical model

The series of models called Topographic Vorticity Model (TVM) began with the two
dimensional model ‘URBMET’ developed by Bornstein [28]. Subsequently, URBMET was
expanded to three dimensions and the topographic effects were incorporated using the vor-
ticity equations in sigma-Z coordinate system. This version was called TVM [29,30] and
classified as mesoscale-β model [31,32]. Thunis and Clappier [33] developed the non-hydro-
static version of TVM (TVM-NH). The TVM-NH was successfully used to simulate the
local circulation in the Iberian Peninsula [34,35]. In Brazil, the TVM has successfully been
applied to simulate atmospheric boundary layer circulation [36–40].

The TVM-NH model is three-dimensional, follows the Boussinesq approximations of the
vorticity equations obtained from the basic Reynolds-averaged equations of motion and uses
sigma coordinates to accommodate topography over land. The vorticity approach cut the
pressure and density variables out of the equations.

The vertical grid is structured as follows: surface parameters at the bottom boundary;
the first layer is the surface boundary layer (SBL), where the meteorological parameters
are obtained by similarity theory equations and the other layers are governed by finite dif-
ference approximations of the vorticity, thermodynamic and mass conservation of moisture
equations.

The surface parameters are determined in the following order: first, the model evaluates
solar and infrared radiative fluxes and calculates the net radiation RN ; then it obtains the
residual heat flux R as:

R = RN − SH − LH (17)

where SH is the sensible heat flux and LH is the latent heat flux from the previous step.
On the continent, the residual heat flux represents the soil heat flux (G) and on the ocean it
represents the ocean heat flux (Qocean).
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Over land the surface temperature is computed by the force-restore method of Deardorff
[41,42] and the specific humidity is computed using the Penmann–Monteith method. For
water, when the models are coupled, time and spatial evolution of SST is provided by the
oceanic model, calculated by Eq. 4. When the atmospheric model is uncoupled, the water
temperature is held constant and homogeneous. The specific humidity near the surface above
the water (1 mm) is defined as the saturation value for the temperature of the water.

The SBL fluxes are then evaluated as:

τ = −ρairu2∗
SH = −ρairCpu∗θ∗
LH = −ρairLvu∗q∗ (18)

where τ is the wind stress, ρair is the air density, Cp is the specific heat at constant pressure,
Lv is the latent heat of water vaporization, u∗ is the friction velocity, θ∗ is the characteristic
potential temperature scale and q∗ is the characteristic scale of specific humidity.

The SBL flux values are then used to force the dynamic, thermodynamic and moisture
conservation equations at the other layers of the domain: the turbulent kinetic energy equa-
tion is solved; the diffusion coefficient profiles are obtained; potential temperature, specific
humidity and horizontal vorticity equations are solved; the stream functions and velocity com-
ponents are updated; time is advanced and the cycle is repeated. A detailed model description
can be found in [33].

The domain of the atmospheric model used in this work was based in a horizontal area of
99 km×99 km, delimited by the inner square on Fig. 2, with a grid spacing of 3 km×3 km
(34 × 34 grid points). At each lateral boundary there are eight grid points, with a variable
grid spacing from 3.6 to 12.9 km following a geometric progression at 1.2 ratio, totalizing
the 205 km×205 km domain, with 50×50 grid points (external square on Fig. 2), in order to
minimize the influence of the boundaries on the studied area [11]. This area is large enough
to study ABL processes in a region with sea breeze [11,40,43]. In the vertical direction, 25
grid points are used and the grid size varies from 15 m at the first level to 1200 m at the top of
the model, allowing a better resolution near the surface. The TVM-NH atmospheric model
was successfully used by researchers at coastal areas to investigate mesoscale atmospheric
processes such as sea-breeze [11,43] and lake-breeze [40].

3.2.1 Boundary conditions

The boundary conditions at the four lateral boundaries are zero-gradient, the horizontal wind
field is considered geostrophic at the top of the domain and the vorticity, turbulent kinetic
energy and the vertical variation of the vertical velocity component are zero. At the bottom
of the model, the velocity components are zero and the turbulent fluxes are calculated as
described above.

