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Abstract: Using a high resolution model of Large Eddies Simulation (LES), named PALM from
PArallel LES Model, a set of simulations were performed to understand how turbulence and
convection behave in a pasture and forest sites in Amazonia during the dry and rainy seasons. Related
to seasonality, dry period presented higher differences of values (40 W m−2) and patterns over the
sites, while in the wet period have more similar characteristics (difference of −10 W m−2). The
pasture site had more convection than the forest, with effective mixing and a deeper boundary layer
(2600 m). The vertical decrease of sensible heat flux with altitude fed convection and also influenced
the convective boundary layer (CBL) height. Regarding the components of turbulent kinetic energy
equation, the thermal production was the most important component and the dissipation rate
responded with higher growth, especially in cases of greatest mechanical production at the forest
surface reaching values up to −20.0.
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1. Introduction

The Amazon region is the largest rainforest on the planet and it is currently a large focus of
scientific research because of its influence on climate. As an example, there are several experiments
taking place led by LBA (Large Scale Biosphere—Atmosphere Experiment in Amazonia) together with
several countries, where amongst the various objectives is to understand better the interactions
between forest and atmosphere Recently, new experiments, such as the ATTO (Amazon Tall
Tower Observatory [1]), GoAmazon2014/15 (Green Ocean Amazon [2]) and ACRIDICON [3] have
been installed.

Although the Amazon basin has great climatic significance, systematic errors in weather
forecasts [4] and climate analyzes are still observed due to lack of complete understanding of
Amazonian atmospheric characteristics, especially regarding the replacement of forests by pasture sites.
It is known that the Amazon forest preserves by recycling moist air passing over it, which brings rainfall
to inner areas, distant from the oceans, in the continent. This is achieved by the innate ability of trees
to transfer large volumes of soil water into the atmosphere through evapotranspiration. Contributing
to local [5], regional [6,7] and global [8,9] processes. From 1980 to 2007, Amazon deforestation reached
432,000 square kilometers, which corresponds to almost 15% of the Amazon region, a figure that is still
growing. This substitution leads to changes in climatic conditions [10,11], which need to be studied
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to know the complete impact of these changes, especially with respect to the Planetary Boundary
Layer (PBL).

A previous study [12] observed that the main cause of precipitation in the macro- and
meso-scale circulation in the Amazon region and the dynamic processes can be grouped into three
types: (a) daytime convection resulting from surface heating and favorable large-scale conditions;
(b) instability lines originated in the north-northeast coast of the Atlantic; and (c) convective
Cumulonimbus clusters of meso- and large-scale associated with the penetration of frontal systems
in the S/SE region of Brazil and interacting with the Amazon region. Thus, it can be noted that
this region is strongly influenced by convection, having the most intense convective precipitation of
South America [13], determining the convection heating as an important mechanism of the tropical
atmosphere and its variants in terms of intensity and position. According to Horel et al. [14], the
positions of strong convective activity and consequent rainfall is related to seasonality, in which
the northwest (southeast) of the Amazon Basin monthly rainfall develops during the Southern
winter (summer).

The current advances in computer sciences and other analysis tools are used to do general
modeling studies, particularly in the micrometeorology area. While these advances for large scale
numerical simulation allow the insertion of new and more comprehensive data and equations
for an improvement in model results, modeling at other scales, such as the use of Large-Eddy
Simulations (LES), allows for combinations of processes with a good reduction of the computational
cost and providing deeper analysis of smaller scale phenomena. Examples of common use of
turbulence-resolving LES in microscale studies is the interaction between the surface and the convective
boundary layer (CBL) by resolving the bulk of the energy-containing eddies that has been exploited
by several different groups [15–19]. The LES model is a very powerful tool, and its use increases the
knowledge of the convective boundary layer characteristics that are not commonly measured, such as
turbulent kinetic energy balance, entrainment fluxes at the top of CBL and the temporal variation of
the CBL growth, amongst others.

The main objective of this work was to conduct analyses of the behavior of heat and humidity
flows in the convective boundary layer associated with surface conditions by using a high resolution
LES numerical mode to better understand the patterns of turbulence and convection in different
Amazonian sites. For this, cells and convective structure characteristics and their occurrence were
analyzed on two different contrasting surface types, a site which is covered by pasture (a deforested
area) and the other by a primary forest region for different seasons (dry and wet periods).

