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ABSTRACT

Squall lines (SL) represent an important precipitation system in the Amazon basin,
especially during the dry season. To improve the understanding and forecasting of these SL,
the main objective of this work was, through the Lorenz Energetic Cycle (LEC) to evaluate
the mechanisms favoring the propagation of SL, or not. For this, the LEC was analyzed in two
SL episodes. The analyses of Global Forecast System (GFS) model, with 0.5° of horizontal
grid, were used for synoptic analysis and calculation of Lorenz energetic in the quasi-
Lagrangian and Eulerian approaches. Between April and August 2014 and 2015 were
identified 21 episodes of SL using GOES-13 imagery in the infrared channel. These episodes
were classified as Coastal Squall Lines (CSL), when the SL has remained near to South
America’s (SA) coast and moved less than 10° westward from the start point, and Amazonian
Squall Lines (ASL), when the SL originated over northern coast of SA and propagated over
the Amazon basin (more of 10°). The mean features of these CSL and ASL were, respectively,
12 and 18 ms™ of propagation speed, 15 and 23 hours of lifetime, 630 and 1400 km of inland
propagation, 175 and 250 km of width, 1450 and 1980 km of length. The majority of them
started between 15:00 and 18:00 UTC.

In the synoptic analysis, at upper levels were observed two anticyclonic systems
configuring more intense winds over ASL than in CSL, thus favoring the westward
displacement of ASL. At 850 hPa, the wind and moisture convergence were more intense in
ASL than in CSL. The vertical profiles of wind showed a low-level jet during the formation
of the SL and displacement the ASL over the Amazon. It was also observed: the occurrence of
vertical wind speed shear at low-levels during the ASL and vertical directional shear at upper
levels during CSL, contributing to inhibit their westward movement.

In energetic terms, it was obtained larger intensity of the zonal kinetic energy term (Kz)
compared to the other terms of the LEC and the values were higher in ASL than in CSL. The
second most intense term was the eddy kinetic energy (Kg), which increased during the squall
lines occurrence, with higher values in ASL (in all the troposphere) than in CSL (only above
500 hPa). The baroclinic term prevailed in all troposphere during the ASL occurrence, while
in CSL it was active only in 200-400 hPa layer. The barotropic term reached values similar of
the baroclinic term, emphasizing the importance of this term in Amazon SLs. The boundary
energy fluxes had higher values in ASL than in CSL. Due to the predominance of kinetic
energy rather than available potential in both events, the equation of local change in kinetic
energy for a fixed volume was used. It was obtained greater and positive values of kinetic
energy in ASL than in CSL (as with the terms of LEC) resulted from the horizontal flux
divergence term.

Key Words: Lorenz Energy Cycle, Amazon squall lines, GFS analysis.






RESUMO

As linhas de instabilidade (LI) representam um importante sistema de precipitacdo na
Amazonia, principalmente durante a estagdo seca. Buscando melhorar o entendimento e a
previsdo deste tipo de sistema, o objetivo deste estudo foi através do ciclo de energia de
Lorenz avaliar os mecanismos que favorecem ou nédo a propagacao das LI. Para tanto, o ciclo
de energia de Lorenz foi analisado em dois episddios de LI. As andlises de Global Forecast
System (GFS), com resolucdo horizontal de 0.5°, foram utilizadas para anlise sinética e
calculo de energia de Lorenz usando os esquemas quase-Lagrangiano e Euleriano. Entre Abril
e Agosto de 2014 e 2015 se identificaram 21 episodios de LI usando imagens do canal infra-
vermelho do GOES-13. Estes episddios foram classificados em LI Costeira (LIC), quando
permanecem perto da costa do América do Sul (AS) deslocando-se menos de 10° para o oeste,
e LI Amazénica (LIA), se originam na costa de AS e se propagam pela Amazoénia (mais de
10°). As caracteristicas médias das LIC e LIA foram, respectivamente, 12 e 18 m s de
velocidade de propagacdo, 15 e 23 horas de tempo de vida, 630 e 1400 km de distancia
percorrida para oeste, 175 e 250 km de largura, 1450 e 1980 km de comprimento. A maioria
das LI iniciaram entre 15:00 e 18:00 UTC.

Na analise sindtica, dois sistemas anticiclénicos em altos niveis configuraram ventos
mais intensos durante a LIA que LIC, favorecendo assim o deslocamento para o oeste da LIA.
Em 850 hPa, a convergéncia do fluxo de umidade e os ventos foram mais intensos na LIA do
que na LIC. Os perfis verticais de vento mostraram a presenca de um jato de baixos niveis
durante a formacdo das linhas e também durante o deslocamento pela Amazoénia da LIA. Foi
observado ainda a ocorréncia de cisalhamento vertical de velocidade em niveis baixos durante
a LIA e de cisalhamento direcional em niveis altos durante a LIC, contribuindo para inibir seu
movimento para o oeste.

