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Abstract: This study investigated the erosion of the nocturnal boundary layer (NBL) over the central
Amazon using a high-resolution model of large-eddy simulation (LES) named PArallel Les Model
(PALM) and observational data from Green Ocean Amazon (GoAmazon) project 2014/5. This data
set was collected during four intense observation periods (IOPs) in the dry and rainy seasons in
the years 2014 (considered a typical year) and 2015, during which an El Niño–Southern Oscillation
(ENSO) event predominated and provoked an intense dry season. The outputs from the PALM
simulations represented reasonably well the NBL erosion, and the results showed that it has different
characteristics between the seasons. During the rainy season, the IOPs exhibited slow surface heating
and less intense convection, which resulted in a longer erosion period, typically about 3 h after sunrise
(that occurs at 06:00 local time). In contrast, dry IOPs showed more intensive surface warming with
stronger convection, resulting in faster NBL erosion, about 2 h after sunrise. A conceptual model
was derived to investigate the complete erosion during sunrise hours when there is a very shallow
mixed layer formed close to the surface and a stable layer above. The kinematic heat flux for heating
this layer during the erosion period showed that for the rainy season, the energy emitted from the
surface and the entrainment was not enough to fully heat the NBL layer and erode it. Approximately
30% of additional energy was used in the system, which could come from the release of energy from
biomass. The dry period of 2014 showed stronger heating, but it was also not enough, requiring
approximately 6% of additional energy. However, for the 2015 dry period, which was under the
influence of the ENSO event, it was shown that the released surface fluxes were sufficient to fully
heat the layer. The erosion time of the NBL probably influenced the development of the convective
boundary layer (CBL), wherein greater vertical development was observed in the dry season IOPs
(~1500 m), while the rainy season IOPs had a shallower layer (~1200 m).

Keywords: planetary boundary layer; kinematic heat flux; PALM model

1. Introduction

The Amazon rainforest is the world’s largest tropical forest, globally representing
more than half of the remaining tropical forests. A large number of convective activities
characterizes this region during the entire year [1]. However, the Amazon presents signifi-
cant seasonal differences due to the annual variation in atmospheric circulation and the
thermodynamic structure, and therefore well-defined seasons (rainy and dry) are observed.

Due to the importance of the Amazon forest and its influence on the climate, this forest
has been the focus of much scientific research over the years, with several field experiments
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on physical and biogeochemical processes being carried out at the atmosphere–biosphere
interface, in addition to studies of the implications of land cover, climate, and cloud
formation. Recently, the Green Ocean Amazon (GoAmazon) project was carried out during
the years 2014 and 2015 (described in [2]). Within the context of GoAmazon sought to
describe convection in the Amazon, the understanding of various physical processes
evolved with the project, for example, differences between the rainy and dry seasons,
which were examined from a variety of perspectives [3,4].

The stable phase of the planetary boundary layer (PBL) is also known as the nocturnal
boundary layer (NBL), and it is characterized by atmospheric processes on a timescale of
the order of a few hours, with a maximum vertical extension around 500 m [5], presenting
a thermal inversion layer close to the surface. The NBL is governed by a multiplicity of
processes such as turbulence, radiative cooling, interaction with the earth’s surface, gravi-
tational waves, katabatic flows, fog, and dew formation [6–8]. The NBL normally contains
wave motion and offers a variety of temperature and flow regimes, which are subject to
movements of local and non-local origin [9,10], and with turbulence that is essentially gen-
erated by wind shear, which is highly intermittent. According to Sun et al. [11], turbulent
kinetic energy (TKE) and turbulent potential energy (TPE) are important variables for the
determination of the stability regime within the NBL.

The transition from the stable to the convective phase (nighttime to early morning),
also known as NBL erosion, begins after sunrise, when the surface warms up and the
sensitive heat flow (H) at the surface becomes positive, eroding the nocturnal thermal
inversion and generating an unstable layer close to the surface, in which the classical
daytime convective boundary layer (CBL) begins to develop starting from the surface. The
NBL erosion is important in the study of the development of the PBL, since the atmosphere
changes from a state of thermal stratification, with little or no turbulence, to a situation in
which convective processes with intense turbulence start to predominate. However, the
details of NBL erosion are still not well documented in the literature, especially for the
Amazon region.

PBL heights are difficult to detect by routine meteorological measurements due to
their complex dynamic and thermal properties [12,13]. Studies generally use sounding data
to calculate the height of the PBL. However, the frequency of soundings is limited, usually
in synoptic times, which is not sufficient to conduct studies of long-term trends in the
height of the PBL [14,15]. Recently, some remote sensing instruments, such as ceilometers,
light detection and ranging (LIDAR), and sound detection and ranging (SODAR) have
become available and have been used to calculate the height of the PBL [16–19].

