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ABSTRACTI

The lake-breeze circulantion il the ltaipu region was investigated numerically using a notihydrostatic vel-sion
of the Topographic Vorticity Model. The area. ot study coiresponds to a 1(( knm X 18) kitt rectangle, located
on the Brazil-Paraguay horder, with Itaipu Lake in its centel The chara cteristics of thc lake breez generated
by the nuimiLerical experimenits were consistent with the obseivations avsailable in the area. Ille numerical ex-
periments has e shown that the lanid Lise eftfect is important in ttle spatial distributioll of the lake-breeze circulation
and that the topography contributes to modulating the breeze initensity, with the daytime valley-ioounitain cir-
culation intensifying the lake breeze. However, the circulation pattern observed during daytime over the region
is mainly due to the Itaipu Lake presence. The numerical results indiicated that Itaipti Lake is able to generate
and sustain a lake breeze, witlt 3.5 m s I of maximum intensity and 15(00-t- depth. that propagates inland at
5. 1 km h I Linder typical undisturbed and calilm-winid summer conditions.

1. Introduction

Itaipu Lake was formed in 1982 as part of the water
reservoir of the Brazilian-Paraguay Itaipu hydroelectric
power plant (Fig. 1). With power of 12 600 MW. this
plant provides 79 billion KW h yr ' to Brazil and Par-
aguay. The formation of this lake has altered consid-
erably the geographic features of the Brazil-Paraguay
border region. The largest horizonital extension of the
lake-17() km-is aligned in the north-south direction.
In the east-west direction the lake extends 7.5 km. On
the eastern side (Brazil). most of the area around the
lake is used for agricultural activities, while on the west-
ern side (Paraguay) there is considerably more land cov-
ered by forest.

The analyses of the meteorological data available on
this regioni indicated that the lake-breeze circulation is
a dominant feature in the Itaipu Lake local climate (Sti-
vari 1 999 ). These observations do not have the temporal
and spatial resolution to undoubtedly sustain the lake-
breeze hiypothesis. Therefore, it is not possible to discard
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the role played by mountain-valley circulation (Fig. 2a)
and/or by small-scale circulation induced by the land
use (Fig. 2b) on the circulation observed in the Itaipu
Lake area. The topography could induce circLIlations
similar to the lake-breeze circulation. For instance,
mountain-valley circulation (as well as lake-breeze cir-
culation) could generate a systematic subsidence over
the valley during daytime, inhibiting the cloud forma-
tion and, therefore, reducing the precipitation in the vi-
cinity of Itaipu Lake (Pielke and Segal 1986; Durran
1990). Because the mounitain-valley circulation is ex-
pected to be in phase with the lake-breeze circulation,
the local circulation could be reinforced in the lake's
wider regions when both effects are presented. The im-
pact caused by the coupled circulation would be stronger
in the local climate. The role played by the land use-
induced circulations on the lake-breeze and topographic
circulations are difficult to foresee (Segal et al. 1997).
For instance, areas occupied by tall vegetation could
restrain the flow and inhibit the lake-breeze and moun-
tain-valley circulations (which seems to be the case on
the western side of ltaipu Lake; Fig. 2b). On the other
hand, the thermial contrast between vegetated and non-
vegetated areas could reinforce these circulations (which
seems to be the case on the eastern side of Itaipu Lake;
Fig. 2b).
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FIG. 1. Geographic maps indicating the Lake Itaipu region. The rectangle covers the lake area.
The meteorological stations at Foz do Igua,u Airport (Brazil) and the Itaipu power plant (Par-
aguay) are indicated by solid circles.

This work investigates, using a mesoscale numer-
ical model (Schayes and Thunis 1990; Schayes et al.
1996), the role played by topography, land use, and
Itaipu Lake on the observed circulation patterns. The
utilized model is a nonhydrostatic (NH) version of the
Topographic Vorticity Model (TVM) developed by
Thunis and Clappier (2000).

The main objective of this work is to address, nu-
merically, the following questions:

1) Can the Itaipu Lake generate and sustain a lake-
breeze circulation?

2) How do topography and land use contribute to the
lake-breeze circulation?

3) What are the characteristics of the lake-breeze cir-
culation in the Itaipu area?

4) What is the impact of the lake-breeze circulation on
the local planetary boundary layer (PBL)?