Em termos energéticos, obteve-se maior intensidade do termo de energia cinética
zonal (Kz) comparado com 0s outros termos da energética e com valores superiores durante a
LIA do que a LIC. O segundo termo de maior intensidade foi o da energia cinética dos
distdrbios (Kg) que aumentou durante a ocorréncia dos dois eventos, com valores maiores na
LIA (em toda troposfera) que na LIC (apenas acima de 500 hPa). O termo baroclinico atuou
em todas as camadas troposféricas durante a LIA, enquanto que durante a LIC esteve ativo na
camada de 200-400 hPa. O termo barotropico apresentou valores similares aos do termo
baroclinico, indicando também sua importancia para as LI na Amaz6nia. Valores maiores do
fluxo de energia pelas fronteiras foram observados na LIA do que na LIC: Devido a
predominancia da energia cinética em ambos os eventos, utilizou-se equacdo de balango de
energia cinética num volume fixo. Basicamente, 0s valores positivos e maiores de energia
cinética (como também obtido para os termos do ciclo de energia de Lorenz) na LIA que na
LIC resultaram principalmente do termo de divergéncia do fluxo horizontal da energia
cinética.

Palavras Chave: Energeética de Lorenz, linhas de instabilidade amazonicas, analises
de GFS.
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1. CHAPTER 1: INTRODUCTION

1.1. INITIAL CONSIDERATIONS

The Amazon squall lines (SLs) are a very important precipitation system for the
Amazon basin. According to Greco et al. (1990) four squall line events were responsible for at
least 38% of the total precipitation over the central part of Amazon basin during April 1 and
May 14 1987 (period of Amazon Boundary Layer Experiment — ABLE 2B).

There are several investigations about this SL type, mainly about its structure, wind
profiles during the formation and displacement, synoptic conditions, and some investigations
regarding the heat and moisture budgets during SL. However, there are no studies related to

the energetic of Amazon SLs.

In the present work, the Lorenz Energy Cycle (LEC) is used to understand the energy
terms of the synoptic environment favoring or not the inland displacement of Amazon SL,

which are initially develop over northeastern coast of South America.

The forecast of the formation and propagation of Amazon SL is a complicated task
because these systems have mesoescale dimensions and they are not very well represented by
operational numerical models due both little observational data availability in the Amazon
basin and coarse resolution. However, since SL contributes to the precipitation in the Amazon

basin, mainly during dry season, its forecasting is a crucial task.

In that sense, the knowledge and characterization of the energy contained in the SL will
be applied as a tool in the forecast of their propagation. Thus, to anticipate whether the SL
formed in northeastern coast of South America will remain near the coast or propagate toward
the center of the Amazon basin and, in several cases, if it will reach the westernmost side of

the Amazon (Peruvian Amazon).

1.2. OBJECTIVES

The principal objective in this study is to evaluate the related mechanisms of the

synoptic environments favoring or not the propagation of SL over the Amazonia using the
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Lorenz energy cycle.
The specific objectives are to:
e Classify as CSL or ASL the SLs occurred during the dry season of 2014-2015;
¢ Characterize the energetic of two SL events, contributing thus to their prediction;
¢ Describe the synoptic conditions during the occurrence of these two SL events;

e Calculate and analyze the terms of the kinetic energy and thermodynamic budgets in the

two SL events.



2. CHAPTER 2: LITERATURE REVIEW

2.1. SQUALL LINES

Following the Glossary of Meteorology (2016), a SL is a line of active deep moist
convection frequently associated with thunders, either continuous or with breaks, including
contiguous precipitation areas. SLs are classified as a type of mesoescale convective system
distinguished from other types by a larger length-to-width ratio.

Following Asnani (2005), a SL is a line of strong winds resulting from the downdraft
emanating from a line of thunderclouds. Generally, a SL is associated with some low-pressure
system of synoptic scale and can have several hundred kilometers long. Each of the
thunderclouds contains one or more cells that follow the life-cycle common in thunderstorms.

The width of a SL has the size of an individual thunderstorm.

2.1.1.CHARACTERISTICS

The conceptual characteristics of SLs structure are summarized in the next figure made
by Markowski and Richardson (2010):
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Figure 2.1 - Conceptual model of a SL with trailing stratiform area viewed in a vertical cross-section oriented
perpendicular to the convective line. The green shading indicates the region of precipitation-sized hydrometeors.
The yellow and orange shading indicates more intense radar echoes. Pressure maxima and minima are also
indicated (with H and L letters), as is the height of the melting level, which is located just above the height at
which a radar bright band is observed (Source: adapted from Houze et al. (1989) by Markowski and Richardson
(2010)).



According to Markowski and Richardson (2010), in the Figure 2.1. the most convective
area in the SL is confined to the leading edge of the system, and a second region, associated
with a trailing stratiform precipitation, is greater and commonly located at the rear of the
convective cells. Naturally, SLs are normal oriented to the low-level shear and hydrometeors
are deposited at the rear by a front-to-rear flow through the system. The front flow is forced to
lift to the level of free convection (LFC) by the gust front, and descends a little behind the
leading convection region before entering completely to the trailing stratiform region, when
there is a slight rise again and it is associated with upward vertical velocities generally less

than 0.5 m s™%. It is below of the ascending front-to-rear flow that the stratiform rain occurs.

Although the majority (60-80%) of SLs organization implies in the stratiform region
located at the rear of the line, there are other types of SLs configuration. In such cases, the
precipitation may not fall at the rear of the leading region. Two other cases were described. In
one of them, the deep-layer shear has a strong rear-to-front component and the hydrometeors
fall ahead of the convective towers, or into a leading stratiform region. In the other, the deep-
layer shear has a strong along-line component and the hydrometeors precipitate parallel to the
orientation of the updrafts, or into a parallel stratiform region (Markowski and Richardson,
2010). Figure 2.2 provides the visualization of these types of organization of SLs according to
Parker and Johnson (2000).