Due to these difficulties in making continuous measurements of the height of the PBL,
especially in remote areas, the advancement of computational tools to carry out general
modeling studies, particularly in the area of micrometeorology, has increasingly become a
powerful alternative for these studies. One of these advances is the modeling of large-eddy
simulation (LES), which allows combinations of processes with a considerable reduction in
computational cost, while providing deeper analysis of micro-scale phenomena. The LES
model is a very powerful tool, and its use increases the knowledge of PBL characteristics
that are not commonly measured, such as turbulent kinetic energy balance, drag fluxes at
the top of the PBL, and temporal variation in CBL growth, among others [20].

This study’s main goal was to carry out analyses of NBL erosion and the energy fluxes
involved in the erosion process using a high-resolution numerical model, the LES- PArallel
Les Model (PALM), and observational data in order to achieve a better understanding of
this phase of the PBL in the central Amazon region. For this, the characteristics of the
height of the PBL in the period of erosion and the kinematic heat flux were analyzed in
four periods of intense observations during the rainy and dry seasons of the years 2014
(typical) and 2015 (influenced by ENSO).



Atmosphere 2021, 12, 240 3 of 17

2. Material and Methods
2.1. Description of the Experimental Area

The data set used is from the GoAmazon project 2014/5, which was collected at the
experimental site called T3 (03◦12′36′ ′ S; 60◦36′00′ ′ W). The T3 site was located to the north
of the Municipality of Manacapuru in the State of Amazonas (Figure 1), the central region of
the Amazon, about 80 km from the city of Manaus. The region’s altitude is approximately
50–60 m [2,18].

Figure 1. Geographic location of the Municipality of Manacapuru, Amazonas, and the T3 study area.

The data collection site, hereafter referred to as T3, is an area of pasture vegetation in
a 2.5 × 2.0 km2 clearing, 2 km north of the nearest road (AM-070) that connects Manaus
with Manacapuru. The surroundings (∼1 km away) consist mainly of secondary forest [21].
The main objectives and some results of the GoAmazon project are described by Martin
et al. [2]

In the present study, data from observations of the rainy and dry seasons of 2014/2015
were used, and these data collection periods were referred to as intensive observation
periods (IOPs). The measurements of the rainy seasons were carried out from 15 February
to 31 March 2014 (IOP 1) and 2015 (IOP 3), and the measurements of the dry seasons were
carried out from 1 September to 15 October 2014 (IOP 2) and 2015 (IOP 4). The IOPs were
planned to capture the peak of the rainy (February/March) and dry (September/October)
seasons in the region for the two years: 2014, a typical year, and 2015, a year under the
influence of ENSO. The 2015 ENSO event started in May and lasted until November [18].

2.2. Micrometeorological Data

In the experiment, radiosonde (RS) measurements were obtained using MW12 equip-
ment (Vaisala Inc., Vantaa, Finland), with radiosonde model RS92SVG. The RS was coupled
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to a meteorological balloon with an average ascension rise rate of 5 m s−1 and was launched
at 02, 08, 14, and 20 local time (LT). During IOPs 1 and 2, launches of the radiosonde at
11 LT were also performed. The RS was used for obtaining the air pressure (hPa), air
temperature (◦C) (dry bulb and dew point), relative humidity (%), wind speed (m s−1),
and wind direction (◦). Thus, u and v components of the wind and the values of potential
temperature (θ) (K) and specific humidity (q) (g kg−1) were calculated. From the vertical
profile of θ and q, the height of the PBL can be determined. During the CBL phase, the
heights were identified by the vertical level where there was a systematic increase in po-
tential temperature (∆θ/∆Z > 0) and a reduction in specific humidity (∆q/∆z < 0), called
the profile method [22–25]. During the NBL phase, the heights were determined by the
maximum distance from the surface where radiative night cooling occurs. Thus, these
heights were measured from where the vertical θ gradient was null or less than a defined
number (0.01 K m−1) starting from the surface [24,26].

The height of the PBL was measured using a ceilometer model CL31 from Vaisala Inc.
(Vantaa, Finland). The Vaisala ceilometers are a type of LIDAR remote sensing instrument
that operates through a maximum vertical range of 7700 m and registers the intensity
of optical backscattering at the near-infrared wavelength between 900 and 1100 nm by
emitting a vertical light pulse that is autonomously executed. These measurements are
used to produce derived products, including the height of the cloud base, the retrieval
of the particle backscatter coefficient, and the PBL height [23,27–30]. The ceilometer is a
high-temporal-resolution instrument with a measurement interval of 16 s. In this study,
30 min time averages were used to record the heights of the PBL.

