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A B S T R A C T

The main objective of this work is to better understand the increase of ozone (O3) in the surface by the influence
of density currents formed by downdrafts from mesoscale convective systems, using as tool the JULES-CCATT-
BRAMS model. Initially, the superficial increases of O3 were investigated with the ECMWF Era-Interim reanalysis
that showed a plume rich in O3 located at middle troposphere along with the increase of this gas’ concentration
in the surface during the rainy period in Central Amazon. GOES satellite images and surface synoptic charts
showed the formation of a squall line (SL) in the interior of the Continent by the influence of a Frontal System
that reached the southeast of South America in this period. The numerical simulation results provided an un-
derstanding of the three-dimensional structure of the chemistry and thermodynamics of the atmosphere during
the passage of this SL at dawn on April 14, 2014. The downdrafts from SL bring cooler, drier, dense air to near
the surface. This downdrafts air column passed by the O3 “plume” in the middle troposphere, formed rich gas
density currents and low level jets were induced near the surface and spread the O3. Finally, this cleaner air
column decreased the surface carbon monoxide (CO) levels, and as a result of the increase in O3 concentration
resulted in an increase in surface nitrogen dioxide (NO2).

1. Introduction

Among the principal atmospheric systems that produce rainfall in
the Amazon basin are squall lines (SL) whose origin is associated with
the circulation of marine breezes (Kousky, 1980). These SL are formed
along the Atlantic coast of the Amazon and frequently propagate into
the interior of the continent, having an important role in the distribu-
tion of rainfall in the Amazon region (Kousky, 1980; Garstang et al.,
1994; Cohen et al., 1995; Alcântara et al., 2011; de Oliveira and
Oyama, 2015). Besides breezes SL, another type of SL that forms above
the continent was also observed in the southwest portion of the Amazon
basin. This SL is frequently associated with a frontal system (FS). They
are very rare and propagates from the Southwest to the Northeast of the
Amazon basin, generating strong wind gusts known as blowdown winds
which cause an increase in tree mortality in the central region of the
Amazon (Negrón-Juárez et al., 2010, 2017). Both coast and continental
SL consists of cumulonimbus clouds organized linearly that form along
the trailing edge of a large downdraft (Houze Jr, 1977). Additionally,

low-level jets (LLJ) and the formation of density currents are funda-
mental mechanisms for the maintenance and propagation of these SL
(Alcântara et al., 2014).

Several authors have shown that the presence of SL and their re-
spective downdrafts altered the thermodynamics and chemistry near
the surface (Kirchhoff et al., 1990; Betts et al., 2002; Grant et al., 2008;
Gerken et al., 2016; Dias-Júnior et al., 2017). Initially it was believed
that stratospheric ozone (O3) is entrained into the thunderstorm at high
levels, near or above the tropopause. It is transported into the low levels
of the atmosphere by the SL's downdraft (Davis, 1973). More recent
investigations (Betts et al., 2002; Grant et al., 2008; Hu et al., 2010;
Gerken et al., 2016) indicate that these downdrafts also transport air
rich in O3 from the middle troposphere towards the Earth's surface.

Betts et al. (2002) showed that during the passage of a breeze SL
over the State of Rondônia in the western region of the Amazon, O3

levels abruptly increased during the night, exactly at the moment of the
occurrence of downdrafts associated with the SL. They concluded that
the passage of the SL was responsible for the decrease in the values of
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the equivalent potential temperature (θe) and O3-enhancement events
near the surface. Grant et al. (2008) in rural western Senegal also
showed that mesoscale convective systems contributed to diurnal O3

variations that substantially and abruptly deviated from the diurnal
patterns observed during sunny conditions. These deviations were
caused by downdrafts of convective storms that carried O3-rich air from
the mid troposphere into the surface, enhancing the boundary layer O3

levels by 10–30 ppbv. Still according to Grant et al. (2008) the O3 in-
creases depended on the convective velocities associated with storm
downdrafts and origin of the downward moving air parcels.

A particularly interesting question, and one that still requires
greater investigation, pertains to the horizontal and vertical dynamics
of O3 during SL occurrences, since a series of other chemical reactions is
initiated in the presence of O3.

Hu et al. (2012) conducted observational experiments and numer-
ical simulations with the Weather Research and Forecasting model with
Chemistry (WRF/Chem) in the Beltsville, MD during the summer of
2010. They noticed a significant increase of O3 on the surface during the
day, resulting from pollution events occurring in the city. However,
after the beginning of the stable boundary layer (SBL) formation, O3

levels close to the surface decreased rapidly, whereas in the Residual
Layer (RL) levels were still high. These authors also showed that, in the
absence of strong disturbances, the dispersion of pollutants between RL
and SBL becomes limited. They observed that under conditions of
strong turbulence the structure and vertical distribution of pollutants is
modified in SBL. Such modification can be triggered by mesoscale
movements such as LLJ, gravity waves, Kelvin-Helmholtz instabilities,
density currents, wake vortices (Sun et al., 2002, 2004; Salmond and
McKendry, 2005). Hu et al. (2013) also using WRF, have confirmed that
nocturnal LLJ carry O3 from RL to near the surface.