The numerical model used here was originally de-
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Ft(;. 2. (a) Topography ot the Itaip Ll Lake region. I hi. like is licated in the central portion of
the valleI. The horizontal liines indicate the latitudes of the It.tLi power pla'nt (2s524 s. 54°366W
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0
29'W). (b) Laoud use distribution corresponding to the

satellite image obtained on, 21 Oct 1995. This area presents t-our dominiant clisses of surface
occupation: lake and river (bhue). folest (green). pastuei (esilow), and agricultUrIl (red) areas.
The solicl circles indicate the Italipu poser plant and IFoz do Iguayu Airport locatiotts.

veloped as a two-dimensional and hydrostatic me-
soscale model (Bornstein 1975). This first version,
called URRBMET. was used to simulate the planetary
boundary layer structure over urban areas located in
flat terrain. Subsequently, URBMET was expanded to
three dimensions to simulate interactions between ur-
ban canopy and synoptic-scale systems in New York
City. New York. The URBMET computational struc-
ture was niaintained and the topographic effects were
incorporated using the vorticity equations in the sig-

ma-Z coordinate system. This version, called TVM,
was developed by Schayes and Thunis ( 1990) and was
classified as a tnesoscale-,B nodel (Bornstein et al.
1996; Schayes et al. 1996).

More recently. Thunis and Clappier (2000) developed
the nonhydrostatic version of TVM (NH-TVM). This
version-used here-is based on the numerical solution
of the horizontal components of the vorticity equation
and applies the gauge transformation to recover the zon-
al and meridional wind component field. The NH-TVM
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was successfully used to simulate the local circulation
in the Iberian Peninsula (Martin et al. 2001a,b). Zr(X,y)

2. Site and observations

Itaipu Lake is located in the central portion of the
Parana River valley, in the south of Brazil, near the
Brazil-Paraguay border within the following geographic
limits: 24°05'-25°33'S and 54°37'-54°00'W. The lake
is 170 km long and approximately 7.5 km wide (Fig.
1). The investigated region is characterized by complex
topography and land use. The topography, indicated in
Fig. 2a, was obtained from the Instituto Brasileiro de
Geografia e Estatistica (IBGE) 1:500 000-km topo-
graphic chart, and the positions of the major geographic
features (lakes, rivers, etc.) were confirmed by the global
topographic GTOPO30 dataset. The lake is located in
a 300-400-m-deep valley.

The land use distribution employed here was based
on the Landsat thematic mapper (TM) image from 21
October 1994 (Stivari 1999). It is composed of four
dominant classes: forest (-28%), water (-8%), pasture
(-34%), and agricultural (-30%) areas, indicated in
Fig. 2b by green, blue, yellow, and red, respectively.
Except for the latter area, which has a seasonal pattern
related to different crops, all the other areas have not
suffered significant modifications since the lake for-
mation in 1984.

The observational evidence of the lake breeze in Itai-
pu Lake is based on conventional meteorological data
gathered from two meteorological surface stations (Sti-
vari 1999). The geographical locations of the stations
can be seen in Fig. 2b: Foz do Igua,u Airport (25°35'S,
54°29'W) and the Itaipu power plant (25°24'S,
54°36'W). These stations are 13.3 km apart (Fig. 2a),
in the longitudinal (N-S) direction. These stations are
located, respectively, on the Brazilian and Paraguayan
sides of Itaipu Lake at 220 m above mean sea level.
The surface wind velocity and direction data utilized in
this work correspond to the monthly averaged values
observed at the Itaipu power station and Foz do Igua,u
Airport, during 1990 (January, March, April) and 1994
(October). The vertical structure of the local circulation
in the Itaipu Lake area was based on radiosonde
launched once a day (at 0830 LT) at Foz do Igua,u
Airport. The monthly averaged air temperature over the
Itaipu power plant and the monthly averaged lake water
temperature were based on daily measurements (0900,
1200, 1500, and 2100 LT) carried out between 1986 and
1994 in the vicinity of the Itaipu power plant meteo-
rological station. The observed horizontal thermal con-
trast was estimated as the difference between the month-
ly averaged daily air temperature over Itaipu Lake and
the monthly averaged daily maximum and minimum air
temperature over the Itaipu power plant meteorological
station. This approximation is valid because the maxi-
mum and minimum air temperatures over land occur
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FIG. 3. Schematic representation of the vertical grid distribution in
the TVM. The topography height Z,(x, y) is indicated with respect
to the mean sea surface level; the vertical extent of the atmosphere
ZT(x, y) is indicated with respect to the surface.

during daytime and nighttime, respectively, and because
the thermal amplitude over the lake is very small.