2. LES Model and Simulation Set-Up

2.1. Sites and Data Experiments

The areas chosen are representative of forest and grassland/pasture sites in Amazonia (more
details in [20]) and they can be summarized as follows (Figure 1).

The forest area is located at the Biological Reserve of the Jaru River (hereafter FOR) at the
coordinates 10◦05’02” S, 61◦55’55” W, located approximately 80 km northeast of Ji-Parana. This is
an extensive area of 268,150 ha of almost intact upland rainforest, with average height of the canopy
around 33 m, protected and preserved by the Brazilian Institute of the Environment (IBAMA).

The pasture area at Nossa Senhora Aparecida Farm (hereafter PAS) is at 10◦46’25” S, 62◦20’13” W,
located 15 km from Ouro Preto d’Oeste village. It is a cattle breeding farm, where natural vegetation
(forest) was completely removed and replaced with grass (Brachiaria).
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Figure 1. Location of experimental sites. Source: http://www.lba.iag.usp.br.

At both sites, several field campaigns were carried out to obtain surface measurements and
atmospheric conditions data. Among them, the data collected during the experiment “Rondônia
Boundary Layer Experiment” (RBLE3) are often used to represent the dry season (hereafter, DRY), the
measurement period for which occurred between 13 and 25 August 1994, covering the most intense
phase of DRY [20]. These measurements consisted of radiosonde data, automatic weather station and
turbulent flux data for surface data. The rainy season is hereafter referred to as WET.

2.2. The Parallelized LES Model (PALM)

The LES model was an implementation from Raasch and Schröter [21] and later improved by
Maronga et al. [22]. The implemented version has a computational structure capable of optimum
performance and high scalability to calculate architectures that are massively parallelized. PALM
has been a very useful tool in various geophysical applications including the convective boundary
layer [15,18,23,24], weakly stable boundary layer [25,26] and in neutral conditions [27,28].

Some general characteristics of PALM are that it is based on the Navier–Stokes equations,
assuming the non-hydrostatic hypotheses, incompressible fluid and Boussinesq approximation. The
equations for conservation of mass, energy and moisture are filtered on the grid size [29] and the
molecular diffusion and radiation processes are generally neglected [21].

The subgrid-scale (SGS) turbulence is parameterized according to the [30] model which includes
a predictive equation for turbulent kinetic energy of SGS (SGS-TKE), e
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where I is local storage and II is advection of TKE in the horizontal averaged resolved-scale turbulent
kinetic energy, III is the shear production (SP) term representing the conversion of mean flow kinetic
energy to resolved-scale TKE, IV acts as either buoyant production or destruction (TP) term depending
on the sign of the vertical heat flux, V is the net result of resolved-scale turbulent transport (TP)
term, which represents the transport of resolved-scale kinetic energy by pressure fluctuations, and
VI is the dissipation rate ε (VD) term [31,32]. Here, ui are the velocity components (u, v, w); xi are
the Cartesian coordinates (x, y, z); ρ0 is the density of dry air; g is the gravitational acceleration;
and θv = θ (1 + 0.608q − ql) is the virtual potential temperature with potential temperature θ, specific
humidity q and liquid water mixing ratio ql. The variables with the double prime represent the SGS
components and all the variables are filtered ones, but the overbar indicating filtered quantities is
omitted except for the SGS flux terms for readability [28].

The SGS fluxes in the filtered equations (conservation of mass, energy, moisture and Equation (1))
are parameterized using the SGS eddy viscosity and diffusivity km (subgrid-scale eddy coefficient for
momentum) and kh (subgrid-scale eddy coefficient for scalar quantities) as in the sensible and latent
heat equations
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where cm = 0.1 and ∆s = 3
√

∆x∆y∆z. The SGS mixing length (l), in Equations (6) and (7), is calculated
based on the vertical variation of virtual potential temperature [29]. The model equations are
discretized by finite differences.
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where z is the distance from the bottom. More information [21]

2.3. Domain Size Configuration

For the different conditions (in terms of surfaces and seasons), the simulations were generated
for a domain of 10 km × 10 km × 5 km with a grid spacing of 50 m × 50 m × 50 m to reduce
the computational demands. About 80 grid points were used in the vertical direction, stretched
(Equation (8)) well above the capping inversion (3400 m) to further reduce the computational load [33].

dz(k + 1) = dz(k)× s f (8)

where dz is the vertical grid space and sf is the stretch factor, which goes from 1.10 to 1.12.