Dias-Júnior et al. (2017) observed an increase in the O3 near the
surface caused by downdrafts resulting from the passage of convective
systems above the Central Amazon region. The downdrafts induce the
emergence of density currents and the subsequent formation of LLJ
during the passage of these systems. Dias-Júnior et al. (2017) suggested
that the horizontal transport of O3 near the surface would be due to the
presence of these jets; however they lack the experimental data to
support their suggestion. Additionally, Alcântara et al. (2014) in their
study on the generation and evolution of an Amazon SL identified the
existence of LLJ in 87% of the cases of the occurrence of SL. According
to the authors, LLJ could be associated with the propagation of these SL
over great distances. Interestingly, Alcântara et al. (2014) emphasized
the crucial role played by LLJ in the maintenance and propagation of
the SL and in the formation of density currents on the trailing edge of
this moving system.

A better understanding of what produces O3-accumulation in the
lower troposphere (above the forest), associated with mesoscale phe-
nomena (such as SLs), is of great interest when investigating chemical
oxidation processes and the formation of aerosols in the tropical tro-
posphere. For example, the Amazon forest emits large quantities of
isoprene, monoterpenes, and sesquiterpenes (Guenther et al., 2006;
Jardine et al., 2015), and these gases react with free radicals (for ex-
ample, OH) and are precursors of secondary organic aerosols (Crutzen,
1987; Fuentes et al., 2000; Gerken et al., 2016; Wei et al., 2018).

In order to contribute to our understanding about the role of SL in
chemical transport above the Amazon forest we performed a numeric
simulation of atmospheric flow during a case study of an O3-buildup
event near the surface generated by a SL above the Amazon forest was
reproduced to a highly satisfactory degree. A second main subject of
this study was to better understand the horizontal and vertical dy-
namics of O3 during the presence of downdrafts originated from the SL.

2. Data and methodology

Data of the precipitation rate estimated by the CMORPH (Climate
Prediction Center Morphing Method) (Joyce et al., 2004) and the GOES

13 satellite images in the infrared channel were used to describe the
development of SL considered in this work. The CMORPH technique
uses the rainfall estimates from Passive Microwave (PMW) sensor on-
board polar orbiting satellite exclusively, with infrared data from
geostationary satellite to derive a motion field that is used to propagate
the rainfall derived by PMW data.

Additionally, the O3 data and the vertical wind component obtained
by ECMWF-Era Interim reanalysis with a 6-h interval and 0.25° spatial
resolution were able to evaluate the vertical behavior of these variables
during the analyzed period.

The numeric simulation was conducted using the mesoscale model
BRAMS (Brazilian Regional Atmospheric Modeling System) version 5.3.
This version is composed of the coupling of the models JULES (Joint UK
Land Environment Simulator) (Best et al., 2011; Clark et al., 2011) and
CCATT (Coupled Chemistry-Aerosol-Tracer Transport) (Freitas et al.,
2009), therefore making BRAMS a new numeric system of modeling of
atmosphere-biosphere-chemistry interactions that is totally coupled and
is called the JULES-CCATT-BRAMS model (Moreira et al., 2013; Freitas
et al., 2017a).

This study used the JULES-CCATT-BRAMS model in order to per-
form numerical simulations that permit a greater understanding of the
influence of a SL (formed on April 14, 2014) upon the thermodynamics
and chemistry of the atmosphere above Amazon. The SL's occurrence is
noticeable in satellite images and its presence caused several changes
which were observed on the regional thermodynamic data and in the
O3-levels near the surface, as will be shown in the Results section. A
numeric experiment was conducted that had an integration time of 36h,
and was started at 12 UTC on April 13 and continued until 00 UTC on
April 15, 2014, with output every 10min.

The simulation was performed using a grid with a horizontal re-
solution of 8 km with 135 points in the x and y dimensions, and 35
points in the z dimension. The vertical resolution of the grid was
variable with an initial vertical spacing of 90 m that increased by a
factor of 1.1 up to 1 km, and from this point onward the spacing was
maintained constant up to the top of the model at approximately 18 km.
The choice of this domain and horizontal resolution for this grid were
determined in function of the extension of the SL and also the com-
putational capacity available for the execution of the numeric simula-
tion. The domain covered by this grid, the distribution of the principal
rivers, and the surface topography are shown in Fig. 1. The dominant

Fig. 1. Simulation domain with topography (meters, shading) and large rivers
distribution. The black circle represents Manacapuru ( ∘ S3.21 ∘ W60.60 ) research
site.
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vegetation type in this domain is forest with small areas of pasture (not
shown).