3. The TVM

A complete description of the nonhydrostatic version
of the TVM can be found in Thunis and Clappier (2000).
The TVM considers two atmospheric layers and two
soil layers (Fig. 3). The first atmospheric layer is an
interface layer, between the surface and atmosphere, in
which the meteorological parameters are estimated from
diagnostic relations and prognostic equations describing
surface processes. The second layer represents most of
the atmosphere and is located between the interface-
layer top and the atmosphere top. There, all meteoro-
logical parameters are prognosticated from the equations
of motion. The major characteristic of the TVM is that
it uses the vorticity. equation, eliminating the need to
deal explicitly with the pressure. The two soil layers are
basically equivalent to the vertical extent of diurnal and
annual cycles of soil temperature.

The interface layer is composed of the two first ver-
tical levels of the grid points and represents the atmo-
spheric surface layer (Fig. 3). The first grid point (z,)
is located at the height corresponding to the roughness
length (z0). The second grid point (z2) is located within
the surface layer and defines the top of the interface-
layer. The interface-layer turbulent fluxes -are estimated
over four types of surface: forest, agricultural, pasture,
and water. The parameters used to characterize each land
use are indicated in Table 1. There, the indicated soil
surface temperature was used as the initial condition
and the second-layer soil temperature was kept constant
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TABLE 1. Surface parameters.*

Surface type

Parameter Water Forest Agriculture Pasture

Surface albedo 0.09 0.16 (.10 0.23
Surtace emissix ity 0.98 0.93 0.9) 0.92
Heat capacity (O'0 J n I K ) 4.1 8 2.0 2.0 2.0

Atteniuation depth of diurnal cycle of soil
temperature (ul) _ 0.10 0.10 0.1 (

Roughness length (m) 0.()1 2.000 0.100 0.020
Soil surtace temperature (K) 299.0 299.0 299.0
Second-laver soil temperature (K) 3(10.6 300.6 3011.6

The water temperature was kept constant and equal to 302.2 K.

during simulations. The lake surface temperature was
also kept constant during the numerical simulations.

Above the interface layer, the time and space evo-
lution of thermodynamic, humidity, and dynamic struc-
tures are prognosticated from the thermodynamic. spe-
cific humidity, and vorticity equations. In this model,
only the horizontal cotnponents of the vorticity equation
are used. The topography (Fig. 2a) is taken into con-
sideration by writing the equations of motion in the
following topography coordinate system: (x, y, r),
where *r = Z,[(_- Z;)I(Z, - Z,)J is the vertical co-
ordinate, with Z,; as the topography height with respect
to the mean sea level and ZT representing the vertical
extent of the atmosphere with respect to the surface (Fig.
3).

Numerical .s cheme, and initial and boundary
conditionls

The potential temperature and specific humidity at
the first level of the model are initially estimated using
a finite-difference scheme forward in time for the soil
surface temperature and for the specific humidity equa-
tions. In this layer. the vertical turbulent fluxes and the
turbulent kinetic energy are estimated analytically using
Monin-Obukhov similarity theory expressions. consid-
ering the previously estimated specific humidity and po-
tential temperature. at the second level. Above the in-
terface layer, equations are also solved using finite-dif-
ference techniques. First, the turbulent kinetic energy
(TKE) equation is solved and is used to estimate dif-
fusion coefficients and the PBL height. This latter pa-
rameter is defined as the height at which the TKE drops
to 10% of its surface value. After that, the equations
are solved for potential temperature, specific humidity,
and vorticity components. The components of the wind
velocity are estimated from streamfunction vector com-
ponents based on vorticity components.

The numerical solutions of the vorticity, thermody-
namic. water vapor conservation, and TKE equations
are considerably simplified using a splitting technique.
Then, a third-order piecewise parabolic method (Colella
and Woodward 1984) is applied to solve the advection
terms in each direction. The diffusion terms are solved

using the Eulerian forward scheme. The streamfunction
components are numerically solved by the conjugate
gradient method. All variables are allocated in a grid
type "C." The horizontal domain. considered here, is
100 km in the zonal (x) direction and 180 km in the
meridional (y) direction. It covers the entire valley and
Itaipu Lake (Figs. I and 2). The grid spacings are 2 and
4 km in the x and v directions. respectively. The vertical
domain extends to 13 600 m, distributed in 25 grid
points. The vertical grid spacing varies from 30 m at
the surface to 5200 m at the top of the atmosphere.