Linear MCS archetypes

Initiation Development Maturity
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Paral!el stranform ﬁ %

100 km

Figure 2.2 - Schematic reflectivity drawing of idealized life cycles for three linear MCS archetypes.
Approximate time intervals between phases: for TS 3-4 h; for LS 2-3 h; for PS 2-3 h. Levels of color shading
roughly correspond to 20, 40, and 50dBZ (Source: Parker and Johnson, 2000).



SL is also known as pressure-jump line because when the line is crossing an area there is
a pressure increase, and after that there is a pressure decrease (Asnani, 2005). In the Figure

2.3 can be observed a profile of a pressure disturbance for a SL.
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Figure 2.3 - Schematic diagram of barograph trace for a SL thunderstorm. Time runs from right to left. The five
stages are: 1) Initiation stage, 2) Development stage, 3) Mature stage, 4) Dissipation stage, and 5) Remnant stage
(Source: Fujita, 1955).

Before the work of Rotunno et al. (1988), many works about the longevity of SLs have
emphasized in some way the importance of the vertical wind shear, the cold air outflow or the
combination of both for the existence of long-lived SLs. In addition, there was the theoretical
issue of whether a SL is a system of special, long-lived convective cells, or whether it is a

long-lived system of ordinary short-lived convective cells.

Thorpe et al. (1982) simulated the convection in a single long-lived cell. They have
concluded that in an environment with no vertical wind shear would have a precipitating cell
with surface outflow moving rapidly away from the cell (Fig. 2.4a). Nevertheless, if the low-
levels wind shear was strong enough, the outflow would be prevented from moving away

from the cell (Fig. 2.4b), which is a favorable condition for intense and long-lived convection.

In the study of Rotunno et al. (1988; known as RKW theory, because the authors are
Rotunno, Klemp and Weisman), they proposed that a majority of SLs is a long-lived system

formed by short-lived cells with continuous regeneration ahead of the squall line. The
5



regeneration gives the impression of a line of clouds moving forward and persisting for many
hours (Asnani, 2005). RKW theory concluded that the longevity of the intense convection in a
SL might be explained by the change of the circulation of the cold outflow due to the presence
of low-level wind shear. Basically, without wind shear a cold outflow induces a circulation
that inhibits deep vertical penetration of the displaced air (Fig. 2.4c). On the other hand, with
sufficient low-level wind shear, the cold outflow spreads ahead of the convection, but has
circulation opposed (due to shear) which prevents much displacement and promotes deep

lifting triggering new cells produced by the rainy downdraft of prior cell (Fig. 2.4d).
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Figure 2.4 - Schematic drawings of the presence of low-level wind shear and/or cold outflow (cold pool). Thorpe
et al. (1982) argue that (a) without low-level shear, the rain-produced cold pool propagates away from the cloud
above and that the shear at the top of the pool dissipates new cells triggered by the cold pool, whereas (b) with
low-level shear, the cold pool remains beneath the cloud and produces a long-lived cell. Here Rotunno et al.
argue that (c) without low-level shear, the circulation of a spreading cold pool inhibits deep lifting and so cannot
trigger a cell. (d) The presence of low-level shear counteracts the circulation of the cold pool and promotes deep
lifting that triggers new cells (Source: Rotunno et al., 1988).

On the other hand, the relationship between thunderstorm upward tilt with the low-
levels wind shear was also studied through the balance between the horizontal vorticity
produced by the buoyancy gradient across the gust front generated by the cold pool and the



horizontal vorticity associated with environmental low-level vertical wind shear. In the Figure
2.5a can be observed that in the absence of both wind shear and cold pool, the axis of the
updraft produced by the thermally created, symmetric vorticity distribution is vertical. In the
absence of environmental wind shear but with an evaporative driven cold pool, the
distribution is biased by the negative vorticity of the underlying cold pool and updraft tilts
rearward over the cold pool (Fig. 2.5b). In the absence of an evaporative driven cold pool,
such as early in the lifecycle of a cumulonimbus cloud, environmental wind shear tilts an
updraft downshear or toward positive vorticity, which produces an updraft leaned back over
the cold pool (Fig. 2.5c). In the presence of both environmental shear and evaporative driven
cold pool, a balanced state may exist allowing an erect updraft (Fig. 2.5d) (Rotunno et al.,
1988).

(@) (b)

(c) (d)

Figure 2.5 - Schematic diagram showing how wind shear and/or a cold pool may influence a buoyant updraft. (a)
With no shear and no cold pool. (b) With a cold pool but without wind shear. (c) With shear, but without cold
pool. (d) With both a cold pool and shear (Source: adapted from Rotunno et al. (1988) by Markowski and
Richardson (2010)).

Rotunno et al. (1988) summarized SLs cases that can develop with less-than-optimal
wind shear or otherwise. When the circulation of the cold pool is not countered by a
comparable wind shear (a less-than-optimal wind shear), the rear-to-front flow above the cold
pool is intensified, the updrafts are weakened and the circulation is highly slanted, but how
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the low-level air lifted over the cold pool continue to rise, the SL produce precipitation for
long periods. On the other hand, when the circulation of the cold pool is too weak for the low-
level wind shear related (a more-than-optimal wind shear), then the SL may be long lived but

weak.