An eddy covariance (EC) system comprising a gas analyzer (CO2/H2O) Model LI-7500
(Li-Cor Inc., Lincoln, NE, USA) and a three-dimensional model Windmaster Pro sonic
anemometer (Gill Instruments, Lymington, UK) was used to measure turbulent momentum
fluxes, sensible heat, latent heat, and surface carbon dioxide. These data were computed
every 30 min and stored in a datalogger. Turbulent fluxes were calculated using the product
of average air density, average covariance between instantaneous deviations of the vertical
wind speed with the gas mixture ratio (CO2/H2O), specific temperature, and humidity
(q) [31].

2.3. The Parallelized LES Model (PALM)

Numerical simulation, particularly LES models, is an essential tool for micromete-
orology and investigations of the boundary layer. It has been widely used to determine
variables that are difficult to measure, such as determining entrainment fluxes and the
turbulent kinetic energy budget, among others [32–34].

Raasch and Schröter [35] developed the LES PALM model with a computational
structure capable of optimizing performance and high scalability to calculate parallel
massive architectures. More recently, the model was improved by Maronga et al. [36] and
Maronga et al. [37] and has been widely applied to different flux regimes in the convective,
weakly stable, and neutral boundary layers [20,38–41].

The PALM model solves incompressible approximations of the Navier–Stokes equa-
tions, assuming non-hydrostatic hypotheses, using an incompressible fluid, and Boussi-
nesq’s approximation. Boussinesq’s approximated form is described by a single set of
equations where treatment of the density ρ is set to a constant value (and then drops out of
most terms). This enables the application of PALM to simulate atmospheric phenomena
that extend throughout the entire troposphere (e.g., deep convection). The model equations
are discretized in a Cartesian grid using finite differences. Equations for the conservation
of mass, energy, and humidity are filtered on the grid size, and the processes of molecular
diffusion and radiation are generally neglected [35–37].

In PALM, the subgrid scales (SGS) are parameterized using the 1.5 order closure
according to Deardorff [42]. PALM uses the modified SGS parametrization version derived
by Moeng and Wyngaard [43] and Saiki et al. [44]. The closure assumes that energy
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transport through SGS eddies is proportional to the average local gradients, which are
described below.

u′′i u′′j = −km

(
∂ui
∂xj

+
∂uj

∂xi

)
, (1)

u′′i θ′′ = −kh
∂θ

∂xi
, (2)

u′′i q′′ = −kh
∂q
∂xi

, (3)

where ui are the velocity components (u, v, w); xi are the Cartesian Coordinates (x, y, z);
and km and kh are the local diffusivities of SGS momentum and heat, respectively. They are
related to SGS-TKE as follows:

km = cml
√

e, (4)

kh =

(
1 +

2l
∆

)
km, (5)

where cm = 0.1 being a model constant and ∆ = 3
√

∆x∆y∆z with ∆x, ∆y, ∆z is the grid
spacing in the x, y, and z directions, respectively. The mixing length of the SGS (l) is
calculated based on the vertical variation of the virtual potential temperature [36]. The
model equations are discretized by finite differences.

l =

 min
(

1.8z, ∆, 0.76
√

e
(

g
θv,0

∂θv
∂z

)−1
2
)

, For ∂θv
∂z > 0

min(1.8z, ∆), For ∂θv
∂z ≤ 0

, (6)

Moreover, the SGS turbulence is parameterized according to the model that includes a
predictive equation for the turbulent kinetic energy of SGS (SGS-TKE):

∂e
∂t

=︸ ︷︷ ︸
I

−uj
∂e
∂xj︸ ︷︷ ︸

II

−
(

u′′i u′′j
)∂ui

∂xj︸ ︷︷ ︸
III

+
g

θv,0
u′′3 θ

′′
v︸ ︷︷ ︸

IV

− ∂

∂xj
[u′′j (e +

p′′

ρ0
)]︸ ︷︷ ︸

V

−ε,︸︷︷︸
VI

(7)

where the equation terms are as follows: I is local storage; II is advection of TKE in the
horizontal averaged resolved-scale turbulent kinetic energy; III is the shear or mechanical
production (MP) term representing the conversion of mean flow kinetic energy to resolved-
scale TKE; IV acts as either the buoyant production or the destruction (TP) term depending
on the sign of the vertical heat flux; V is the net result of the resolved-scale turbulent
transport (TT) term, which represents the transport of resolved-scale kinetic energy by
pressure fluctuations; and VI is the dissipation rate ε (Di) term [45,46].