According to the available data, the daytime largest
thermal contrast induced by Itaipu Lake occurs during
the summer/autumn months. This thermal contrast is
related to the larger solar energy input and the larger
frequency of clear sky days occurring during this period
of the year (Ratisbona 1976). The meteorological con-
ditions were set as representative of an undisturbed sum-
mer day (yearday 344) in the region of Itaipu (Table 2).
The model was initialized with a homogeneous wind
from the north because this is the large-scale flow pat-
tern expected in the Itaipu area during summer in the
absence of disturbances (Ratisbona 1976). The wind
intensity was chosen to be very small (2 m s 1) in order
to emphasize the local circulation. The vertical profiles
of potential temperature and specific humidity used as
initial conditions are displayed in Fig. 4.

The values of albedo, emissivity, and roughness
length for each land use cover, described in Table 1,
were obtained from literature considering the charac-
teristics of the soil and vegetation in the Itaipu region,
during a summer period (Sellers 1965; Stull 1988; Gar-
ratt 1992). The soil heat capacity was considered to be
constant in all grid points because the soil in this region
is predominantly oxisol. The surface resistance was also
set constant at all grid points and its value corresponds
to a condition of closed stomata. Therefore, in this re-
gion the different land use characterization is defined
only in terms of roughness length, surface albedo, and
emissivity. The soil temperature, used in the model, cor-
responds to the mean value observed in December at
the Itaipu power plant meteorological station. The water
temperature was based on observations carried out in
Itaipu Lake.
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TABLE 2. Input parameters.

Parameter Value

Yearday 344
Latitude in the central part of the grid 25°0 0'S
Longitude in the central part of the grid 54°62'W
Potential temperature at the first level of the model 300 K
Specific humidity at the first level of the model 15 g kg-'
Horizontal diffusion coefficient 200 m

2
s-1

Initial time 0600 LT
Period of simulation 26 h
Maximum time step 30 s
Vertical grid spacing Variable [From 30 m (surface) to 5200 m]
Zonal grid spacing 2 km
Meridional grid spacing 4 km

4. Numerical simulation results

To investigate the lake-breeze circulation, in the Itai-
pu area, four different numerical experiments were per-
formed. Three of them include the lake but consider
different topography and land use. The first experiment
(hereinafter called expt 1) utilizes real topography and
land use; in the second one, the topography is kept real
but the land use is considered as agricultural over the
entire land domain (expt 2). In the third experiment the
topography is set flat and the land use is also set as
agricultural over the entire land domain (expt 3). The
last experiment considers the real topography except
that the lake is removed, so the land use is regarded as
agricultural over the entire domain, including the part
that in reality is occupied by Itaipu Lake (expt 4). Table
3 summarizes the experiments. All the numerical sim-
ulations performed here started at 0600 LT and finished
26 h later, at 0800 LT. Therefore, the fields shown at
1500, 1800, 2100, and 0600 LT correspond, respec-
tively, to 9, 12, 15, and 24 h of numerical simulation.

3000

Ii)

a. Effect of topography and land use

Figure 5 displays, for the four different experiments,
the surface potential temperature and the horizontal
wind field at 15 m after 12 h (1800 LT) of numerical
simulation. The horizontal thermal contrast induced by
Itaipu Lake, during daytime, is negative and is on the
order of 7 K. The area occupied by the lake, at 1800
LT, is clearly delimited by the 306-K surface temper-
ature contour line (Figs. 5a-5c; expts 1-3). When the
lake is removed (expt 4), the thermal contrast induced
by the topography at 1800 LT is smaller, on the order
of 2 K (Fig. 5d). During daytime, the horizontal wind
field at the second level of the model (- = 15 m) shows
a divergence area over the central portion of the Itaipu
valley, exactly where the lake is located (Fig. 2b). At
1800 LT (Figs. 5a-c; expts 1-3) the lake-breeze cir-
culation pattern is clearly noticeable in the areas around
the lake. In expt 4 the divergence area is also present
(Fig. 5d) but shows a much less defined spatial pattern
with a smaller wind intensity when compared with the
experiments with the lake. This incipient flow is asso-
ciated with the mountain-valley circulation (anabatic
flow). The anabatic flow is also present in the simula-
tions with the lake and realistic topography (Figs. 5a,b)
but is masked by the stronger lake-breeze circulation.

Figure 6 displays, only for expt 1, the surface poten-
tial temperature and the horizontal wind field at 15 m
after 24 h (0600 LT) of numerical simulation. At night-
time, the horizontal thermal contrast induced by Itaipu
Lake is positive, reaching values on the order of 10 K
at the end of the night when the temperature over land
reaches a minimum. For instance, at 0600 LT the area
occupied by Itaipu Lake is clearly delimited by the sur-
face temperature contour line of 299 K. During the night

300 310 320 330 0 4 8 12 16

0(K) q (g kg-')

FIG. 4. Initial conditions for (a) potential temperature (K) and (b)
specific humidity (g kg-') estimated from soundings carried out in
Foz do Iguacu Airport, located about 20 km southeast of Itaipu Lake
(Figs. 1 and 2). The continuous line corresponds to the interpolated
curve through the mean values (solid squares) and is located within
the mean error (horizontal bars) range.