Atmosphere 2018, 9, 399 5 of 13

The simulations had a cyclic boundary conditions, so that the same characteristic turbulences
could be returned to the central point of the simulation, considering a feed of the same environment to
the created domain.

To analyze the consistency of the grid spacing, two different grid spaces were tested for the
simulations with the 15 August 1994 data, one with 25 m and other 50 m, for which the computational
cost and an appropriate resolution for maximum analysis of model outputs determined the choice.
To compare the results of the grid test simulation, the following statistical methods were used to
compare each of the grids points of whole domain (N pairs of simulations and observations): the first
was the Bias (Equation (9)), which is the simplest method, but it defines very clearly the systematic
error (underestimation or overestimation), wherein S25m and S50m are, respectively, the results of
simulations with 25 and 50 m grid spaces and N the number of data used in comparison. The second
method was the Root-Mean-Square Error (RMSE), in Equation (10), a method commonly used due to
its sensitivity to major differences between the compared series. To obtain congruence in the number of
grid points and thus compare both the simulations, in S25m, the grid points were used every 50 m grid
spacing. They can be any non-negative value and have the same unit of measurement of the series.

Bias =
1
N ∑(S25m − S50m) (9)

RMSE =

[
1
N

N

∑
1
(S25m − S50m)

2

] 1
2

(10)

Using the metrics described, the results obtained (Table 1) for the variables of potential temperature (θ),
specific moisture (q), vertical velocity (w), sensible (w′θ′) and latent (w′q′) heat flux, turbulent kinetic
energy (TKE) and friction velocity (u*) showed that there is no significant loss of information in the
CBL simulation when a spacing of 50 m is selected, in addition to a reduced time gain (approximately
3 h per simulation). Thus, all simulations were performed with this spacing.

Table 1. Statistical comparison of BIAS and RMSE between 25 m and 50 m grid spacings.

Θ q w w′θ′ w′q′ TKE u∗

(K) (g kg−1) (cm s−1) (K m s−1) (kg kg−1 m s−1) (m2 s−2) (m s−1)

Bias −0.15 0.22 0.02 1.11 × 10−7 1.87 × 10−13 −2.33 −0.01

RMSE 5.17 × 10−4 0.52 0.05 1.52 × 10−6 2.6 × 10−12 −2.35 0.02

For the lateral boundary conditions, cyclic characteristics were used so that the local turbulent
conditions could be more intensified.

2.4. Initialization and Forcing of the Simulations

To be representative of the seasons, simulations were performed with characteristic data of each
period for one representative day. The days used were 15 August 1994 for the DRY period and
12 February 1999 for the WET period.

Since the interest was the convective systems, numerical simulations were started at 08:00 local
time (LT), which is the time of the erosion of Nocturnal Boundary Layer and avoiding negatives fluxes
prior to the sunrise. Besides surface temperature and humidity measurements, local characteristic
profiles of potential temperature, specific humidity data (Figure 2) and wind components (not shown)
were obtained by radiosondes launched in the experiments [20,34]. The comparisons were quite
satisfactory for both sites, with values not exceeding 2.0 K of potential temperature vertically, while for
specific humidity 2.0 g kg−1 for pasture and approximately 1.0 K and 4.0 g kg−1 for the forest.
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In addition, surface fluxes from local measurements using eddy covariance technique were used 
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Figure 3. Time series of the prescribed (marks) and LES simulation horizontal mean (solid lines) of 
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to its ability to measure the intensity of turbulence and describe processes through physical 

Figure 2. Vertical profiles of potential temperature (θ) and specific humidity (q) in the course of the
day for: FOR (a,c); and PAS (b,d) sites, during: DRY (a,b); and WET (c,d). The LES profiles are domain-
and time-averaged (solid lines, 10-min mean), while sensor data are shown by dots.