The dynamic effects of the plant canopy in PALM are based on the assumption that the
canopy acts as a sink for momentum due to form (pressure) and viscous drag forces. This
sink for momentum is modeled following Shaw and Schumann [47] and Watanabe [48].
The PALM has a fifth-order advection scheme following Wicker and Skamarock [49], and
a third-order Runge–Kutta [50] time step scheme is used to discretize the model in space
and time, with all simulations in the present study performed using cyclical side boundary
conditions. For more details and technical documentation, see Maronga et al. [35,36].

2.4. Initialization and Domain Size of the Simulations

For these simulations in different seasons, an initial model configuration suggested
by [20] was used. The simulations were generated with a horizontal domain (x, y) of
10.0 km × 10.0 km and a vertical one (z) of 5.0 km, with a grid spacing of 5.0 m for both
horizontal (∆x, ∆y) and vertical scales (∆z). To resolve the phase shift of the PBL and to
reduce the computational demands, the center of the grid was chosen to be the geographical
coordinates of the T3 site (Figure 1).
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These configurations with high-resolution grids ranging from dozens of meters did
not have significant loss of information in the simulation and had a simulation time of
3 h for 12 h simulated. Thus, all simulations were performed with these spacing intervals.
For the lateral boundary conditions, cyclic characteristics were used so that the same
characteristic turbulences could be returned to the domain.

In the analyses performed by the PALM model to evaluate the characteristics of NBL
erosion of the region of study, homogeneous surface conditions were assumed. To be
representative of the seasons, the simulations were performed with characteristic data of
each period for one representative day for each IOP. The days used were March 3 for IOPs
1 and 3 (rainy season) and September 15 for IOPs 2 and 4 (dry season).

Since the objective of this study was to analyze the erosion phase of the NBL, numerical
simulations were started with the vertical profiles of the radiosonde carried out at 02
LT when the NBL was well established. The simulation time was 12 h (until 13 LT),
assuming one hour as a spin-up time. This time interval was chosen because it captures all
phases of the erosion of the NBL. Potential temperature profiles (θ), specific humidity (q),
and the wind components (u and v) obtained from radiosondes released by GoAmazon
project 2014/5 were used to start the simulations. In addition, turbulent surface fluxes
(e.g., sensible (H) and latent (LE) heat fluxes) from local in situ measurements using the
eddy covariance technique at the surface were incorporated into the model during the
simulations. Another characteristic value used was the roughness length with a value of
0.02 m for pasture, according to [20].

2.5. NBL Erosion Calculation

To analyze the heating amount necessary for the complete erosion of the NBL, a
graphical identification method was used (Figure 2), as proposed by Vernekar et al. [51]
and recently applied to the Amazon region by Carneiro et al. [23]. This procedure deter-
mines the height (h) with the point of intersection between the last profile with nighttime
characteristics (06 LT) and the first well-mixed profile (by 08 or 09 LT).

Figure 2. Schematic diagram of the potential temperature profiles at 06 LT (full line) and NBL erosion
time (dashed line). The gray area represents the thermal heating of the layer between the two profiles
necessary to erode the NBL. (Source: Carneiro et al. [23]).

Figure 2 presents the heat budget for NBL erosion. The shaded area is the energy
necessary to be filled (mainly from the surface) between a nighttime profile (06 LT), when
an exponential theta profile is observed, and the early morning (by 08 or 09 LT), assuming



Atmosphere 2021, 12, 240 7 of 17

a constant and well-mixed theta profile. This idea was adapted from Vernekar et al. [51]
and applied in this study.

This method estimates the average heat flux between the morning hours and the time
when the surface-based inversion is eroded [51]. According to this method, surface flux
is related to boundary layer height (h) and the variation in the potential temperature (∂θ)
integrated between one profile and another, from the surface to the point of intersection.
The relations are as follows:

∂θ

∂t
= − ∂

∂h

(
w′θ′

)
+ F, (8)

where w′θ′ is the kinematic heat flux released (derived by observation or simulation of heat
turbulent fluxes divided by ρ cp) and F is the heat source for layer heating.

Integrating Equation (8) of the surface up to height h, the following equation was
obtained:

h

∑
i=0

∆θ∆h =
(

w′θ′
)

s
−
(

w′θ′
)

b
+ F∆h, (9)

where the subscripts s and b refer to the energy fluxes at the surface and associated with
the entrainment (top of the layer), respectively. In this way, discretizing and integrating in
the time the Equation (9) terms, Equation (10) was obtained:

h

∑
i=0

∆θ∆h =
[(

w′θ′
)

s
−
(

w′θ′
)

b

]
∆t + F∆h∆t, (10)

Thus, the residual term (F∆z∆t) was estimated and integrated from the surface to the
top of the boundary layer and between sunrise (06 LT) and NBL erosion time using the
measured data (eddy covariance, radiosonde, and microwave radiometer profiler) and
computed by PALM simulation of the entrainment flux data.