The initialization of the model was heterogeneous, with ECMWF's
Era Interim Re-Analysis datasets, made available by CPTEC-INPE in
each 6-h interval and with spatial resolution of 0.25°. Seven soil layers
were defined up to a depth of 12.25 m, and soil humidity was assumed
to be heterogeneous, as described by Freitas (2006). Soil texture data
were originally obtained from the Food and Agriculture Organization of
the United Nations (UNFAO) and were adapted for the Brazilian terri-
tory by INPE (Rossato et al., 2004).

In this simulation the Grell-Freitas deep cumulus parametrizations
(Grell and Freitas, 2014) and Grell-Devenyi's shallow (Grell and
Dévényi, 2002) were used. Grell-Devenyi's shallow cumulus para-
metrization was included in JULES-CCATT-BRAMS, mainly due to the
necessity of a convective trace gas transport consistent mass flow
scheme (Freitas et al., 2017b). Grell-Devenyi expanded the original
parameterization of Grell (1993), and included the ability to use a large
number of set members based on five different types of closed for-
mulations (ENSEMBLE), resulting in a higher precipitation efficiency
and the capacity of the air parcels to overcome the convective inhibi-
tion energy (Freitas et al., 2017a).

The Grell-Freitas scheme (Grell and Freitas, 2013) for the para-
metrization of the deep cumulus is based on the original Grell-Devenyi
approach (Grell and Dévényi, 2002), with the use of scale dependence
formulations for high-resolution simulations (or “gray-zone” for deep
convection models configuration) and the interaction with aerosols.

The cloud microphysics using Greg Thompson's formulation of
“single moment in cloud liquid water” was also used (Thompson et al.,
2008; Thompson and Eidhammer, 2014), which consists in the separate
treatment of five classes of water that, later on, are mixed in a single-
moment treatment for each type of cloud, thus optimizing computa-
tional time. In addition, it includes the activation of aerosols in the
condensation of cloud nuclei (CCN) and ice (IN), in this way, it predicts
the concentration of the number of water droplets in the clouds, as well
as the concentrations of two new aerosol variables, one for CCN and one
for IN, these variables are grouped into two different groups according
to their hygroscopicity: hygroscopic aerosols are called “water friendly”
and non-hygroscopic aerosols are the “ice friendly” (Freitas et al.,
2017a).

The parameterization used for long and short wave radiation was
from CARMA (Community Aerosol and Radiation Model for
Atmospheres) (Rosário et al., 2013), which resolves the radiative
transfer using the method of two-fluxes and includes the principal
molecular absorption species (water vapor, CO, O3 and O2). Ad-
ditionally, the coefficients of gas absorption were included (Toon et al.,
1989) and radiation schemes of JULES-CCATT-BRAMS are coupled
online with microphysical models of clouds and aerosols in order to
provide online simulations of aerosol-cloud-radiation interactions
(Freitas et al., 2017a). The physical and optical properties of clouds in
the CARMA radiation scheme were parameterized according to Sun and
Shine (1994) using profiles of liquid water and ice content provided by
the model of the microphysics of clouds of the JULES-CCATT-BRAMS
model (Freitas et al., 2017a).

3. Results and discussion

The motivation for the accomplishment of this work was due to the
presence of a “plume” of O3 (reanalysis data from the ECMWF Era-
Interim dataset) in the middle troposphere, during April 10–14, 2014,
exactly on the days in which O3-buildup events were observed near the
surface at the experimental site of Manacapuru (Fig. 1) during the
GoAmazon project (Observations and Modeling of the Green Ocean
Amazon) (Martin et al., 2016). It was observed that the superficial le-
vels of O3 only increased significantly (above 10 ppbv) when the
downdraft pass by the O3 plume occurred. This aspect will be analyzed
in detail in the next sections with help of JULLES-CCATT-BRAMS

Fig. 2. Satellite images from GOES-13 on the infrared channel, showing the
different stages of two SL that passed over the Manacapuru site on April 14,
2014. (a) 21 UTC (April 13), (b) 0230 UTC (April 14) and (c) 0730 UTC (April
14). The red star indicates the region of greatest system precipitation rate
( ∘ S0.70 ∘ W59.10 ), discussed later. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)
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simulation.

3.1. Description of the case study

Satellite images were used in order to verify the kinds of convective
systems that passed through Central Amazon region between April
10–14, 2014. On April 14 two SL formed and passed over Manacapuru
(Fig. 2). The first SL formed in the early hours of the morning before
dawn on April 14th (Fig. 2c), while the second SL formed during the
afternoon (not shown). The SL that formed in the early hours of the
morning before dawn is the object of the present analysis since during
this time of day the effects of solar radiation are absent, and this fa-
cilitates the evaluation of just the passage of the convective system and
its effects on O3.