In addition, surface fluxes from local measurements using eddy covariance technique were used
as driven (or given) surface sensible (w′θ′) and latent (w′q′) heat flux for each respective land use
type (Figure 3). Another characteristic used to distinguish each of the surfaces was the roughness
length (z0), with the value of 3.03 m for the forest and 0.06 m for pasture, as suggested previously by
Santos et al. [35].
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2.5. Budget Turbulent Kinect Energy (TKE) Analysis

As suggested by Stull [36], TKE is one of the most important variables in micrometeorology
due to its ability to measure the intensity of turbulence and describe processes through physical
properties of Atmospheric Boundary Layer (ABL). Thus, with the goal of analyzing the budget of TKE
(Equation (1)), neglecting subsidence, it represents: local storage or trend (LS); buoyance production or
consumption (BP); shear production or loss (SP); turbulent transport of TKE (TT); pressure correlation
(PC); and viscosity dissipation of TKE (VD). However, among the above terms, only BP, SP, TT and VD
were analyzed, due to the interest in the convection produced by the amount of heat and mechanical
production, and the transport and dissipation characteristics in each site and season.

3. Results and Discussion

3.1. Characteristics of Vertical Profiles and Surface Conditions

Temporal evolution of vertical profiles of potential temperatures and moisture, computed by
horizontal mean of scalar values, over the experimental sites is plotted in Figure 2. The solid black line
represents the initial data used to initialize the LES PALM model.

A cooler and drier condition was evident at early morning (08:00 LT) featuring a strong stability
near the surface during the DRY for both sites. As an initial condition, there is a remaining and deeper
NBL about 475 m height. The WET initialized thermal profiles by setting a CBL at 125 m. Because the
stability at the surface formed at night condition is more intense during the dry periods, it is possible
the CBL growth takes longer to start the diurnal convection. Another fact contributing to the difference
in the initial profiles between seasons was the influence of higher humidity during the WET, which
causes a strong stable stratification on both sites.

Due to the strong convection that takes place during the day, climatic elements such as rain
can cease the growth of the CBL evolution and develop a new structure of mixed layer, keeping this
pattern during the residual layer, even in the day after during the nocturnal boundary layer erosion.
An example is the DRY case in the forest: at 08:00 LT, the profile presented a case in which two residual
layers occur, one just above the NBL height at 450 m and the other one at the interface between PBL
and the free atmosphere (around 2625 m).

The moisture profiles during DRY were drier and not so well mixed layer at high altitudes,
with lower humidity in the CBL (except a relatively small neutral layer of 9.0 g kg−1) in the initial
profile. At late afternoon (14:00–17:00 LT), the moisture profile showed neutral layers of approximately
8.0 g kg−1, with mixed layer height lower than those observed, possibly due to absence of large-scale
horizontal advection. At the pasture site, there was greater presence of moisture at high altitudes;
since convection contributes to the greater moisture through vertical transport near the surface, it does
not show major differences between the observed and simulated altitudes of layers. With the lack of
horizontal advection and the increase of moisture at the advent of the rainy season, mixing layers
contain higher humidity on FOR and PAS sites, respectively, 12.0 and 13.5 g kg−1.

In general, with respect to the observed profiles, temperature profiles showed differences of about
1.0 K at both sites in WET, while the moisture profile in the DRY ranged 1.0–1.5 g kg−1.

Figure 3 shows the comparison of surface turbulent fluxes (sensible and latent heat) used as forcing
boundary conditions. During the DRY period, the mean w′θ′ and w′q′ (maximum of 448.4 W m−2)
over FOR was higher (100.0 W m−2 and 130.0 W m−2, respectively) than over the PAS. For WET, the
mean w′q′ over the FOR was higher 337.3 W m−2 than over PAS, since this period has more moisture
and easily produces a larger flow of moisture. In general, w′q′ for WET was 40.0 W m−2 greater than
during the DRY period and both surface turbulent fluxes (w′θ′ and w′q′) showed diurnal variation.