3. Results and Discussion
3.1. Characteristics of IOP 1 and IOP 2

The temporal evolution of the vertical profiles of the horizontally averaged sensible
heat flux (w′θ′) simulated by the PALM model is presented in Figure 3 (converted from K m
s−1 to W m−2, multiplied by ρ cp) for the rainy (IOP 1) (Figure 3A) and dry (IOP 2) periods
(Figure 3B) of 2014. It is a night–daytime transition phase; thus, it is noted that during IOP
1, the profiles showed positive values (greater than 10 W m−2) after 09 LT from the surface
to approximately 100 m. At 10 LT, the flux was around 100 W m−2 from the surface up
to 500 m, and this layer was heated almost linearly between 10 and 13 LT. For IOP 1, the
highest surface values between 11 and 13 LT were observed, of approximately 150 W m−2,
resulting in a positive vertical concentration, with a maximum height of 950 m (at 13 LT).
For the dry season (IOP 2), the positive values started around 7 LT, which is an earlier onset
of positive values compared to IOP 1. This is due to less clouds during the dry season.
Thus, after 09 LT, a more pronounced vertical development was observed, with higher
values close to the surface (90.0 W m−2). The highest surface values for IOP 2 were 280 W
m−2 between 12 and 13 LT and with positive vertical fluxes extending from the surface
up to the top of the CBL (height of 1100 m). It is important to notice that the entrainment
flux, which is a negative w′θ′ near the top of the PBL that occurs during the daytime has its
maximum after 11 LT (typically −60.0 W m−2) and above 1000 m for all IOPs.
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Figure 3. Time series of the vertical profiles of the horizontally averaged sensible heat flux (w′θ′) simulated by the PALM
model over the GoAmazon site for (A) IOP 1 and (B) IOP 2. The dashed line represents the height where the flux is null
(w′θ′ = 0).

The PBL heights obtained by PALM, between 02 to 13 LT, together with the in situ
radiosonde measurements and the ceilometer estimates for the representative days of IOPs
1 and 2 are shown in Figure 4. The vertical lines represent sunrise (continuous line) and the
erosion of the NBL (dashed line).

Figure 4. Heights of the PBL over the GoAmazon site for (A) IOP 1 and (B) IOP 2. The vertical lines mark sunrise (continuous
line) and the erosion of the NBL (dashed line).
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During the NBL period for the representative day of IOP 1 (Figure 4A), it was observed
that the NBL was well established (between 02 and 06 LT) so that the height obtained by
PALM showed a typical height around 300 m. However, some oscillations in the height of
the NBL (ranging from 270 and 450 m) between 04 and 06 LT were observed. The results
found by the simulation were similar to those obtained by the ceilometer during the same
time interval, with an overestimation of ~50 m. For a typical day of IOP 2 (Figure 4B),
during this interval, the height of the NBL was more stable at approximately 250 m. It was
also observed that in the first hours of simulation (between 02 and 04 LT), the PALM model
outputs underestimated (~100 m) the results found in relation to the RS and the ceilometer,
and after this interval, the simulation was in agreement with the observed data. The results
found for the heights of the NBL on the typical days of IOPs 1 and 2 are in agreement with
the average of these IOPs, which were observed by Carneiro and Fisch [18] for the same
region, verifying higher and lower fluctuations in the height of the NBL for IOPs 1 and 2,
respectively. In addition, these results are similar to those reported by Neves and Fisch [26]
for another site in southwestern Amazonia.

The period of NBL erosion was different between the IOPs. For IOP 1, NBL erosion
occurred slowly, starting after sunrise (06 LT), and until 08 LT, the NBL extended up to
500 m. After this time, an increase in the PBL height began to be observed, which resulted
in complete NBL erosion at 09 LT. The time interval required for the total erosion of the
NBL (3 h) may be associated with the stronger nocturnal thermal inversion and the lower
surface heating, which only occurred until 09 LT (see Figure 3A). The erosion phase of the
NBL was reasonably well represented by the PALM simulation, although PALM showed
greater heights related to the ceilometer (typically ~130 m). However, when compared to
the RS of 08 LT, PALM showed similar heights.

The average integrated heat fluxes (described in Equations (8)–(10)) in the layer were
calculated during the erosion phase of the NBL (Table 1). The average kinematic heat
fluxes between sunrise (06 LT) and total erosion (09 LT) were 140.2 m K from the surface
(
(

w′θ′
)

s
× ∆t) and 119.8 m K from the top of the boundary layer (

(
w′θ′

)
b
× ∆t) due to the

entrainment for the IOP 1 representative day. Meanwhile, the heating within the entire

layer (
h
∑

i=0
(∆θ)∆zi) was 374.4 m K, which resulted in an integrated residue of 114.4 m K

(30% of the total heat). This result indicates that an additional amount of energy was used
in the system, which could come from the energy released from biomass. In the present
case under analysis (3 March 2014), it was also possible to include the entrainment flux
contribution (119.8 m K), but that was not enough.