Qualitatively, the structure of the cloud systems and the wind and pressure patterns
during tropical SL do not present fundamental differences of the mid-latitudes SL (Rotunno et
al. 1988). However, the former are much less spectacular than the latter since the perturbation
pressure in tropical SL is generally weaker (~ of 2 hPa or are not detected), and tornadoes are
much less frequent than in mid-latitudes SL (Asnani, 2005).

Figure 2.6 shows the main features of the structure of a tropical SL synthetized by
Zipser (1977) as follow:

TOPS = 200mb OR HIGHER
QU AMBIENT 5 / ?500
UPPER TROP = )
AIR
@ e 7y

6-10km
M OLDER

I

I

400 —

NEW /
TOWERS
/
'

&

AMBIENT CLOUD LAYER AIR

500 — STRONGEST ) A o
UPDRAFTS e o §§§ :
‘ 2 \\\\\‘ L ﬁ*ﬂ s NXST*_O.C_ ok o /
B TN N e
P> / | | [
\ f C ! / J AMBIENT
700 — ) | { / @_? :?: 8, o
o el s
u i
15 ’ ‘ [ / — 800
||

! STABLE LAYER TOP (1000-1500 m)
Lt tteana tttaate,ete a0

el s | |

WARM, DRY —900
DESCENT | ‘

e
\ N
|
AMBIENT SUB-CLOU | L ket \\\ \ \\\SL"B&EL"E"“SE"W' e
1000 — 7 JE KA siraalilil @i\ | ‘SO VY @S —wo

MESOHIGH 50km 100 kem MESOLOW

SQUALL IFRONT

Figure 2.6 - Schematic cross section through a class of squall system. All flow is relative to the SL that is
moving from right to left. Circled numbers are typical values of 0, in °C. See text for detailed discussion
(Source: Zipser, 1977).

In all vertical levels, in the front the relative winds are directed toward SL, but with a
minimum flow often above 600-700 hPa. The flow is strongly outward behind SL, from 900

hPa to the surface. Above the squall front along the leading edge, new cumulonimbus cloud
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growth, and older towers joining the anvil mass trailing behind. The deep of the anvil is 6-10
km, and rains from the anvil base (4-5 km) for 100 km or more in the rear;

From 10 to 30 km behind the squall front, where there are many active cumulonimbus
clouds, is very cool and has near-saturated air. In the remainder of the system to the rear the
air has 0,y and relative humidity varying widely. There are two layers in the anvil region, one
of intermediate 0, (near-saturated air) near the surface, and the other just above the first with
relatively warm air and low relative humidity and 6,,. The base of the stable layer, which

separates these two layers, marks the top of the mixed layer.

The dew point at the surface drops when the SL passes, but often drops still further in
the anvil rainy area. Sometimes reaches the minimum value about 100-200 km behind the
SL. In some tropical SLs a mesoescale high-pressure region at the surface tends to
accompany the SL itself, followed by a mesoescale low-pressure region about 100-200 km
behind.

Comparison between Tropical and Extra-Tropical Squall Lines

About the anvil orientation, Ludlam (1963)' apud Asnani (2005) suggested that the
major difference is that, ahead of the travelling tropical SL, the airflow is directed toward
the SL at all levels. Therefore, the anvil region is behind the tropical SLs. Otherwise, in the
mid-latitudes, the speed of cumulonimbus clouds is close the mean wind of the layer in
which is the SL, and so there are SLs with the anvil region in front of it.

According to Ogura and Liou (1980), the anvil in tropical SLs is thicker and larger than
in the mid-latitudes SLs. Therefore, the duration of light rain from anvil is longer in tropical
SLs. They also suggested that into the anvil of a tropical SL would exist upward motion,
product of a mesoescale circulation in the rear. Otherwise, in a mid-latitude SL, the anvil is
mainly a result of simple detrainment from the cumulonimbus clouds. Houze (1977)
observed that the stratiform rain from the anvil cloud accounted for 40% of the total rainfall

from the tropical SL system.

According to Asnani (2005) and Houze (1977), in tropical SLs there are two types of

downdrafts. An intense convective-scale downdraft, 10-20 km wide in the narrow zone of

! Ludlam, F.H., 1963. Severe local storms; A review. Meteor. Monogr., Amer. Meteor. Soc., Vol. 5, No. 27, pp. 1-
30.
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heavy precipitation of the SL, which spread out at low-levels and one portion of this cold air
spread toward the front of the system and produce the squall front just ahead of the heavy
rain region. The other downdraft area, lighter but wider (100-500 km wide or of mesoescale
dimensions) localized below the anvil precipitation. Otherwise, in mid-latitude SL the

downdraft from the anvil is generally smaller and with weak organization.

Asnani (2005) showed that in the tropical SL, the low-level airflow entering presents higher
convective instability than in the mid-latitude SL, and concluded that in spite of the

differences in some aspects, the basic structure in both SLs is similar.