The profiles of the components of the sensible heat flux (w′θ′), are: SGS (dashed line) and the
resolved (line dash-dot) partitions of w′θ′, and the sum of both terms, which is the total of w′θ′ (solid
line). In the component profiles, the SGS of w′θ′ shows that the model was able to solve most of the
vortices, except in locations where the presence of smaller vortices dominate. Analyzing the sensible
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heat flux profile of both sites and periods (DRY and WET) at 14:00 LT, the forest had the minimum
negative heat flux in CBL height, while more intense thermal energy production on the surface was
found in pasture. Other sensible heat flux characteristics are presented in Figure 4 as profile time series.Atmosphere 2018, 9, x FOR PEER REVIEW  8 of 13 
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is located, and so the vertical scale of each profile is normalized by its own zi in each case.

3.2. Sensible and Latent Heat Flux Time Evolution

Figure 5 shows the time evolution of horizontal average values of sensible heat flux (w′θ′) profiles.
During the DRY period (Figure 5a), the w′θ′ at forest is lower than the pasture and it becomes negative
at the height 425 m at 12:30 LT. However, the most intense negative w′θ′, of about −70.0 W m−2,
persisted longer over FOR, between 13:00 LT and 14:30 LT. The w′θ′ at pasture (Figure 5b) showed
high values (above 120 W m−2) between 11:30 and 14:00 LT. In the atmosphere, two vertical increase of
positive w′θ′ occurred at 11:30 and 14:30 LT, causing more intense convection and providing a rapid
growth of CBL height at these times. These abrupt w′θ′ growths with height, observed in the pasture,
are connected to the residual layer from the previous day. The positive values of w′θ′ has a maximum
at approximately 1600 m from 14:30 to 15:30 LT.

During WET, the w′θ′, compared to DRY, presented in the forest site stronger values, while on the
EZ level, DRY had more contribution of w′θ′. In the pasture (Figure 5d), w′θ′ are closer to DRY, even
with the pronounced w′θ′ variation due to clouds in WET. In WET, these values were very intense.
Over forest (Figure 5c), the maximum sensible heat flux presented energies of 174.6 W m−2 at 11:30
LT in surface and −86.5 W m−2 on the ZE (at 14:00 LT), occurring 190 min after the maximum at
surface. The physical reason to this difference of time is that the vertical movements at 14:00 LT are
more intense, transporting more heat from the surface to the inner of CBL and also with stronger
convective upper penetration movements (free atmosphere introducing heat to inside CBL). To the
pasture, after a decay of the w′θ′ to 51.9 W m−2 at 12:00 LT, a maximum occurred with 231.0 W m−2,
just before another decay (to 20.8 W m−2). From 14:30 to 16:00 LT occurred a very strong diminution
of energy emitted by the surface (with maximum value of 15.9 W m−2), possibly due to the cloudy
atmosphere, due to a value of zero of the w′θ′ in the EZ.
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The w′q′ in the DRY forest (Figure 6a) presented its maximum value at 13:30 LT with approximately
850.0 W m−2, just below the level of 1000.0 m. In the DRY pasture (Figure 6b), the maximum flow
also occurred at 13:30 LT, with a value of 900.0 W m−2 at 1700.0 m. In the forest site, this flow proved
to be more intense until the end of the day, while, in the pasture, shortly after the maximum, there
was a reduction in the intensity of w′q′. In the WET period, w′q′ over the forest was approximately
500.0 W m−2 between 13:00 and 14:00 LT, while at the top of the CBL its maximum was 687.5 W m−2 at
14:00 LT. Starting at 15:30 LT, there was a considerable reduction of w′q′ until the end of the day. Over
the WET pasture (Figure 7d), the EZ presented its maximum at 14:00 LT, as did the forest (Figure 6c),
but with lower intensity (450.0 W m−2). After 14:00 LT, w′q′ decreased until 102.6 W m-2 at the surface,
caused by the strong reduction of flux in the entire CBL. After 15:30 LT, w′q′ increased again, but
did not surpass 300.0 W m−2 inside the CBL. This strong reduction of surface energy flux was also
associated with the cloudy atmosphere.
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3.3. TKE Budget

Estimated dimensionless TKE budget profiles are presented in Figure 7 for 14:00 LT, which
represents the time of maximum convection activities. The terms are normalized by (w∗)

3/zi, in which
w∗ represents the scale of convective velocity and zi the CBL height. The ratio has an order of 10−3 m2

s−3. The boundary layer height zi is defined as the height where the minimum negative value of heat
flux is located, and the vertical scale of each profile is normalized by its own zi in each case.