Table 1. Integrated total heat flux for the NBL erosion period on the surface (
(

w′θ′
)

s
× ∆t), top layer

flux (
(

w′θ′
)

b
× ∆t), and layer heating (

h
∑

i=0
(∆θ)∆zi) during IOP 1 and IOP 2.

NBL Erosion: IOP 1

Period
(Hour)

(
w′θ′

)
s
× ∆t(m K)

(
w′θ′

)
b
× ∆t(m K)

h
∑

i=0
(∆θ)∆zi(m K)

06–09 140.2 119.8 374.4

NBL Erosion: IOP 2

Period
(Hour)

(
w′θ′

)
s
× ∆t(m K)

(
w′θ′

)
b
× ∆t(m K)

h
∑

i=0
(∆θ)∆zi(m K)

06–08 282.1 112.0 418.6

For the representative day of IOP 2, it was observed that the erosion of NBL was
1 h faster for this IOP in relation to IOP 1, according to Figure 4B. In IOP 2, there was an
earlier initiation of surface heating, which was also more intense (see Figure 3B). During
the erosion phase, it was verified that PALM results showed a satisfactory simulation in
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relation to the in situ measurements (RS) at 08 LT and the ceilometer, which presented a
small underestimation (~15 m). The PBL heights observed in this study agree with those
verified by Carneiro et al. [23] for the central Amazon’s dry season.

For IOP 2, the average kinematic heat fluxes between 06 and 08 LT were higher,
especially the contribution of surface fluxes, which registered an average of 282.1 m K,
while the fluxes from the top were 112.0 m K. Consequently, the total heating within the

layer (
h
∑

i=0
(∆θ)∆zi) was 418.6 m K. There was an integrated residue of 24.5 m K (6% of the

total heat).
After the erosion of the NBL, the development of the CBL begins to intensify in this

period for IOP 1. This development occurred slowly, until the maximum simulation height
of approximately 1200 m was observed, showing similarity with the 1150 m ceilometer
height. For IOP 2, it was found that after NBL erosion, faster development of the CBL
was observed, with a maximum height of 1500 m verified in PALM, demonstrating the
efficiency of the model since the ceilometer showed a height of 1550 m.

Figure 5 shows the vertical profile (x–z) of the potential temperature overlapped by
the vertical wind speed component at 04 LT (Figure 5A,D), 08 LT (Figure 5B,E), and 10 LT
(Figure 5C,F).

Figure 5. Plane x–z (y = 5.0 km) of potential temperature (K) and vertical wind contours (m s−1), colors (line) representing
upward (blue) and downward (red) movements, at different times of the day for (A–C) IOP 1 and (D–F) IOP 2, where the
local time is (A,D) 04 LT, (B,E) 08 LT, and (C,F) 10 LT.

It was observed that for IOP 1 (Figure 5A,C and Figure 6B), the potential temperature
showed a cooler atmosphere at the surface (~297 K) at 04 LT as well as weak vertical
movements with intensities below 1.0 m s−1. At 08 LT, there was heating of the lower
layers of the atmosphere of around 3.0 K; however, the vertical movements that occurred
still had low intensity. Therefore, the vertical development of the PBL was not significant,
confirming the fact that the complete erosion of the NBL had not occurred. At 10 LT,
when the NBL was completely eroded, convective movements reached an average level of
1100 m, with a temperature of around 304.5 K from the base to this height, and with more
intense magnitudes of the upward (3.0 m s−1) and downward (−2.5 m s−1) movements.



Atmosphere 2021, 12, 240 11 of 17

Figure 6. Time series of the vertical profiles of the horizontally averaged sensible heat flux (w′θ′) simulated by the PALM
model over the GoAmazon site for (A) IOP 3 and (B) IOP 4. The dashed line represents the height where the flux is zero
(w′θ′ = 0).

For IOP 2 (Figure 5D–F) at 04 LT, as also observed in IOP 1, the atmosphere was
stable with thermal stratification and a potential temperature of ~297.0 K; however, vertical
movements practically did not occur. At 08 LT, there was greater heating (~5.0 K) at the
surface up to the height of 750 m, and due to the fact that the NBL had been completely
eroded at this time, and due to the greater conversion of net radiation to sensible heat flux,
an increase in convection and vertical movements was observed, which intensified both
upward (with values above 1.5 m s−1) and downward (1.0 m s−1), and which resulted in
the largest development of the CBL observed in this study (see Figure 4B). Thus, when
analyzing the time of 10 LT, a greater warming of the atmosphere (~305.0 K) of the surface
was noted up to approximately 1500 m, with this IOP presenting vertical movements with
greater intensity (upward and downward movements of ~3.5 m s−1), which resulted in a
well-established PBL at this time.