During the day before the formation of the SL (April 13), at 21 UTC

(local time=UTC - 4 h) there was a large concentration of isolated
convective cells above the State of Pará, and the formation of convec-
tion aligned with a FS above the southeast of South America, reaching
the south of the State of Amazonas (Fig. 2a). At 00 UTC on April 14 the
convection weakened above Pará and the south of Amazonas, and
shortly thereafter at 0230 UTC (Fig. 2b), the SL began to organize itself
and take shape, and its direction was from the northwest of the State of
Pará to the southeast of the State of Amazonas. At 0430 UTC the SL was
moving to the west, and at 0730 UTC it arrived over the Central
Amazon region (Fig. 2c). At 12 UTC the SL initiated its dissipation,
having completely lost its linear formation at 15 UTC on April 14. Fi-
nally, at 18 UTC (not shown) the linear formation of a new SL was
observed, and it intensified at 19 UTC and dissipated at 2230 UTC.

The analysis of the synoptic chart for the surface on April 14 at 00
UTC (http://tempo.cptec.inpe.br/boletimtecnico/pt) shows a large

Fig. 3. (a) Precipitation rate ( −mm h 1, shading) and Horizontal wind ( −m s 1, vector) at 43.9 m obtained by the JULES-CCATT-BRAMS model on April 14, 2014 at 08
UTC. (b) Precipitation rate obtained by CMORPH ( −mm h 1). Black star indicates the position where the precipitation rate was more intense ( ∘ S0.70 ∘ W59.10 ).

Fig. 4. (a)Vertical cross section of the ozone concentration (ppbv, shading) and vertical velocity (black line) obtained from the reanalysis of the ECMWF Era-Interim.
(b) Distribution of precipitation rate ( −mm h 1) during April 14, 2014, where the precipitation rate was more intense ( ∘ S0.70 ∘ W59.10 ).
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scale environment before the formation of the SL during the early
morning hours before 14th April's dawn. There was an intense extra-
tropical cyclone over the southern Atlantic and a cold front that ex-
tended from the southeastern coastal area of Brazil to Bolivia (not
show). The presence of this FS favored the formation of a convergence
zone of humidity from the State of São Paulo to the State of Acre (not
show).

Several studies have reported that there is an increase in convective
activity in the Amazon due to the penetration of frontal systems into the
region, and this could be associated to the structural characteristics of
convective systems (Siqueira and Machado, 2004; Siqueira et al., 2005;
Negrón-Juárez et al., 2010, 2017). Siqueira et al. (2005) analyzed three
types of interactions above South America between tropical convection
and frontal systems in the mature phase. According to these authors,
there is a need to conduct the analyses of these phenomena in two
different latitudinal zones, in the tropics and the subtropics, due to the
necessity to investigate such interactions in two different synoptic
configurations: fronts that initially penetrate above South America
(interacting with convection principally in the subtropics), and fronts

interacting with tropical convection, due to the fact that the latter move
directly to the lower latitudes of the tropics, or due to the establishment
of incursions of cold air above the tropics. The study by Siqueira et al.
(2005) was a continuation of a previous study by Siqueira and Machado
(2004) that concluded that there are three different types of interac-
tions between humid air in the tropics and incursions of cold air masses
in the middle latitudes.

Based on the classification proposed by Siqueira and Machado
(2004) and on the analysis of the satellite images from April 11 to 16, it
can be affirmed that the interactions between FS and the convection
that gave rise to the SL on April 14 can be classified as type 1. In a type
1 interaction penetration of frontal systems from the subtropics or the
middle latitudes is frequent, and these serve to organize convective
activity in the tropics and move to the north to lower tropical latitudes
with the convection.

3.2. Simulation of the squall line

The results for the simulated rainfall rate crosschecked with the
precipitation rate estimated with CMORPH showed that the model was
able to satisfactorily capture the formation of the SL that formed in the
early morning hours before dawn on April 14th (not shown). Fig. 3a
shows the simulated results for the convective precipitation rate (CPR)
and the horizontal wind at a height of 43.9 m (closest surface level
available in the simulation results) at 08 UTC, when the SL was in the
central Amazon region at its mature phase.

It is observed that the precipitation rate simulated (Fig. 3a) was
underestimated when compared to the precipitation rate extracted from
the CMORPH (Fig. 3b). However, the model estimated rate was similar
to that found in CMORPH, which is also comparable to that previously
observed in GOES 13 satellite images (2c). Thus, this time will be used
for analysis that will be presented from this point forward. Besides that,
this point (black star in Fig. 3a) will be the reference point where the
convective activity of the SL was more intense ( ∘ S0.70 ∘ W59.10 ) and
will be denominated the most active point of convection.