Thermal or buoyancy production (TP) was very characteristic in both seasons, with a maximum
at the surface and decreasing with height to the minimum at the top of the CBL (zi = 1.0). Over the
FOR site, due to normalization with local conditions, during DRY (Figure 7a) and WET (Figure 7b)
periods, more intense TP values occurred in the CBL height than in the PAS, in relation to surface
values. However, during DRY, the characteristics of the profile were very distinct between the sites;
while in the PAS the reduction of buoyancy production occurred quickly, at the FOR it extended up to
about z = 1.5 zi. The energy at the top of CBL over the FOR interacts strongly with the entrainment
zone in the DRY, showing the high buoyancy active contribution to the CBL on this surface.

The shear production (SP), in the DRY period, in the FOR surface had a very high order close to
the surface with 2.2, decreasing until 0 by 0.3 zi deep inside the CBL and returning to produce more
shear with an order of 1.4. The maximum SP that occurred in the PAS was at the surface with only 0.4.
In WET period, PAS was almost totally absent and FOR presented a weak intensity at the top of the
CBL top. This difference shows the very intense convection that was produced during the DRY, due to
very high wind velocity.

The turbulent transport (TT) with the increase of convection tends to increase in intensity, but
it is important to remember that it is not responsible for creating TKE, just for distributing it. Over
FOR in DRY, TT near the surface was about −1.0, rapidly crossing 0.0 in z = 0.3zi determining the
downward movement for the rest of the extension of the CBL. The downward maximum transport for
this surface was 0.2 surpassing the CBL. With very strong ascendant but weak descendent movements
a compensation occurred diminishing the ascendant layer. The PAS shows a transport near the surface
of −0.7 and, after crossing the axis at approximately z = 0.5zi, remained below 0.4 until the top.
In WET, both sites had a very similar TT, with more intense ascendant transportation due to the
diurnal convection.

The viscosity dissipation (VD) shows a maximum near the surface especially when the winds
have high magnitude, decreasing just above until disappearing above the CBL. In FOR in the DRY
period, dissipation reached −3.2 with an average of −0.6 within the boundary layer. In the PAS, the
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dissipation rate was lower with a maximum at the surface of −1.7 and an average of −0.4 inside the
layer. However, in the WET period, VD was less intense than in the DRY, since the SP was also weaker.

4. Conclusions

This work reveals significant analyses of the behavior of heat and humidity flows in the convective
boundary layer associated with surface conditions by using a high resolution LES numerical model to
better understand the patterns of turbulence and convection in different Amazonian sites. For DRY
conditions, pasture observation produce a more highly heated surface than the forest, generating a
more intense convection on the simulations eroding its NBL about 30 min before it occurs in the forest.
In addition, due to this pasture heating, the final height of the CBL (2600 m) presents itself deeper than
over the forest (2400 m).

Inputting the effective mixing of the boundary layer in a LES model, due to strong convection
mainly in pastures, the latent heat flux shows a reduction and hence determines a greater amount of
radiation is partitioned to the sensitive heat flux, which may grow in value and time. This sensible
heat flux intensification with altitude feeds convection as well as the evolution of the CBL height.
However, when a high availability of moisture occurs, as in forest environments and principally in wet
periods, which contribute more moisture to the forest than the pasture, the latent heat flux is increased,
regulating the amount of sensible heat and its growth in the atmosphere.

Based on TKE budget, the thermal production is the most important component for the energy
process over both sites. The transport term is present with the same magnitude on all sites, and
reaches 0 at about z = 0.5zi for WET, but it is more sensible to the intense convection of the DRY.
In the forest, transport is the region with higher values, later in the day above 1.0. The dissipation
responds with higher growth, especially in cases of the next largest mechanical production at the
surface of the forest, reaching values up to −20.0. Considering the sites, the forest shows a higher
thermal energy sink on top of the layer, but the production of mechanical energy, at the same time,
helps in balancing dissipation.
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