2.1.2. AMAZON SQUALL LINES

Amazon Squall Lines (AmSL) are one of the main mesoescale systems producing rain
in the region, mainly between April and August (Cavalcanti, 1982; Cohen et al., 19892 apud
Cohen et al. 1995), and are responsible for the export of large amounts of energy to the
atmosphere (Alcantara et al., 2011; Garstang et al., 1994). The average features of AmSL are
700-1900 km length, 100-220 km wide, between 12 and 16 m/s propagation speed, between 9
and 16 hours lifetime (Cohen et al., 1989 apud Cohen et al. 1995) and start at afternoon or
early night (Garstang et al., 1994). AmSL propagation is in general from northeast to
southwest and some events may move for long distances reaching the Andes Mountain
(Kousky, 1980; Rickenbach, 2004).

As first approximation, there are two main types of AmSLs considering their formation:
the coastal squall lines (CoaSL), which formed over the northeast of South America
associated with the sea breeze effect (Kousky, 1980; Cohen et al., 1995; Garstang et al., 1994),
and the continental squall lines (ConSL) formed by topographic effect (Cohen et al., 2004).
Garstang et al. (1994) identified six possible stages in CoaSL propagating long distances in

Amazon basin:

1) coastal genesis, when the first thunderstorm cells form during the afternoon in the sea-

breeze convergence zone;

2) intensification, which occurs during late afternoon and evening, with new thunderstorm

2 Cohen, J. C. P., M. A. F. Silva Dias, and C. A. Nobre, 1989: Aspectos climatolégicos das linhas de instabilidade
na Amazonia. Climanalise. Boletim de monitoramento e Analise Climatica. Vol. 4. INPE/CPTEC, 34-40.
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cells oriented from northwest to southeast;
3) maturation, when the system achieves maximum length and width;
4) weakening, when the cumulonimbus clusters diminish in size;

5) regeneration that occur in several systems, which regenerate and propagate to the west of
Manaus during the period of maximum diurnal heating; and 6) dissipation, when the

cumulonimbus clusters disappear.

Cohen et al. (1989 and 1995) divided CoaSLs in three main types according to their
inland propagation. The first as Coastal Line of Convection, or CLC, which move no more
than 170 km inland; Squall Line type 1 or SL1, which move between 170 and 400 km inland,;
and Squall Line type 2 or SL2, which displace by more than 400 km inland.

The synoptic analysis of the AmSLs is important since these mesoescale systems are
influenced by synoptic circulation. For example, the SLs follow the north-south displacement
of the Intertropical Convergence Zone (ITCZ), developing mainly southward of the ITCZ
(Cavalcanti, 1982). Cohen et al. (1989) apud Cohen et al. (1995) observed that the majority of
AmSLs propagating inland was more frequent when the ITCZ is well established.

Cohen et al. (1995) concluded that the magnitude of the easterly low-level jet was
stronger in the days with SLs due possibly to easterly waves and tropical heat sources.
Alcéantara et al. (2011 and 2014) found direct relationship between the easterly low-level jet
depth and the AmSLs propagation. For deeper low-level jet, there is longer propagation of
AmSL probably due to supply mid-level inflow into the cloud system that will intensify

cloud-scale downdrafts and thus form continually intense cold pools at the surface.

Alcéantara (2011) and Garstang et al. (1994) found that the low-level wind shear in
AmSLs has the similar behavior of the mid-Ilatitude or tropical SL. Intense wind shear in the
low-level inflow may play an important role in the longevity of the SLs. Without wind shear,
only unicellular, short-lived, slightly rainy and stationary thunderstorms are produced.
Otherwise, the wind directional and speed shears are decisive for the organization and
development of a multicellular convective system, as AmSLs. Therefore, the ideal situation
for formation of AmSLs is a moderate low-level jet, intense high-level jet, and the presence of
both weak directional and moderate speed wind shears at low and medium levels (Alcantara,
2011).
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During AmSL in the presence of the colder pools provides higher thermal contrast
between the front and the rear of the SL, which promotes cumulus convection development

and new cells ahead (Alcantara et al., 2014).

2.2. ENERGY IN THE ATMOSPHERE

Solar radiation is the main source of energy for the Earth’s atmosphere and as its most
prominent effect is to heat the atmosphere-ocean-earth system, the energy produced is internal
energy (IE). The atmosphere motions convert IE to kinetic energy (KE), which in turn is
dissipated by friction, in order to keep energy balance the process mention above need to

continue in loop (Lorenz, 1967).
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Figure 2.7 - The middle line represents net radiation balance for the earth-atmosphere system (long dashed line).
Source: given by Sellers (1965) and adapted by Barry and Chorley (2003).

Differential heating produces the motions in the atmosphere, which makes tropical
latitudes warmer than the polar ones, promoting movements to the inter-latitudinal exchanges
of heat (Asnani, 2005). For different latitudes, Figure 2.7 shows the observed net radiation

energy gain or loss by the atmospheric column.

The principal energy types in the atmosphere are kinetic energy (KE), internal energy (IE)

(thermodynamically, the thermal energy and the latent energy of water condensation/fusion
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are forms of IE) and potential energy (PE). The last two energy types are the only sources for
KE, while the environment may act as a sink (Lorenz, 1955). Because the IE is expressed as
¢, T, and the PE, as gz, (where c,=specific heat at constant volume, T =temperature, g=
acceleration of gravity and z=geopotencial height), IE and PE increase or decrease together
since both depend on the temperature. Therefore, following Margules (1903)* these energies
are jointed as one same type of energy, the total potential energy (TPE) or simply potential
energy (Lorenz, 1955; Lorenz, 1967; Asnani, 2005).