3.3. Aspects of the most active point of convection

Initially, in this section particular attention will be given to the le-
vels of tropospheric O3 in the region of the most active point of con-
vection. Fig. 4a show the vertical profile of O3 and the vertical com-
ponent of the wind. The data were extracted from the ECMWF Era-

Fig. 5. Vertical cross section at ∘ S0.70 , at 08 UTC on April 14, 2014 for (a) cloud mixing ratio ( −gk g 1, shading) and streamlines of u, w and (b) cloud mixing ratio
( −gk g 1, shading) and equivalent potential temperature (K, black line).

Fig. 6. Vertical cross section of the vertical wind ( −m s 1, shaded) during April
14, 2014, where the precipitation rate was more intense ( −

∘ ∘S W0.70 59.10 ).
The red arrows indicate updrafts and downdrafts observed around 08 UTC. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the Web version of this article.)

A.M.Q. Melo, et al. Atmospheric Environment 206 (2019) 132–143

136



Interim dataset for the days of April 6 to 15, 2014. The O3-levels varies
from 10 to 50 ppbv in the lower troposphere (between 1000 and
900 hPa) during the entire period. However, the higher O3-levels reach
90 ppbv in the middle troposphere between April 10–14, forming a
plume of O3 that extends from the level of 950 hPa up to 650 hPa.
During this period the O3 concentration was larger than the ones ob-
tained for the other analyzed days. On April 14 the O3-levels reached
values near 80 ppbv in the middle troposphere, and there were as-
cending and descending vertical currents in the plume (black line) as-
sociated with convective activity of the SL.

Fig. 4b shows the convective precipitation rate simulated by the
JULES-CCATT-BRAMS model at the most active point of convection,
during the entire day on the 14th of April. The rainfall that occurred at
this site began at 02 UTC and reached a maximum of −19 mm h 1 at 0820

UTC, and ended around 11 UTC. The model reproduced a storm asso-
ciated with the SL that will be considered as a reference in the analyses
conducted in this study.

3.4. Vertical structure of the atmosphere and vertical ozone transport during
the passage of a squall line

The analyses in this section were conducted using as a base the
modifications caused by the passage of the SL with respect to the ver-
tical structure of the troposphere as well as the vertical transport of O3,
from middle troposphere (plume of O3) to the surface (Fig. 4a).

Fig. 5a shows a vertical cross section of cloud mixing ratio and
streamlines of the zonal and vertical wind components at latitude

∘ S0.70 at 08 UTC on April 14. Fig. 5b, which is similar to Fig. 5a, the

Fig. 7. Horizontal distribution of CAPE ( −Jkg 1, shaded) and horizontal wind ( −m s 1, vector) at 43.9 m for April 14, 2014 at (a) 00 UTC and (b) 08 UTC.

Fig. 8. (a) Cross section of ozone concentration O3 (ppbv) and vertical velocity ( −m s 1) (black line) at the most active point of the storm ( ∘ S0.70 - ∘ W59.10 ), during
April 14 and (b) vertical profiles of O3, at 00 UTC (continuous line) and 08 UTC (dashed line).
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black lines represent θe values.
Fig. 5a shows that the SL system is composed of mature cells with a

high value for the mixing ratio, and that the zonal wind is pre-
dominantly easterly with convergence at low levels. Additionally, up-
drafts generated by the SL rise up to the anvil-shaped top of the cloud,
while the downdrafts are observed at lower levels in front of the system
from the surface to about 2,500 m (red arrow in Fig. 5a). When the
downdraft reaches the ground the cold air spreads out in all directions
forming what is conventionally called a density current (or gravity
current), which replaces hot, humid air at the layer at the base of the
cloud (Costantino and Heinrich, 2014).

The distribution of θe values and the cloud mixing ratio suggest that
the passage of the SL caused cooling and drying in the lower and middle
troposphere. This result is in agreement with the conceptual model of
an SL proposed by Garstang et al. (1994). Additionally, in the region of
the downdrafts there was a gradual decrease from 348 K to 342 K in the

θe values (red arrow in Fig. 5b). This cooling is probably a consequence
of the action of the downdrafts and the subsequent presence of the
density current, the effects of which can be seen by examining the fields
of meteorological variables near the surface (not show here) (Zipser,
1977; Betts et al., 2002; Costantino and Heinrich, 2014).

The vertical wind velocity at the most active point of the storm
during April 14 is presented in Fig. 6. Ascending (positive) and des-
cending (negative) movements of air are seen during the entire day, but
mainly during the early morning hours before dawn on April 14 when
these were much more intense. There were strong ascending and des-
cending movements of air especially near 08 UTC, the time in which the
SL was above the site. These increases in the absolute value of the
vertical velocity are typical characteristics of updrafts and downdrafts
generated by the SL when it passed through the region.