The topography used by the model is presented at Fig. 4. The maximum height—1529 m—
is located at 22◦26′S of latitude and 42◦64′W of longitude at the northwestern part of the
domain. Near the coast the topography is almost flat.

The land-use type defines the parameters for the calculation of surface temperature, humid-
ity and superficial fluxes. Only one land-use type was defined besides water, because tests
performed with more than one land-use type did not present significantly different results
(not shown here). The land-use type utilized here is classified as agriculture or cropland/nat-
ural vegetation mosaic (IGBP classification) [44], corresponding to the predominant type at
the continental region of Cabo Frio.
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Fig. 4 Topography of the
investigated area

Fig. 5 Initial air potential
temperature vertical profile

3.2.2 Initial conditions

The initial air potential temperature (Fig. 5) and the initial specific humidity profiles were
based on the sounding taken by Oda [17], at 01/09/1995, in (22.97◦S, 42.03◦W).

The initial specific humidity value near the surface is 16.8 g kg−1 and its vertical profile
was assumed to be logarithmic.

The wind value used as initial condition corresponds to a large scale wind, referred here as
geostrophic wind. Its vertical profile was defined by a zonal component of −4.24 ms−1 and a
meridional component of −4.24 ms−1, totalizing a NE wind of 6 ms−1 at all heights, except
at the surface, where the wind is set to zero. The wind intensity was obtained by the average of
hourly measurements taken at the Meteorological Station of Cabo Frio (22.88◦S, 42.02◦W),
at 10 m of altitude, by the Navigation and Hydrography Directorate of the Brazilian Navy,
between 1970 and 1980.

The simulations started at 00 LT, but the results were analyzed only after 06 LT so that
the initial variables, considered horizontally homogeneous, had time to adjust themselves to
the spatial differences.
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Fig. 6 Scheme of the models coupling. SH and LH are, respectively, the sensible heat and the latent heat
fluxes. Q and τ are, respectively, the surface heat flux and the momentum flux from the atmosphere to the
ocean, s is source or sink of heat across the interface and h is the thickness of the oceanic superficial layer

3.3 Coupling between the oceanic and atmospheric models

The oceanic model was developed in the form of a subroutine and set to use the same hori-
zontal grid spacing as the TVM-NH model. When the atmospheric model starts, it calls the
oceanic model subroutine, which returns a 2-day integration SST field. At this point, the
oceanic model is still uncoupled and therefore it is forced by a constant 6 ms−1 NE winds
through Eq. 6. The surface heat flux is calculated by Eq. 5. The period of 2 days was chosen
because it is enough time for the upwelling phenomenon to be well established in the region,
since it was shown by Ikeda et al. [14] that the time elapsed between the onset of NE winds
of magnitude greater than 5 ms−1 and the first appearance of colder upwelling water is about
24 h. Then the SST field is used by the TVM-NH model to determine the surface heat fluxes
over the ocean. The time step of the TVM-NH and the oceanic models are, respectively, 30
and 600 s. Therefore, the SST field remains the same for 20 time steps of the TVM-NH and
then the oceanic model is called again. The TVM-NH model forces the oceanic model with
the wind stress (τ )obtained by Eq. 18 and the ocean heat flux (Qocean). The surface heat
flux (Q) used by the oceanic model in Eq. 4 is calculated from the ocean heat flux of the
atmospheric model (Qocean) as follows:

Q = Qocean

ρairCp

(19)

The oceanic model then updates the SST field and returns to the TVM-NH model.
Figure 6 shows the schematic representation of the models coupling. The upper layer of

the oceanic model interacts with the atmospheric model through the turbulent fluxes (deter-
mining the SST for the atmospheric model and receiving the surface heat flux and the wind
stress) and with the lower layer of the oceanic model through the source or sink of heat
across the interface (s). Then the oceanic model sets the currents, temperature and thickness
of the upper layer. The atmospheric model uses the SST determined by the oceanic model to
evaluate the turbulent fluxes at the superficial layer.