TABLE 3. Numerical experiments.

Expt Topography Land use Lake

1 Realistic Realistic Yes
2 Realistic Agriculture Yes
3 Flat Agriculture Yes
4 Realistic Agriculture No
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and expt 3 (flat topography). The lake is present and
the land use is assumed to be homogeneous in both
simulations. Figures 5b and 5c show that at the end of
daytime the horizontal wind field divergence intensity

_ 303 is basically due to the presence of the lake. It is inter-
esting to note that the lake-breeze horizontal extension
is larger in the realistic topography cases because of the

-u301 lake-breeze inland propagation intensification caused by
the anabatic flow present in the mountain-valley cir-

299 culation (Figs. 5a,b). This effect can be better visualized
when the lake is removed and the topography is main-

-297 tained as realistic, as in expt 4 (Fig. 5d). In this case,
a weak anabatic flow can be seen causing divergence

-295 in the bottom of the valley.

j_1
r_ i I.J

r <7

100

FIG. 6. Same as in Fig. 5a but at 0600 LT.

the flow close to the surface is basically laminar, and it
responds to the higher (lower) topography heights, in-
creasing (decreasing) its velocity and flowing from high
to low elevations. The roughness effect can be identified
comparing the wind field, at 15 m, generated by the
realistic land use experiment (expt 1; Fig. 5a) with the
one obtained assuming the land use is homogeneous
agriculture (expt 2; Fig. 5b). In both experiments the
topography is realistic and the lake is present. In expt
1, the convergence over the regions covered by forest
(Fig. 2b) is noticeable, and toward the end of the day-
time on the westem side of Itaipu Lake, superimposed
to the lake-breeze flow (Fig. 5a). Over forest the rough-
ness length is 20 times that over agricultural areas (Table
1), slowing down the flow over forest areas. Therefore,
the lake-breeze intensity is comparatively stronger in
the homogeneous case (Fig. 5b). Differences in thelake-
breeze flow caused by roughness are also present south-
east of the domain (Fig. 5a).

During the night, the wind intensity is weaker and
the turbulence is very small. Therefore, the near-surface
flow does not respond to the roughness length variation
as it does during daytime. At 0600 LT the roughness
effect is not very clear, with the wind field generated
by expt 1 (Fig. 6) and expt 2 (homogeneous land use,
not shown here) not presenting many differences.

The role of topography can be verified by comparing
the wind fields simulated in expt 2 (realistic topography)

b. Diurnal evolution of temperature and specific
humidity

It will be assumed, hereinafter, that the best repre-
sentation of the Itaipu Lake local circulation for undis-
turbed synoptic conditions, during a summer period, is
given by expt I (realistic topography and land use).
Therefore, all the results presented and discussed hence-
forth are based on the numerical results generated by
expt 1. The observations used hereinafter are based on
the meteorological dataset available from the region
(section 2).

The modeled diurnal evolution of the horizontal ther-
mal contrast between the lake and its surrounding land
can be seen in Fig. 7a where the air temperature dif-
ference between Itaipu Lake and the Itaipu power plant,
at the surface and 15 m, is displayed. During daytime,
the maximum horizontal thermal contrast induced by
the lake occurs around midday, being on the order of
-13°C at surface level and around -2°C at 15 m. These
values match with the thermal contrast inferred from
the observations (Fig. 7b) if it is considered that the
observations were carried out at screen height (1.5 m)
and that the largest vertical gradients of temperature are
confined near to the surface. During daytime, the ob-
served thermal contrast induced by Itaipu Lake at a 1.5-
m height is negative, varying from 00 to -1.5°C during
the winter/spring months, and between -2° and -3°C
during the summer/autumn months.