Fig. 7 shows the horizontal distribution of CAPE (potential energy
available for convection) at 00 UTC (Fig. 7a, before SL formation) and

Fig. 9. Horizontal distribution of ozone (a,c) (ppbv, shading) with horizontal wind ( −m s 1, vector) at 00 and 08 UTC, respectively. Equivalent potential temperature
(b,d)(K, shading) with horizontal wind ( −m s 1, vector) at 00 and 08 UTC, respectively, at 43.9 m on April 14, 2014. The black star represents the position where the
precipitation rate was more intense ( ∘ S0.70 ∘ W59.10 ) and the colored circles correspond to: ∘ S0.70 ∘ W59.40 (red), ∘ S0.70 ∘ W59.70 (green) and ∘ S0.70 ∘ W60.00 (blue).
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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at 08 UTC (Fig. 7b, when the SL is already formed). At the most active
point of the storm (black star) the value of CAPE is approximately

−1,700 Jkg 1 at 00 UTC, indicating a tendency for development of deep
convection, since a value of CAPE of −1,000 Jkg 1 is commonly con-
sidered to be the threshold for the irruption of such an event. Values of
CAPE between 1,000 and −3,000 Jkg 1 are associated with a type of
convection classified as moderate to intense (Machado et al., 2004;
Mota and Nobre, 2006). At 08 UTC it is evident that the CAPE values
are on the order of −500 Jkg 1 in the center of the storm, and this would
be expected since it is known that the CAPE value decreases con-
siderably once the convection is formed, and this can occur in an abrupt
manner (Machado et al., 2004).

Chase et al. (2016) showed that there is a significant correlation
between the values of CAPE before a storm and the O3-enhancement
events near the surface. Furthermore, Dias-Júnior et al. (2017) showed
that a reduction in the CAPE values that occur during strong convective
activity are more highly correlated with O3-enhancement events near
the surface than with a reduction in the values of θe.

Fig. 8a present transversal sections of O3 concentrations, during

April 14, 2014. Fig. 8b show the simultaneous vertical profiles of
concentrations of O3, at 00 UTC and 08 UTC, the hours before and after
the development of the SL. In Fig. 8a a greater concentration of O3 is
evident in the middle troposphere (around 26 ppbv), approximately at
the same level as the O3 plume observed in Fig. 4a. Additionally, the
movement of the downdrafts (black dashed line) brought a large
quantity of O3 in the direction of the surface. In addition, in Fig. 8b it is
possible to note that at 08 UTC (during the downdraft) compared to 00
UTC, the O3-level decrease in the region between 2000 and 5000m and
increased at low levels.

Also in Fig. 8a, in the interval just before 12 UTC to 15 UTC, there
was a considerable increase in the transport of O3 from the middle
troposphere into the surface, and this vertical flux of O3 occurred in the
presence of strong downdrafts. The results of the simulation for April 14
show that at 12 UTC the dissipation of the SL had already occurred (not
shown). However, an isolated cloud was observed near 12 UTC which
caused strong downdrafts at this point.

3.5. The horizontal ozone transport during the passage of a squall line

In this section the O3 route, immediately after reaching the surface
via downdraft will receive particular attention. The hypothesis sug-
gested by Dias-Júnior et al. (2017) will be verified, that is, if O3 is
transported on the surface by LLJ, which originate from the presence of
density currents.

In Fig. 9a, c the horizontal distribution of O3-levels is shown at 00
and 08 UTC, respectively. Fig. 9b,d shows the θe values at 00 and 08
UTC, respectively. The arrows in Fig. 9a–d correspond to the horizontal
wind near the surface and the black star is the most active point of
convection. At 00 UTC, before the presence of the SL, it is possible to
notice that O3-levels were approximately 12 ppbv (Fig. 9a) and the θe
value were close to 350 K (Fig. 9b) at the most active point of con-
vection. In addition, the easterly and northeasterly winds predominate.
However, at 08 UTC the values of O3 near the surface are high, with a
maximum near the region located at ∘ S1.10 ∘ W59.20 (Fig. 9c). Fur-
thermore, in this region there is also a divergence of the horizontal
wind near the surface. There are also high O3-levels near the surface in
other regions such as near the Equator and at the latitude ∘ S1.60 . Such
regions appear to be associated with the presence of convective cells
that are elements that are integrated into the simulated SL.

In the region of the storm center (black star, Fig. 9d), the values of θe

Fig. 10. Horizontal transport of ozone (continuous line) calculated at ∘ S0.50 -
∘ W59.10 and vertical transport of ozone (downdraft, dashed line) calculated at

the most active point of convection ( ∘ S0.70 - ∘ W59.10 ). Both transports were
calculated through the simulations of JULES-CCATT-BRAMS from 00 to 10 UTC
on April, 14.