4 Results

First, the boundary condition was tested for all the main wind directions. Then, several exper-
iments were performed with distinct goals, forming three sets of experiments. The first set
was performed to test the oceanic model capability to represent the upwelling phenomenon
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Table 2 Summary of the simulations discussed in this work

Simulation Description Domain (km) Horizontal
grid points

Wind direction Coastline

Oceanic model

1 to 4 Boundary 1D 180 × 180 101 × 101 E, N, S, W Idealized

5 to 8 Boundary 2D 360 × 360 201 × 201 E, N, S, W Idealized

9, 10 Upwelling 1D 180 × 180 101 × 101 NE, SW Idealized

11, 12 Upwelling 2D 360 × 360 201 × 201 NE, SW Idealized

13 Upwelling 205 × 205 50 × 50 NE Realistic

17 Downwelling 205 × 205 50 × 50 SW Realistic

Simulation Description Domain (km) Horizontal
grid points

Geostrophic
wind direction

Topography
and coastline

Atmospheric model

14 Uncoupled 205 × 205 50 × 50 NE Realistic

Coupled models

15 Upwelling 205 × 205 50 × 50 NE Realistic

16 Downwelling 205 × 205 50 × 50 SW Realistic

The time step for the oceanic model is 600s and for the atmospheric model is 30s. The initial wind velocity is
6 m s−1

at Cabo Frio. The second set of experiments used only the atmospheric model TVM-NH and
the third one used the coupled model. The experiments are summarized in Table 2.

4.1 Oceanic model: validation of the boundary conditions

One difficult problem when solving the hydrodynamic equations inside a bounded region is
the correct formulation of boundary conditions. The open boundary conditions will deter-
mine, together with the differential equations themselves, the form of the interior solution,
and, if not carefully chosen, they can lead to unrealistic solutions for the interior points.
Therefore, several numerical experiments were performed to validate the oceanic boundary
conditions.

The first set, hereafter called 1D experiment (Simulations 1–4, 9 and 10 in Table 2), uses
a domain of 180×180 km with 101 grid points in both directions (from 90 to 270 km, Fig. 7)
and the second one, hereafter called 2D experiment (Simulations 5–8, 11 and 12), uses a
larger area (360 × 360 km and 201 grid points) to minimize the boundary influence on the
central area of the domain. The central area of the 2D experiment is compared to the total
area of the 1D experiment. These experiments correspond to an idealized coastline with some
resemblance to the realistic coastline (Fig. 2).

Figures 8 and 9 show the resulting SST fields after 4 days of integration forcing the oceanic
model with a constant wind of 6 ms−1 and different directions (Simulations 1–12), for the 1D
experiment on the left column of the figure and for the central area of the 2D experiment on
the middle column. The average wind intensity at Cabo Frio is 6 ms−1 [13]. The integration
period of 4 days was chosen because a period of 2 days is necessary for the oceanic model to
present a SST field that represents the coastal upwelling phenomenon and 48 h is the duration
of the coupled experiment. So the oceanic model was run for 4 days.
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Fig. 7 Boundary condition
experiment domains. The 1D
experiment area is delimited by
the dashed line and the outside
domain delimits the 2D
experiment domain

Comparing the left and central columns of Figs. 8 and 9, it is possible to notice the
influence of the boundary at the SST values. However, the difference between the 1D and
2D experiments is small, never greater than 1◦C. At the central area, the difference is even
smaller. Given that the boundary experiments used the same integration time needed for the
coupled experiment and that the analyzed area for the coupled experiment is the central area,
the boundaries proved to be weakly-reflective—as expected—and therefore the results were
found satisfying.

The results also show the SST expected response for each wind forcing. Figure 8a–c (Sim-
ulations 1 and 5) corresponds to the easterly wind forcing. The wind stress component parallel
to the left part of the domain has the coast on its right side and, in the Southern Hemisphere
it forces the Ekman transport away from the coast (Fig. 1a), causing coastal upwelling and
cold SST anomalies, as expected. As the Ekman transport happens offshore, it causes water
from the top of the domain—near the N–S oriented coast—to move southward, increasing
upwelling at this area (Fig. 8c). In this case the SST negative anomaly and upwelling position
are consistent with observations.