During nighttime, the modeled horizontal thermal
contrast induced by the lake is positive, reaching its
largest value, at 0500 LT, of about 7°C at surface and
1°C at 15 m (Fig. 7). These values do not match well
with the inferred ones (between 8.50 and 9.5°C; Fig.
7b). The observations and numerical simulations have
the right signal but their amplitude discrepancies are
large and cannot be explained with the available ob-
servations.

c. Diurnal evolution of horizontal wind and
horizontal wind divergence

The diurnal evolution of the simulated horizontal
wind velocity at Foz do Igua,u Airport (Figs. 8b and
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9b) demonstrates similarity with the observations,
showing that the daytime lake breeze and the nighttime
land breeze affect the wind diurnal evolution at this
place. The simulated wind amplitude at Itaipu power
plant (Figs. 8a and 9a), however, is considerably larger
thati the observed wind amplitude at the same location.
Between 0900 and 1600 LT, the wind vector presents a
clockwise rotation at the Itaipu power plant (Fig. 9a)
and a counterclockwise rotation at Foz do 1guac,u Air-
port (Fig. 9b). Between 1600 and 2400 LT the wind
vector at the Itaipu power plant rotates counterclock-
wise. while at Foz do Igua,u Airport it remains rotating
counterclockwise. During daytime the wind rotation pat-
tern is consistent with the lake-breeze circulation sys-
temn.

The diurtial evolution of the horizontal divergence
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(Fig. 10), estimated using the wind simulated in grid
points corresponding to Foz do 1guacu Airport and the
Itaipu power plant (Fig. 2), matches well with the ob-
served divergence. However, during daytime, the max-
imum amplitude of the simulated divergence is about
twice the observed divergence in the area. On the con-
trary, nighttime observations indicate a larger conver-
gence.

cl. Vertical anld horiz.ontal Ilake-breeze extent

The analysis of the lake-breeze spatial distribution-
carried out in terms of its inland propagation, intensity,
and vertical depth-was performed investigating the
wind field cross sections in the vertical plane. aligned
to the latitude of the Itaipu power plant (Fig. 2a). Along

Observed( ) Modeled
0

-2 . ,1-

-3 Foz do Iguagu Airport

0 6 12 18 24

0 X s HA; -.,, 

> -

-3 Foz do Iguaqu Airport

0 6 t2 t8 24
Local time (h)

Ftci. 8. Temporal evolution of the (top) zonal and (bottom) meridional wind cotnponenits at (a)
the Itaipu power plant and (b) Foz do Iguacu Airport. The dotted lines represent the modeled
values and the continuous lines are the observed values. The vertical bars correspond to statistical
error.
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FIG. 9. Hodograph for the temporal evolution of the winds at (a) the Itaipu power plant and
(b) Foz do Igua,u Airport. The modeled hodograph (black) corresponds to hourly winds, and
the observed hodograph (red) corresponds to the hourly monthly averaged winds. The numbers
indicate LT, and the arrows correspond to the daily averaged wind.

this latitude the lake is approximately 10
the land use is predominantly pasture (smi
western side of the lake and agriculture
the eastern side (Fig. 2b). On the easter
lake, there is a lake branch, about 4 km wi
to the main water body. Between the mair
branch there is about 2 km of land coven
In this latitude, the lake margins are locai
= 44 km and x = 64 km and are shown as
in Figs. 11-15.

After midday, the circulation around ti
ities becomes a defined lake-breeze ciri
senting a clear horizontal divergence in
direction over the lake area (Figs. 1 1a-c)
(Fig. 1 Ia) the lake-breeze circulation in
rection reaches -2.5 m s-I on the weste.
lake at x = 20 km and 2.0 m s- on the e
x = 68 km and x = 74 km. The existencc
on the eastern side of the lake is relate

1.5xl1&

l.OxlOA

',, 5.0x10 5

a- 0.0
fi

-5.0xl0 5 I

0 6 12

Local time (h)

FIG. 10. Time evolution of the modeled (continut
served (line and solid square) horizontal wind dive
winds at the Itaipu power plant and Foz do Igua
observed divergence was estimated from the monthly

km wide and branch presence. At 1800 LT (Fig. llb) the lake breeze
oother) on the reaches its maximum intensity and horizontal extension,
(rougher) on with -3.5 m s-' on the western side of the lake at x =

*n side of the 10 km and 2 m s-I on the eastern side of the lake at x
de, connected = 75 km. At 2100 LT (Fig. llc) most of the domain
i lake and this is under negative zonal component flow. The vertical
ed by pasture. extent of the lake breeze can be inferred from the vertical
ted between x extent of the direct circulation; between 1500 (Fig. 1 la)
vertical lines and 1800 LT (Fig. llb) it reaches about 1500 m on both

sides of the lake. During this period the lake-breeze
he lake vicin- countercurrent is confined to the layer between 1500
culation, pre- and 3000 m (Figs. lla,b). At 0600 LT the flow has a
the zonal (x) very small component in the zonal direction (Fig. I1 d).
). At 1500 LT On the eastern side of the lake at 1500 LT the me-
the zonal di- ridional wind component (Fig. 12a) indicates the pres-
rn side of the ence of two negative cores near the surface-one over
-astern side at the lake and another over its branch-that seem to be
of two cores associated with the channeling effects caused by the

d to the lake stable stratified surface layer over the lake. Over land,
the lake-breeze circulation induces a positive core on
the eastern side of the lake at x = 90 km and on the
western side at x = 5 km. At the end of the night (Fig.
12b) the horizontal flow is basically meridional once,
at this hour, the wind zonal component is very weak
over the entire domain (Fig. lId).