Under adiabatic flow, since the total potential energy (TPE) cannot be a good measure
of the amount of energy available for conversion into kinetic energy it was developed the
concept of the atmospheric available potential energy (APE). Conceptually, the APE of the
whole atmosphere is defined as: the difference between the total potential energy at a given
moment (can be the current moment) and the minimum total potential energy resulting from
any adiabatic redistribution of mass (Lorenz, 1955). Therefore, the APE is a measure of the

portion of the TPE available for conversion into KE, hence its name (Lorenz, 1967).
Following Lorenz (1955), the APE has the important properties:

o APE plus the Kg is conserved under adiabatic flow;

o APE is completely determined by the distribution of mass;

o APE is zero if the stratification is horizontal and statically stable and positive otherwise;

o APE is the only source for KE, but it is not the only sink.

The general circulation of the atmosphere may be approximated as compositing of the
mean zonal motion and eddies superposed upon it. This permits to divide the kinetic energy of
the atmosphere in two types, zonal kinetic energy (Kz) and eddy kinetic energy (Kg).
Likewise, the available potential energy can be divided in zonal available potential energy (A7)
and eddy available potential energy (Ag). The zonal component of energy arises due to
variance of zonally averaged temperature, while the eddy component of energy is associated
with the variance of temperature within the latitude circles. Each type of energy there is as

source or sink for the other type (Lorenz, 1955).
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2.2.1.LORENZ ENERGY CYCLE

Applying the equations of the continuity, thermodynamic and motion, Lorenz (1955)

expressed the local variation of Kz, Ke Azand Ag as:

94,
W = Cz(Kz,Az) - CA(AZlAE) + GZ 2.1
04

W = CA(AZPAE) - CE(AEI KE) + GE 2.2
9K,
W = _Cz(Kz,Az) + CK(KE’ Kz) - DZ 2 3
0Kz

W = CE(AE’ KE) - CK(KE' Kz) - DE 24’

These terms are part of the Lorenz Energy Cycle and can be expressed in the form of a

diagram shown in Figure 2.8.
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Figure 2.8 - Schematic energy and energy conversions diagram of the atmospheric system. Arrows denote the
most likely direction of the conversion between energy components for a large-scale mid-latitude region
averaged over the passage of many disturbances. Bold-faced arrows denote a generally large rate of conversion,
thin arrows a small rate of conversions and broken arrows a very small rate of conversion or one that is not
consistently in one direction. Source: adapted of Carlson (1998).

where Gz represents generation of zonal available potential energy (A7) through the
latitudinal differential heating produced by the diabatic heat sources (Asnani,1993 and 2005).
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Ge represents generation of eddy potential energy (Ag) along the same latitude, heating the
warm regions and cooling the cold regions, generating gradients of temperature in the same
latitude. Physically, the latent heat release due to convection should be an important source of
heating and, consequently, of eddy available potential energy (Gg) (Dias Pinto, 2010). Ca (Az,
Ag) represents the conversion of the available potential energy between zonal and eddy forms,
and it is related to the movement of warm tropical air to polar latitudes and cold polar air to
warm latitudes through meridional motions. This process decreases the thermal gradient
between latitudes diminishing Az and increases the thermal gradient at the same latitude
resulting in Ag increases, which is related to wave motion (troughs and ridges) and it is an
intermediate process in the baroclinic chain. Cz (Kz, Az) indicates the conversion of zonal
available potential (Az) into zonal kinetic energy (Kz) through upward movements of warm
air in low latitudes and downward movements of cold air in high latitudes. According to
Asnani (2005), the Hadley and Ferrel circulations are manifestations of this conversion.
Meanwhile, Ce (Ag, Kg) represents the conversion of eddy available potential (Ag) into eddy
kinetic energy (Kg) through upward motions of warm air and downward movements of cold
air along the same latitude circle. The equatorial Walker circulation would be a manifestation
of this process. Ck (Kg, Kz) represents the conversion of the kinetic energy between zonal and
eddy types. According Lorenz (1967), there is no process that converts Az into Kg or Ag into
Kz. Dz and Dg, represent the effects of friction by zonal and eddy motions, respectively.

Since baroclinic instability is associated with vertical shear of the mean flow and grows
by converting potential energy associated with the mean horizontal temperature gradient in
kinetic energy (Holton, 2004); in terms of physical processes in the atmosphere, Cz (Kz, Az)
and Ce (Ag, Kg) are denominated baroclinic terms because they are strongly related to the
processes that present baroclinic instability (Dias Pinto, 2010) or thermal gradients. On the
other hand, since barotropic instability is a wave instability associated with the horizontal
shear in a jet-like current, and grows by extracting kinetic energy from the mean-flow field
(Holton, 2004), Ck (Kg, K7) is called barotropic term. Positive values of Ck (Kg, Kz) indicates
the conversion of Kg to Kz and negative otherwise related to the processes where the
perturbation extracts kinetic energy from the zonal flow (Asnani, 1993 and 2005; Dias Pinto,
2010).

The energy cycle of the whole atmosphere obtained by Oort (1964) is outlined in Figure
2.9, where f the arrows indicate the directions in which the different processes or conversions

occur.
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3.

Figure 2.9 - The energy cycle of the atmosphere as estimated by Oort (1964). Values of energy are in units of 10°
J m?, and values of generation, conversion, and dissipation are in W m™. Source: Lorenz (1967).