Figure 8d–f corresponds to the northerly wind forcing (Simulations 2 and 6). The wind
stress component parallel to the coast at the right part of the domain causes also upwelling,
but it is weaker than the easterly wind case because, at the left part of the domain, the wind
blows from continent to ocean and, as the Ekman transport is directed offshore at the top of
the domain, the currents do not go around the cape (Fig. 8f). Even though the intensity of the
cold SST matches the previous case, the upwelling plume is misplaced.

The southerly wind forcing (Simulations 3 and 7) is shown in Fig. 8g–i. In this case, the
wind stress component parallel to the coast at the right part of the domain has the coast on
its left side, forcing the Ekman transport towards the coast, causing downwelling (Fig. 1b)
and inhibiting the upwelling, as expected.

The westerly wind forcing (Simulations 4 and 8) presents the same downwelling event
as in Fig. 8g, but more intense (Fig. 8j–l) because, in this case, as the wind blows from the
continent to the ocean at the left part of the domain, the Ekman transport from the ocean to
the continent causes the currents to go around the cape, causing downwelling also at the top
of the domain (Fig. 8l).

As explained before, due to the SASH over the Atlantic Ocean, the wind field at Cabo Frio
is from northeast most of the year, favoring the coastal upwelling. On the other hand, the cold
front passage changes the wind field to southwesterly winds, increasing the SST value [15].
In these two cases, the wind comes from a corner of the domain (upper right for northeasterly
and lower left for southwesterly wind). So, to assure that the boundary effects are not affect-
ing the numerical solution inside the domain four more tests were performed to analyze the
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Fig. 8 Oceanic fields generated after 4 days forced by easterly winds a SST field in the 1D experiment
(Simulation 1), b SST field in the central area of the 2D experiment (Simulation 5) and c oceanic current field
in the 1D experiment (Simulation 1). Oceanic fields generated after 4 days forced by northerly winds d SST
field in the 1D experiment (Simulation 2), e SST field in the central area of the 2D experiment (Simulation 6)
and f oceanic current field in the 1D experiment (Simulation 2). Oceanic fields generated after 4 days forced
by southerly winds, g SST field in the 1D experiment (Simulation 3), h SST field in the central area of the
2D experiment (Simulation 7) and i oceanic current field in the 1D experiment (Simulation 3). Oceanic fields
generated after 4 days forced by westerly winds, j SST field in the 1D experiment (Simulation 4), k SST
field in the central area of the 2D experiment (Simulation 8) and l oceanic current field in the 1D experiment
(Simulation 4). Contour interval is 1◦C

oceanic model response to northeasterly and southwesterly wind fields (Simulations 9–12,
Table 2).

Figure 9a–c (northeasterly wind, Simulations 9 and 11) presents an SST field similar to
the one in Fig. 8a, although now the upwelling is more intense at the top part of the domain
due to the northerly wind, as shown in Fig. 8d. However, the upwelling at the bottom part
of the domain is less intense than on Fig. 8a, since the wind stress component parallel to
the coast is weaker. Figure 9d–f (southwesterly wind, Simulations 10 and 12) has a similar
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Fig. 9 Oceanic fields generated after 4 days forced by constant northeasterly winds a SST field in the 1D
experiment (Simulation 9), b SST field in the central area of the 2D experiment (Simulation 11) and c oceanic
current field in the 1D experiment (Simulation 9). Oceanic fields generated after 4 days forced by constant
southwesterly winds d SST field in the 1D experiment (Simulation 10), e SST field in the central area of the
2D experiment (Simulation 12) and f oceanic current field in the 1D experiment (Simulation 10). Contour
interval is 1◦C

pattern to Fig. 8j, given that the southerly wind does not change the SST much, as shown in
Fig. 8g. Again, the wind stress component parallel to the coast at Fig. 9d is weaker than at
Fig. 8j, so the downwelling is less intense in the first case.