As mentioned above, the lake-breeze front is char-
acterized by convergence and vertical motion. Follow-
ing the inland propagation of this front between 1200
(not shown here) and 1800 LT it can be found that the

--.*. - lake breeze in the Itaipu power plant latitude propagates
inland at approximately 5.1 km h-' (average over both
sides). Numerical simulations with 50-km-wide lakes

, . . . . . have shown propagation speeds of 5 (Neumann and
18 24 Mahrer 1975) and 10 km h-' (Physick 1976). When

compared with the larger lakes, the Itaipu Lake breeze
front propagates inland faster because of the topographic

gline)and othe mountain-valley circulation, which contributes to the
1,u Airport. The inland propagation. Despite other effects that can influ-
Iaveraged winds. ence the inland lake-breeze propagation, such as the
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effects caused by the land use, the largest inland prop-
aoation \elocity was obtained with the most realistic
experiment. as can be seen by comparing the lake-breeze
fronits in Figs. 5a-c.

e. ThMpetCt of the lake-b1ree.e circulation ott tile local
PBL

The spatial distributionis of potential temperature (Fig.
13) and specific humidity (Fig. 14), at 1500 and 1800
LT. reveal the impact caused by ltaipu Lake on the local
PBL. At 1500 LT there is a very well developed mixed
layer with a potential temperature of 309 K and a ver-

(a) 15:00 LT

E-
.)
(G^

X (km)

tical extension varying from 1900 m in the western part
of the domain to about 1500 m in the remainder of the
domain, except over the lake (Fig. 13a). There is also
a very convective surface layer with superadiabatic ver-
tical gradients concentrated in the first 250 m. Over the
lake, the PBL is stably stratified and much cooler than
over land. The horizontal thermal contrast, caused by
the presence of the lake, can be noticed up to 1000 m.
At 1800 LT. the superadiabatic vertical gradients have
subsided, and the colder area around the lake indicates
how wide the cooling induced by the lake in the PBL
was (Fig. 13b). At this time, the mixed-layer vertical
extension gets snmaller, reaching over the eastern side of

(b) 06:00 LT
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FIG. 13. Same as in Fig. 11 but for potential temperature (K) at (a) 1500 and (b) 1800 LT. The
vertical lines indicate the lake position.

the lake about 1000 m. The shrinking of the mixed-
layer extension is caused by the intensification of the
radiation cooling of the atmosphere at the end of day.

The specific humidity follows a similar pattern. At
1500 LT, a 1500-m-high mixed layer with specific hu-
midity on the order of 11 g kg-' is present over land
(Fig. 14a). At 1800 LT, the layer with specific humidity
equal to 11 g kg-' can be observed up to 2000 m over
land (Fig. 14b). At both times, over the lake the moisture
is larger than over the land, in the first 250 m; above
this level, the specific humidity over the lake is always
smaller than over the land. The horizontal contrast be-
tween the lake and the land, above 250 m, reaches as
much as -4 g kg-' at 1500 LT (Fig. 14a) and -5 g
kg-' at 1800 LT (Fig. 14b). The intense moisture con-
trast is due to the subsidence of drier air over the lake
and the presence of intense turbulent PBL mixing over
land, generated during the maximum solar heating pe-
riod of the day. In the first 250 m, the advection of
moisture has a minor role in the spatial distribution of
specific humidity in comparison with the vertical di-
vergence of the vertical turbulent flux.

The PBL height, at 1500 LT, can be better visualized
by the TKE spatial distribution at 1500 LT (Fig. 15).
The TKE over the lake is very small, near zero. Over
land areas the TKE reaches a maximum of 2.3 m2 S-2

(a) 15:00 LT

'5

E
.2
oo

X (km)

During nighttime, as a result of the low wind intensity
close to the surface, the turbulence intensity is very
small (not shown here). It is interesting to observe the
good matching between the spatial patterns of potential
temperature (Fig. 13a), the surface layer vertical gra-
dient of specific humidity (Fig. 14a), and the TKE (Fig.
15). These results are consistent and show that during
daytime the lake-breeze circulation, induced by the lake,
has a strong effect on the PBL area around the lake.