3.2. Modifications Due to the ENSO Event (Characteristics of IOP 3 and IOP 4)

As already mentioned, the year 2015 was an ENSO event, which caused a lot of change,
especially during the second part of the year (dry season). The simulated kinematic fluxes
(w′θ′) are shown in Figure 6. The IOP 3 rainy season’s characteristics (Figure 6A) showed
behavior similar to IOP 1, with the occurrence of positive profiles (10.0 W m−2) after 09 LT
and maximum values at the surface between 11 and 13 LT of approximately 135.0 W m−2,
with a maximum height of positive fluxes of 850 m (at 13 LT).

IOP 4 (Figure 6B) showed positive values just after 07 LT and with higher values
close to the surface after 09 LT. However, the higher values observed in this IOP were
more intense than the same period for 2014, being in the range between 10 and 13 LT of
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approximately 280.0 W m−2, and with a height of 1500 m (top of CBL). This resulted in
greater conversion of net radiation into sensible heat fluxes, which means that more energy
was available during the 2015 dry season compared to 2014, a common feature in years
with ENSO events [52]. For 2015, the entrainment zone (negative maximum flux) was
−80.0 W m−2 for IOP 3 (lasting from 11 up to 13 LT) and −30.0 W m−2 for IOP 4 (between
10 and 13 LT).

The NBL heights (between 02 and 06 LT) for the representative day of IOP 3 (Figure 7A)
presented heights similar to IOP 1 but with higher variability. The PALM simulation
recorded heights ranging from 300 m to 475 m, overestimating the ceilometer values
(~130 m). It should also be noted that the heights observed by the ceilometer also showed
fluctuations ranging from 200 to 350 m. For IOP 4 (Figure 7B), PALM showed constant
NBL heights of around 220 m, similar to that observed during IOP 2. During this interval
(between 02 to 06 LT), the PALM results agreed with the data observed by the RS and
ceilometer but with a slight underestimation (~30 m).

Figure 7. Heights of the PBL (m) over the GoAmazon site for (A) IOP 3 and (B) IOP 4. The vertical lines mark sunrise
(continuous line) and the erosion of the NBL (dashed line).

The NBL erosion for the rainy (IOP 3) and dry (IOP 4) periods behaved similarly to
the respective periods for the typical year 2014, wherein through PALM in the IOP 3 after
sunrise (06 LT), a slight increase in the height of the layer was observed, around 50.0 m
h−1, between 06 and 08 LT, with complete erosion of the NBL after 09 LT. At the beginning
of this phase, PALM overestimated the results found using the ceilometer (~100 m) and
showed a small overestimation in relation to the RS at 08 LT (~50 m). As it was already
observed for IOP 1, IOP 3′s kinematic heat medium fluxes were not sufficient to fully heat
the layer (Table 2), in which the flux

(
w′θ′

)
s
× ∆t was 145.4 K m, while

(
w′θ′

)
b
× ∆t was

127.3 m K. A heat value of 386.2 m K was estimated as being necessary to erode the layer

(
h
∑

i=0
(∆θ)∆zi). Thus, for this IOP, the difference between fluxes also represented ~30% of the

total heating (113.5 m K), as was found for IOP 1.
At IOP 4, PALM outputs satisfactorily represented the period of the NBL erosion,

in which immediately after 06 LT, there was an increase in the heights of the layer of
~150.0 m h−1 until 08 LT when the NBL was completely eroded. PALM’s heights were
shown to agree with the observations made by the ceilometer and the RS (underestimating
by ~15 m). During this IOP, it was possible to observe the highest average kinematic heat
fluxes at the surface (292.5 m K) and at the top (146.5 m K), and the heating within the

layer (
h
∑

i=0
(∆θ)∆zi) was 350.8 m K. Therefore, for this IOP, the released fluxes were higher



Atmosphere 2021, 12, 240 13 of 17

than the layer’s heating, showing a difference of −88.2 m K (25% above the heating of
the layer). Corroborating with what was previously demonstrated, the greater amount of
energy released influenced the erosion time of the NBL and consequently the formation of
an earlier CBL.

Table 2. Integrated total heat flux for the NBL erosion period at the surface (
(

w′θ′
)

s
× ∆t), top layer

flux (
(

w′θ′
)

b
∗ ∆t), and layer heating (

h
∑

i=0
(∆θ)∆zi) during IOP 3 and IOP 4.