4.2 Oceanic model: representation of an upwelling event

Since the boundary conditions of the oceanic model were found satisfactory and the model
produced the expected wind forcing response, an experiment was performed to gener-
ate an upwelling event representative of the SST field (Simulation 13). In this case, it is
used a realistic coastline of Cabo Frio with a domain of 205 × 205 km representing the
area from 21.8◦S to 23.8◦S and 41◦W to 43.05◦W (Fig. 2). The results are displayed
for the central area marked by the square at Fig. 2 (latitude from 23.28◦S to 22.28◦S
and longitude from 41.55◦W to 42.55◦W). The grid spacing is 3 km at a central area of
99 × 99 km and increases with a geometric progression with a ratio of 1.2 towards each
boundary. This grid spacing was chosen to match the one used by the atmospheric model
TVM-NH.

Figure 10 shows the SST field generated by the oceanic model after 2 days of integration
forced by a constant NE wind field of 6 ms−1 (Simulation 13). The upwelling is stronger just
west of the cape, where the coastline is E–W and the wind component parallel to the coast
is also stronger. With the change in the direction of the coastline to N–S the SST is warmer,
because the strongest wind component is normal to the coastline. At the upper right part of
the domain, the SST drops again, since the wind is mainly parallel to the coast. These results
are consistent with observations of satellite images of the region during upwelling events
[2,13,17].
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Fig. 10 SST field after 2 days of
integration of the oceanic model
only (Simulation 13). Contour
interval is 0.5◦C

Fig. 11 Time series of SST and air temperature (AT) at 15 m height over point “A” using a coupled models
(Simulation 15) and b just the atmospheric model (Simulation 14)

4.3 Response of the atmospheric model to the oceanic model

To analyze the differences between the results generated using just the atmospheric model
and using the coupled model, two experiments were performed: the first one (Simulation 14)
used only the atmospheric model TVM-NH with an SST field constant in space and time
and equal to 20◦C. The second experiment (Simulation 15) used the coupled model, with an
initial SST field equal to the one displayed on Fig. 10 (Simulation 13).

Figure 11 shows the SST and air temperature (AT) time series, at 15 m of height, over
point “A” of Fig. 2 for the two experiments. The air temperature of Simulation 15 (Fig. 11a)
is about 3◦C higher than the air temperature of Simulation 14 (Fig. 11b). The SST does not
change during Simulation 14 because there is no physical mechanism able to change it in
the uncoupled experiment. Therefore, the air temperature is always higher than the SST of
Simulation 14. On the other hand, the air temperature of the coupled experiment (Simulation
15) is lower than the SST between 09 LT (Local Time) and 13 LT.

The major difference between the two experiments is the humidity value. The mixing
ratio near the surface of the ocean is a function of the water temperature and the SST is
lower on Simulation 14 (Fig. 11b) than on Simulation 15 (Fig. 11a), leading to lower val-
ues of mixing ratio on Simulation 14 than on Simulation 15 (Fig. 12). This will cause a
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Fig. 12 Time series of mixing ratio near the surface (SMR) and at 15 m height (AMR) over point “A” using
a coupled models (Simulation 15) and b just the atmospheric model (Simulation 14)

Fig. 13 Mixing ratio vertical profiles, for different times, over point “A” a using coupled models (Simulation
15), b using just the atmospheric model (Simulation 14) and c obtained by radiosonde sounding by Oda [17]
at 01/12/1995

great discrepancy on the content of water of the atmosphere between the two experiments,
as shown in Fig. 12 that presents the mixing ratio time series over the point “A” for both
experiments near the surface (1 mm above the ocean surface) and at 15 m of height. The
mixing ratio is the ratio of the mass of water vapor per kilogram of dry air at a given
pressure.

Figure 13 presents the mixing ratio vertical profiles over the point “A” for both exper-
iments and an observational mixing ratio vertical profile for different times. As expected,
Simulation 15 presents higher values of mixing ratio near the sea surface (Fig. 13a) and these
values decrease with height, but Simulation 14 (Fig. 13b) shows lower values of mixing ratio
at the sea surface than at higher altitudes.