5. Discussion and conclusions

The lake-breeze circulation over the Itaipu Lake area
was numerically investigated using a mesoscale model
called NH-TVM. The numerical simulations included
realistic topography and land use information in a 100
km X 180 km area around the lake. Initial and boundary
conditions were set up to reproduce a typical undis-
turbed condition during summer in the area.

Four different numerical experiments were performed
to investigate the role played by topography, land use,
and lake-breeze circulations in the Itaipu area. Expt 1
included realistic topography and land use with the lake
presence; expt 2 included realistic topography and ho-
mogeneous land use with the lake presence; expt 3 uti-
lized level topography and homogeneous land use with

(b) 18:00 LT
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FIG. 14. Cross section along the Itaipu power plant latitude for specific humidity (g kg-') at
(a) 1500 and (b) 1800 LT. The vertical lines indicate the lake position.
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dicate ilie lake position.

the lake presenice: expt 4 assumed realistic topogiraphy
and homogoeneous land use without the lake presence.

The first conclusion is that Itaipu Lake (7.5 km xwide
anid 170 kimi lono) was able to generate and sustaini a
lake breeze. xwhich is formed around 120() LT and dies
out arounid 2100 LT. Regardless of the land use and
topography. the presence of ltaipu Lake is the main
reason for the existence of the lake breeze in the Itaipu
valley area duLinig daytime. The numrlieical results in-
dicated that the convergence zone follows the lake con-
tour: even in its complex part where the lake braniches
out. When the realistic topographiy is considered in the
model. the circulation induced by the lake is much stron-
ger and more delined than the circulation obtained when
the lake is removed. The lake breeze becomes visible
arounid 12(0) LT and reaches its maximum intensity and
size approximilately at 1800 LT. The negative horizontal
thermial contrast associated with the presenice ot'the lake
is the malin cause of the lake breeze. The maximum
horizonital dil'f'erential heatin- between land and lake
occurs arotUnd 1500 LT ( 13 K at the surface and 2 K at
15 m). At this time. the vertical extent of' the direct
cilculatioll is on the order ol' 1500 in. the maximum
vertical motion is approximuately 60 cm s 1. and the
lake-breeze intensity is approximately 2.5 in s . At
1800 LT the lake breeze reaches its maxiLilum intenisity
(--3.5 m s ') and horizonital extension (5(-) kin).

It was l'ound that the land use effect is important in
the spatial distribution of the lake-breeze circulationi in
the region of' ltaipu Lake. The results indicated that the
lake breeze is more intense and spreads over a larger
area wxxhen the reailistic land use is sLibstitutecl by ho-
iogoleneous land use. This effect is basicallv due to the
roughiness length: the lake breeze can be retaided in the
regions covered by forest (eastern side). inducin- hor-
izontal convergence and sustaining stronger vertical mo-
tion. The topography contributes to modulation of the

lake-breeze intensity. The valley-mountain thermal con-
trast seems to be intense and acting over a horizontal
area large enough to contribute to the horizontal diver-
gence over the lake area by an anabatic circulationi.
Therefore, the lake breeze is stronger in the presenice
ot topography. During nighttime there is an incipient
convergence over the investigated area that seems to be
associated with the positive thermal contrast. This effect
becomes more visible at 0600 LT when the thermal
contiast reaches its maximum. The existence of a con-
vergence zone over the bottom of the valley, when the
lake is removed, indicates that the katabatic circulation
may be contributing to the observed convergence pat-
tern during nighttime when the lake is present.

The characteristics of the lake breeze generated by
the numilerical experiments are consistent with the ob-
servations available in the area. The discrepancies found
between observed and modeled results can be due to
the fact that the comparison is between modeled typical
cases and monthlly averaged observations. It is very dif-
ficult f'or the model to reproduce averaged circulations.
The study performed here, however, has its validity re-
stricted to the summer conditions in the ltaipu region.
The a-riculturallyL active areas can change seasonally
and, therefore, one could expect to find a different cir-
culation pattern during the winter period. The different
large-scale circulation anid the seasonal variationi of soil
water content could also at'fect the lake-breeze circu-
lation over the region. Accordin- to Shen (1998), the
stronger ef'fect would be related to the seasonal variation
of the soil wxater content. A deeper inland lake-breeze
penetration could also be expected because the forest.
in the western side of the region. is progressively being
replaced by agricultural areas. The next step will be the
investigation of' the lake-breeze circulation over Itaipu
during winter conditions.
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