Fig. 11. Horizontal distribution of air density ( −kg m 3) and horizontal wind ( −m s 1, vector) at 43.9 m for April 14, 2014 at (a) 00 UTC and (b) 08 UTC.
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are about 2 K less in comparison with the values calculated in neigh-
boring regions. This indicates that at the time around 08 UTC a parcel
of cold, dry air that originated in a downdraft reached the surface.
Additionally, in the same region there is a clear flow divergence near
the surface. Therefore, it is suggested that these simulations succeeded
in reproducing quite well the following dynamic features: downdrafts
associated with the SL reached the surface and were responsible for the
O3-enhancement events at the surface (Fig. 9c), and also for the θe re-
duction due to the transport of material that originated in the upper
layers of the troposphere, as also observed by Betts et al. (2002) and
Gerken et al. (2016) in their studies on the action of downdrafts above
the Amazon forest.

Dias-Júnior et al. (2017), in their study on the action of convective
storms on the dynamics of the atmosphere of Amazonia, suggested that
air that is colder and richer in O3, originated in the upper layers of the
atmosphere from where it was brought by downdrafts, formed a density
current when it reached near to the surface, and propagated itself in the
form of a LLJ. These authors referred to such jets as “non-classic”, but
upon concluding their article they did not possess sufficient data to
prove this hypothesis.

In contrast, this same hypothesis of Dias-Júnior et al. (2017) is
supported in the present study as a result of the simulations conducted
using the JULES-CCATT-BRAMS model. Fig. 10 shows the downdraft
flux (O3 vertical flux) and its lateral transport (O3 horizontal flux). For
the calculation of O3 vertical flux ( ′ ′w O 3 ) simulation results at the
nearest level to the surface ( m43.9 ) was used. We chose the most active
point of convection ( ∘ S0.70 - ∘ W59.10 ) to calculate the values of ′ ′w O 3 .

A method similar to the eddy covariance method was used to obtain
′ ′w O 3 that is, ′w was considered to be the fluctuation of the vertical

wind speed around its mean value. The average vertical wind speed (w̄)
was found by arithmetic mean of all values of w from 00 to 10 UTC on
April 14, 2014. From 10 UTC the O3 values tend to increase due to
sunrise and therefore they were not used. ′O 3 is the fluctuation of ozone
around its mean value (O3 ). The values of ′O 3 were obtained in a
manner similar to the values of ′w .

For the calculation of the O3 horizontal flux ( ′ ′u O 3 ), simulation re-
sults were used at the closest surface level ( m43.9 ) at the point ( ∘ S0.50 -

∘ W59.10 ) next to the most active point of convection. The methodology

used for the calculation of ′ ′u O 3 was similar to that used for the cal-
culation of ′ ′w O 3 . The distance between ′ ′u O 3 and ′ ′w O 3 calculation was
approximately 23 km.

Around 08 and 09 UTC the ′ ′w O 3 and ′ ′u O 3 values were con-
siderably larger, respectively, when compared to the values obtained at
other times (Fig. 10). This 1 h delay between the maximum values of

′ ′w O 3 and ′ ′u O 3 was already expected since these fluxes were calculated
at grid point of approximately 23 km. Therefore, it is possible to con-
clude that part of the increase of O3 observed at the point ∘ S0.50 -

∘ W59.10 occurred due to a horizontal transport of O3 coming from
adjacent regions, where frequent downdrafts occurred.

There is an increase of air density (ρ) value during 00 and 08 UTC,
as shown in Fig. 11a and b, respectively, at the same time of rainfall
caused by the SL. The value of ρ increase from −1.14 kg m 3 (00 UTC) to

−1.17 kg m 3 (08 UTC) at the most active point of convection (black star).
As previously stated, sudden increases in ρ values at the surface, ac-
companied by a reduction in θe values and an increase in the horizontal
wind velocity, besides changes in wind direction, are typical signs of the
incidence of density currents generated by cold air originating in
downdrafts from tropical storms (Costantino and Heinrich, 2014; Dias-
Júnior et al., 2017).

Fig. 12a shows the horizontal wind profiles (U) at the most active
point of convection before and after the formation of the simulated SL
at 00 UTC and 08 UTC, respectively. Fig. 12b show the horizontal wind
profile at 08 UTC for longitudes near the most active point of convec-
tion ( ∘ W59.40 , ∘ W59.70 , ∘ W60.00 ).