The mixing ratio vertical profiles provided by radiosonde soundings taken by Oda [17] on
01/12/1995 are displayed in Fig. 13c. It is noticeable that the coupled experiment Simulation
15 (Fig. 13a) is a much better approximation of the water content in the atmosphere than
Simulation 14 (Fig. 13b), since the values of the mixing ratio near the surface presented by
the soundings (Fig. 13c) are closer to the values presented by Simulation 15 and the mixing
ratio values decrease with height, just like the values of the coupled experiment (Simulation
15).
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Fig. 14 SST field with initial northeasterly wind forcing after 2 days of integration of the a coupled model
(Simulation 16), b oceanic model forced by a constant 6 ms−1 wind field (Simulation 14) and c difference
between the oceanic model and the coupled models. The SST field with initial southwesterly wind forcing after
2 days of integration of the d coupled model (Simulation 17), e oceanic model forced by a constant 6 ms−1

wind field (Simulation 18) and f difference between the oceanic model and the coupled model. Contour interval
for a, b, d, e is 1◦C and for c, f is 0.5◦C. Dashed lines represent negative values

4.4 Oceanic model response to the atmospheric model

Two experiments were performed with the coupled model (Simulations 15 and 16) to analyze
the oceanic response to the atmospheric model. The first one used a NE geostrophic wind of
6 ms−1 as initial condition, in order to represent an upwelling favorable situation (Simulation
15), and the second one used an initial SW geostrophic wind of 6 ms−1 (Simulation 16), zonal
and meridional components equal to 4.24 ms−1 at all heights, to represent the passage of a
cold front (downwelling situation).

Then, to compare the coupled results with the uncoupled ones, two more experiments were
performed using just the oceanic model. The first one was Simulation 13 (constant NE wind
of 6 ms−1), but performed for two more days after the initial period that generated Fig. 10,
and the second one used a constant SW wind of 6 ms−1 (Simulation 17). All the experiments
used the SST field represented by Fig. 10 as initial SST field.

Figure 14a, d shows the SST field after 2 days of integration of the coupled model for a
geostrophic NE wind (Fig. 14a—Simulation 15) and for geostrophic SW wind (Fig. 14d—
Simulation 16) and Fig. 14b, e shows the SST field after 2 days of integration of the oceanic
model for constant 6 ms−1 NE wind (Fig. 14b—Simulation 13) and for constant 6 ms−1 SW
wind (Fig. 14e—Simulation 17). Comparing to the initial SST field (Fig. 10), it is notice-
able that the experiment with NE wind (Fig. 14a) enhanced the upwelling signal, since the
SST decreased 4 − 5◦C near the coast, at latitudes of approximately 23◦S. Near the coast
at latitudes from 22.7◦S to 22.6◦S the SST remained the same, because the wind is mostly
normal to the coastline at this area. On the other hand, the SW wind (Fig. 14b) disrupted the
upwelling phenomenon, increasing the SST all over the domain.
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Fig. 15 Vertical profiles generated by Simulation 15 (upwelling event) of a air potential temperature, b
zonal and c meridional components of the wind. Vertical profiles observed by Oda [17], at 08/04/1995, in
(22.97◦S, 42.03◦W) of d air potential temperature, e zonal and f meridional components of the wind

The difference between the uncoupled (Simulations 13 and 17) and the coupled (Sim-
ulations 15 and 16) SST field results is displayed in Fig. 14c, f. For the NE wind forcing
(Fig. 14c), the difference between the experiments is up to 4◦C near the coast at the western
part of the domain, and it is negative up to 1◦C at the eastern part of the domain. This dif-
ference happens because of the sea-breeze circulation, that is resolved only at the coupled
experiment and rotates the wind clockwise, making it more parallel to the coast at the western
part and more normal to the coast at the eastern part of the domain. This result suggests that
the sea-breeze increases the upwelling intensity westward of Cabo Frio, as it was proposed
by Franchito et al. [13]. For the SW wind forcing (Fig. 14f), the difference between the
experiments is never greater than 0.5◦C.