NBL Erosion: IOP 3

Period
(Hour)

(
w′θ′

)
s
× ∆t(m K)

(
w′θ′

)
b
× ∆t(m K)

h
∑

i=0
(∆θ)∆zi(m K)

06–09 145.4 127.3 386.2

NBL Erosion: IOP 4

Period
(Hour)

(
w′θ′

)
s
× ∆t(m K)

(
w′θ′

)
b
× ∆t(m K)

h
∑

i=0
(∆θ)∆zi(m K)

06–08 292.5 146.5 350.8

The development of the CBL for IOPs 3 and 4 reinforced that this phase is directly
impacted by the time required for NBL erosion. It was verified that for IOP 3, the devel-
opment occurred slowly, similar to that seen in IOP 1, with the maximum height of the
CBL observed by PALM being 1250 m, while the ceilometer registered a height of 1175 m.
IOP 4 showed the greatest development of the CBL throughout the study in response to
increased warming of the atmosphere, leading to a greater height of CBL (1600 m).

Through a vertical plane, with thermal (Tp) and mechanical (w) information, the
vertical movements during IOP 3 (Figure 8A–C) present patterns similar to those observed
in IOP 1. This showed little intensity (~1.0 m s−1) at 04 and 08 LT, and with a cooler
atmosphere at the surface, ~297 K at 04 LT, with an increase of 2.5 K at 08 LT. In contrast, the
10 LT warming of the atmosphere at the surface (~303.5 K) was observed, as well as more
intense convective movement (~2.5 m s−1) reaching a height of ~1000 m. These results
denote a lower vertical development of the CBL in response to the erosion time of the NBL.

Figure 8. Plane x–z (y = 5.0 km) of potential temperature (K) and vertical wind contours (m s−1), colors (line) representing
upward (blue) and downward (red) movements, at different times of the day for (A–C) IOP 3 and (D–F) IOP 4, where the
local time is (A,D) 04 LT, (B,E) 08 LT, and (C,F) 10 LT.
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In IOP 4 (Figure 8D–F) at 04 LT, there was a potential temperature of ~297 K, and
similar to IOP 2, there were no vertical movements, indicating a very stable atmosphere. In
this IOP at 08 LT, there was a formation of more intense vertical movements (~2.5 m s−1)
and greater heating (~6 K) of the surface up to the layer of ~700 m. The higher estimated
intensity is related to the greater conversion of net radiation to the surface in sensible
heat, which was verified in this IOP. Meanwhile, at 10 LT, greater warming (~307.5 K) of
the surface was observed up to approximately 1750 m, as well as more intense vertical
movements (ascending and descending movements of ~3.5 m s−1).

4. Conclusions

This study showed that the PALM model presented satisfactory results in relation to
the observational data for the NBL erosion phase in a region of the central Amazon. For dry
IOPs (2 and 4), the heating surface observed was more pronounced after sunrise, generating
more intense convection and faster erosion of the NBL, about 2 h. Meanwhile, the rainy
season IOPs (1 and 3) exhibited weaker surface heating and less intense convection, which
resulted in a slower erosion of the NBL, about 3 h. The time required for NBL erosion
influenced the development of the CBL: a greater vertical development was observed
during the dry IOPs and a greater final height, from 1500 m (IOP 2) and 1600 m (IOP 4),
whereas in rainy IOPs, the maximum height was approximately 1200 m (IOPs 1 and 3).

The analyses of the kinematic heat flux in the heating of the layer during erosion were
provided from the sensible heat fluxes released by the surface and the entrainment at the
top of the PBL and showed that in the case of IOPs 1 and 3, the energy released was not
enough to fully heat the layer, requiring more than 30% additional energy. On the other
hand, IOPs 2 and 4 showed different patterns, since in IOP 2, the released energy also did
not close the balance and needed approximately 6% additional energy. However, IOP 4,
which was under the influence of the ENSO event, showed that the released fluxes were
sufficient to fully heat the layer.

These results demonstrate that during the dry season (IOP 2 and 4), the larger heating
of the layer results in faster erosion of the NBL, with more intense vertical movements and,
consequently, cause a more accentuated development of the CBL. It is noteworthy that on
the representative day of IOP 4, there was greater intensity of these results in response to
the ENSO event.

Additionally, some recent experimental studies done by [53,54] in Antarctica and
Russia showed clearly the presence of waves that looked like Kelvin–Helmholtz billows in
the elevating inversion layer rising above the convective layer. So, this is an open question
whether these waves can have an influence on the erosion of the NBL for Amazonia, which
has a weak, stable boundary layer compared to the Antarctica and Russia regions. Thus,
the development of algorithms to take into account the presence of this phenomenon could
help to improve the modeling results.
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