The values of horizontal wind did not show abrupt changes at 00
UTC. However, at 08 UTC there was a significant increase in U values at
low levels in the atmosphere (Fig. 12b), and also the formation of a LLJ
that reached a velocity of −6.5 m s 1 and a height of approximately
250 m, and covered a distance of approximately 67 km (from ∘ W59.10 to

∘ W59.70 ), with an approximate velocity of −5.5 m s 1. As demonstrated
by the results presented up to this point in this paper, the existence of
these jets is a consequence of the development of density currents
generated near the surface in the region where the downdrafts occur.
This conclusion is supported by the results of Dias-Júnior et al. (2017),
who suggested that the LLJs are products of the development of density
currents in the air above the tropical regions. Furthermore, they showed

Fig. 12. Vertical cross section of horizontal wind ( −m s 1) during April 14, 2014 (a) where the precipitation rate was more intense ( ∘ S0.70 - ∘ W59.10 ), at 00 UTC
(Before - continuous line) and 08 UTC (During - dashed line), and (b) at 08 UTC at latitude ∘ S0.70 for differents longitudes: ∘ W59.10 (black line), ∘ W59.40 (red line),

∘ W59.70 (green line) and ∘ W60.00 (blue line), these points were indicated in Fig. 9b. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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that in situations of the O3-enhancement events above the surface, there
was a high frequency of occurrence of these jets.

3.6. Other gases during the passage of an squall line

Fig. 13a, c presents transversal sections of carbon monoxide (CO)
and nitrous oxide (NO2) concentrations, respectively, during April 14,
at the most active point of the storm. Fig. 13b,d shows the simultaneous
vertical profiles of concentrations of CO and NO2 at 00 UTC and 08
UTC, the hours before and after the development of the SL.

In Fig. 13a there is a reduction in the CO values (−10 ppbv) as the
downdrafts approach the surface, indicating that these descending
movements are cleaning the air, and for this reason there is a reduction
of CO at low levels (−4 ppbv) (Freitas et al., 2005). This is corroborated
by Fig. 13b, since at 00 UTC the CO values in the lower troposphere are
greater than that observed at 08 UTC.

Fig. 13c shows the vertical profile of NO2 on April 14. The inter-
esting aspect of this profile is that the average NO2 level remains low
during almost the entire day (from 0.003 to 0.009 ppbv). However,

small increases in concentration are observed in the lower and middle
troposphere only during the hours when the downdrafts occurred,
reaching a maximum of 0.040 ppbv near the surface.

The large O3 level in the middle troposphere and the increase in the
concentration of this gas near the surface could have caused an increase
in the concentration of NO2 since O3 reacts with nitric oxide (NO)
forming NO2 and molecular oxygen (O2) (Gerken et al., 2016). In
Fig. 13c the increase in the concentration of NO2 is seen at 08 UTC.

It is worth mentioning that these numeric simulations with the
JULES-CCATT-BRAMS model allowed for a better understanding of the
tridimensional structure of the dynamics of chemical and thermo-
dynamic aspects of the atmosphere during the passage of the SL. This
research has shown that the downdrafts caused by the SL brought cold
air that was rich in O3 from the middle troposphere to the terrestrial
surface where density currents were formed and spread out in the form
of LLJs and subsequently dispersed in a radius of approximately 70 km
from the core of the downdraft. Additionally, the air downdrafts had
lower concentrations of CO, and the greater levels of O3 at the surface
promoted other chemical reactions such as the formation of NO2.

Fig. 13. Cross section of gas concentration (a) CO (ppbv) and (c) NO2 (ppbv) and vertical velocity ( −m s 1) (black line) during April 14, 2014 at the most active point
of the storm ( ∘ S0.70 - ∘ W59.10 ), and vertical profiles of (b) CO and (d) NO2 at 00 UTC (continuous line) and 08 UTC (dashed line).
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4. Conclusion

In this study, specific processes related to the organization of deep
convection above the Amazon forest in the tropical region of South
America were studied. The study used numerical simulations with the
JULES-CCATT-BRAMS model which allowed for a better understanding
of the tridimensional structure of the dynamics of chemical and ther-
modynamic aspects of the atmosphere during the rainy season in the
region. Special attention was given to the analysis of squall lines (SL)
that form in the interior of the continent. In contrast to classic SL that
form on the Atlantic coast due to the marine breeze, and that after
forming penetrate into the interior of the continent, the SL studied here
form in the interior of Amazonia and are accompanied by strong epi-
sodes of convection which are able to maintain a degree of synergy with
the development of deep convection in the South Atlantic Convergence
Zone. These SL have the capacity to alter chemical aspects and the
thermodynamic structure of the middle and lower troposphere through
which they pass.

It was shown that during the passage of a SL the downdrafts, ori-
ginated in this convective system, were responsible for sudden increases
in the concentration of ozone, horizontal wind velocity, air density
among other physical and chemical parameters. Moreover, rapid de-
creases in equivalent potential temperature were observed in the pre-
sence of these downdrafts.

Through the use of reanalysis data from the ECMWF Era-Interim
dataset it was possible to describe a “plume” rich in ozone in the middle
troposphere. It was concluded that substantial increases in the con-
centration of ozone near the surface occur when downdrafts from the SL
pass through the “plume” and bring ozone from the middle tropo-
sphere. Also, this analysis demonstrated that the downdrafts induced
the formation of density currents that spread out in the form of low-
level jets and are capable of transporting gaseous chemical compounds
over large distances.
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