4.5 Coupled model results

The coupling of the models allows a more realistic investigation of the circulations at Cabo
Frio. Figure 15 shows the vertical profiles of air potential temperature and wind components
that were generated by the coupled model and taken by radiosonde soundings by Oda [17] at
01/09/1995, over the continent and near the coastline at (22.97◦S, 42.03◦W). The observed air
potential temperature profile (Fig. 15d) presents a more stable atmosphere than the generated
profile (Fig. 15a). However, both profiles present a similar height for the ABL (approximately
200 m between 14 and 15 LT). The wind component vertical profiles generated by the model
(Fig. 15b, c) are similar to the observed profiles (Fig. 15e, f) and present an interesting feature:
a NE low level jet with maximum speed between 200 and 300 m of altitude.

For the downwelling event (Simulation 16), the air potential temperature vertical profile
(Fig. 16a, d) in (22.97◦S, 42.03◦W) shows a more unstable atmosphere than for the upwell-
ing event (Fig. 15a, d). It is important to notice that the measurements taken by Oda [17]
occurred during the winter (08/04/1995) and therefore present lower temperatures than the
simulation. The wind profiles (Fig. 16b, c, e, f) show once again the presence of a low level
jet between 200 and 300 m of altitude, but its direction is now from SW.
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Fig. 16 Vertical profiles generated by Simulation 16 (downwelling event) of a air potential temperature, b
zonal and c meridional component of the wind. Vertical profiles observed by Oda [17], at 08/04/1995, in
(22.97◦S, 42.03◦W) of d air potential temperature, e zonal and f meridional components of the wind

5 Conclusions

The main objective of this work was to investigate the capability of an oceanic numerical
model, dynamic and thermodynamically coupled to a three-dimensional mesoscale atmo-
spheric numerical model, to simulate the basic features of the air–sea interaction in the coastal
upwelling area of Cabo Frio (RJ, Brazil). The oceanic upwelling/downwelling regime is an
important feature in the oceanic circulation of Cabo Frio and determines the sustainability
of local ecosystems. This regime is predominantly driven by the atmospheric circulation and
is well documented, being suitable to be used as test reference for atmospheric and oceanic
coupled and uncoupled models.

The oceanic model presented here proved to have a weakly-reflective boundary condition
and was able to produce an SST field that represents the coastal upwelling/downwelling
regime at Cabo Frio with constant northeasterly/southwesterly wind forcing. It was also
successfully coupled to the TVM-NH atmospheric model.

Concerning the response of the atmospheric model to the oceanic forcing, it was observed
that there are considerable differences between the coupled model result and the result gen-
erated by the atmospheric model forced by a constant and uniform SST field, especially on
the water content of the atmosphere. When comparing the model results with observations
of the mixing ratio vertical profile at Cabo Frio, it was found that the coupled model results
generate a better fit than the uncoupled atmospheric model results.

The oceanic model response to the atmospheric forcing also presented differences between
the experiments using the coupled model and just the oceanic model forced by constant wind
fields. For the NE wind forcing case the coupled model, showed more realistic results, with an
increase of upwelling phenomenon intensity (decrease of SST up to 4◦C) westward from the
cape, in comparison with the SST field produced by the uncoupled oceanic model, indicating
that the sea-breeze generated by the atmospheric model is responsible for this intensification,
as it was already suggested by other researchers [13,17]. For the downwelling event, SW
wind forcing case, the difference between the experiments was smaller (<0.5◦C).
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Analyzing the results of the coupled model, it was noticed that the vertical profiles of
air potential temperature and wind components generated by the model are similar to the
observations and are able to represent the formation of a low level jet, a particular feature of
the circulation in Cabo Frio, with the same direction as the geostrophic wind (from NE for
the upwelling case and from SW for the downwelling case).

The results showed in this work indicate that the coupled model provides a better analysis
of the oceanic, atmospheric and interface processes at Cabo Frio.
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