2.2.2.ENERGY OF LORENZ IN TROPICAL SYSTEMS

For the period between 1979 and 2007, da Silva and Satyamurty (2013) calculated the
components of the LEC for the ITCZ sector covering northern South America and the
Atlantic Ocean (area between 5°S-10°N and 50°W-0°). The authors found that: (a) the kinetic
energy is greater than the available potential energy, in contrast to the hemispheric situation;
(b) the mean energy cycle is much weaker than the hemispheric cycle due to weak thermal
gradients; (c) the zonal component of the kinetic energy (Kz) presents the largest variability
compared with other energy components; and (d) K it is decreasing during the last 30 years,
while the other energy components do not show significant changes. According to da Silva
and Satyamurty (2013), the decrease of Kz suggests a weakening of the trade winds in the
Atlantic sector of ITCZ, which may have important implications for the transport of water

vapor from the Atlantic to the Amazon basin.

Ramirez et al. (2009) conducted a multivariate Empirical Orthogonal Function (EOF)
analysis of land precipitation and of the LEC of the South American rainy season (area
between 35° W-75 ° W and 30° S-5 ° N) for the period 1979-2004. The authors found three
principal EOF modes. The first EOF (EOF1) represented a dipolar structure of precipitation
between South and Central America, describing the fully developed South American

Monsoon System (SAMS). In the LEC-EOFL1, the diabatic heating release or the eddy
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available potential energy generation (Gg) was more important than the baroclinic instability,
and the generation of zonal available potential energy (Gz) was positive, indicating the
importance of thermal gradients in this EOF mode. The second and third EOF modes (EOF2
and EOF3) were similar and described the establishment of the South American Convergence
Zone (ZCAS). However, depending on the phase between them, they also expressed the
Intertropical Convergence Zone (ZCIT) during austral fall (negative phase of Prec-EOF2), or
a climatological summertime SACZ configuration in austral spring (negative phase of Prec-
EOF3). The LEC-EOF2 suggested that this pattern occurs when the diabatic heating (Gz and
Ge) is of the same order as the baroclinic instability, and so this pattern is different of a frontal
system, when the baroclinic instability must be the major term.

In the study of the energetic transformations of African easterly waves, Hsieh and Cook
(2007) found the baroclinic conversion as the dominant energy source for the wave generation,
although barotropic conversion was almost equally important when there are ITZC convection
and surface confluent zone. Asnani (2005) concluded that the generation and maintenance of
tropical easterly waves is a manifestation of the energy flow Ag—Keg—Dg, a process

maintained by the condensation that creates warm pockets of air along the same latitude circle.

2.2.3.EULERIAN AND LAGRANGIAN APPROACHES

According to Michaelides et al. (1999) it is common to use the Eulerian approach in the
energetics studies of open atmospheric systems. Eulerian approach considers a unique fixed
geographical area, which bounds the system in its all stages of development. The area must be
large enough to include the temporal changes in the position and size of the analyzed system.
However, although the Eulerian approach simplifies the energetics computations it has the
problem of to include the energetics characteristics of adjacent synoptic circulations that are

unwanted to consider.

Other possible approach to solve the energetic is the Lagrangian one. For Lagrangian
scheme, the synoptic-scale system considered may be isolated throughout its evolution by
using a small area around it that is moving with the system. In this way, the boundary of the
computational volume can vary with the time implying in a continuously changing volume
surrounding the system exclusively. The Lagragian approach needs to consider a conservative
property of the system, which can be applied to an air mass with uniform characteristics
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making a purely Lagrangian approach practically inapplicable in some cases. Other trouble of
a purely Lagrangian framework is the need of consider an isolated system. This implies that
the boundaries of the volume must change with time and they must be exclusively bounded
the system. The exclusive-bounding condition of Lagrangian approach is difficult to know

since is difficult to isolate many systems from the surrounding environment.

Michaelides et al. (1999) followed a quasi-Lagrangian scheme to calculate the LEC
terms of a synoptic-scale depression that occurred in December of 1991. For this quasi-
Lagrangian calculation, the atmospheric volume was bounded in the vertical by the 100-1000
hPa layer and the horizontal area moved following the position of the center of the system.
This volume remained with the same horizontal size during all life cycle of the system (7.5°
from the center of the depression in the east, west, north and south directions). Michaelides et
al. (1999) also compared the LEC terms using the Eulerian and the quasi-Lagrangian schemes
for this event and their results are in the Table 2.1 (table 4 in the work of Michaelides et al.
1999).

The terms that represent the zonal energies (Az and Kz) have slight differences in both
schemes, but the contrary occurs with the eddy energies. Regarding to energy conversions and
frontier energy transports terms, they are very different between Eulerian and quasi-
Lagrangian schemes. Therefore, the results in the Table 2.1 show that the energetic terms in

this analyzed cyclone is dependent upon the choice of approach.

Table 2.1 - Energy contents, conversions and transfers using the Eulerian and the quasi-Lagrangian schemes.
Source: Michaelides et al. (1999).

Eulerian  Quasi-Lagrangian
scheme scheme
AZ 7.50 7.02
AE 3.83 9.41
KZ 14.48 19.18
KE 10.80 4.60
(KZ - KE) 2.51 0.28
{(AZ — AE) —4.47 2.68
(AZ-K2Z) 4.05 1.89
(AE — KE) —2.76 0.80
BAZ 3.82 335
BAE 5.56 -0.97
BKZ -8.59 5.18
BKE -17.61 3,70
Units used for the energy contents (AZ, AE, KZ
and K E)are 10° J m~2 and for both the energy con-
versions ((KZ — KE), (AZ — AE), (AZ - KZ)
and (AE — K E)) and the energy transfers (BAZ,
BAE, BKZ and BKE) are W m™2,
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3. CHAPTER 3: DATA AND METHODS

3.1. DATA

The period of 2014-2015 was chosen since it includes the Green Ocean Amazon
(GoAmazon) observational campaign, which makes available new observations used to

characterize the synoptic environment of SLs.

The project Go Amazon was developed between 01 January 2014 and 31 December
2015 to investigate, understand and enable the study of the coupled atmosphere-cloud-
terrestrial tropical systems over the Amazon. The United States Department of Energy (DOE),
with collaboration of University of Sdo Paulo (USP) of Brazil and the Max Planck Institute of
German conducted this campaign. For more information, consult

http://campaign.arm.gov/goamazon2014/.

3.1.1.SATELLITE IMAGERY

Animations of Goes-13 Satellite Imagery in the IV channel (infrared) with 4km of
spatial resolution at every 30 minutes were used to identify the SLs events (both CSL and
ASL) from April to August (more frequency of SLs according to Cohen et al., 1989) 2014 and
2015. These animations covers South America and they are available at the Centro de
Previsao do Tempo e Estudios Climéaticos (CPTEC) webpage
http://satelite.cptec.inpe.br/acervo/goes.formulario.logic. For some days, Goes images were

not available on CPTEC webpage at every 30 minutes and then infrared Meteosat images

were used. These images also are available at the same CPTEC webpage.

In the infrared images, to enhance the temperature, it was used the two-ramp dog-leg
scheme for converting unsigned 8-bit integer in the range 0 to 255 into scene temperatures.

This scheme is used by the NOAA-NESDIS and it is summarized as follows:
Mode-A: Tscene = 418K - counts (for counts between 255 and 176)
Mode B: Tscene = (660K — counts)/2 (for counts between 176 and 0)

The method is described at the Goes webpage: http://goes.gsfc.nasa.gov/text/
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3.1.2. TROPICAL RAINFALL MEASURING MISSION

The occurrence of precipitation in the SL was verified using the 3-hourly estimated
rainfall from Tropical Rainfall Measuring Mission (TRMM) Multi-Satellite Precipitation
Analysis (TMPA). The horizontal grid spacing of the TRMM data is 0.25° and it was used the
estimation product denominated 3B42 (Huffman and Bolvin, 2015), which is available at

https://pmm.nasa.gov/data-access/downloads/trmm.

3.1.3. ATMOSPHERIC SOUNDINGS

The data of soundings of Manacapuru municipality located in the Brazilian state of
Amazonas were used to identify a vertical profile of wind, temperature and other
meteorological variables of the SLs. The soundings are available in the Atmospheric
Radiation Measurement (ARM) Climate Research Facility webpage
(http://www.archive.arm.gov/armlogin/login.jsp) and they were obtained for Green Ocean
Amazon (GOAmazon) campaign between 2014 and 2015 in the location 3.21°S — 60.6°W
(Manacapuru-MAN).
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Figure 3.1 - Location of sounding stations over the Amazon basin.
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In addition, atmospheric soundings of other points scattered over the Amazonian basin
(see Fig. 3.1) were used. These data are available at University of Wyoming webpage

(http://weather.uwyo.edu/upperair/sounding.html) and Table 3.1 provides their locations.

Table 3.1 - Number, name and location (latitude and longitude) of sounding stations over the Amazon basin.

Source: http://weather.uwyo.edu/upperair/sounding.html

WMO-SYNOP Index | ICAO Index Common Name Lat | Lon
82022 SBBV Boa Vista 2.83 | -60.70
82965 SBAT Alta Floresta (Aero) -9.86 | -56.10
82411 - Tabatinga -3.67 | -69.67
82824 SBPV Porto Velho (Airport) -8.76 | -63.91
82532 Manicore -5.82 | -61.28
82107 Séo Gabriel Da Cachoeira | -1.30 | -67.05
82281 - Sé&o Luiz -2.60 | -44.23
82193 SBBE Belem (Airport) -1.38 | -48.48
82099 SBMQ Macapa 0.05 | -51.07
82026 - Tirios 2.48 | -55.98
81405 SOCA Rochambeau 4.83 | -52.37

3.1.4. GLOBAL FORECAST SYSTEM ANALYSIS

Data of Global Forecast System (GFS) analysis with 0.5° of horizontal resolution, in 22
pressure levels (1000, 975, 950, 925, 900, 850, 800, 750, 700, 650, 600, 550, 500, 450, 400,
350, 300, 250, 200, 150, 100 and 70 hPa) and every 6 hours was employed for: to select SLs
events that produced rain seen by the model, to identify synoptic patterns, to calculate all
energetic terms (Lorenz Cycle and Kkinetic energy) and the thermodynamic balance. GFS data

is available at https://www.ncdc.noaa.gov/data-access/model-data/model-datasets/global-

forcast-system-gfs.

GFS analysis was chosen since it model cover the entire globe with horizontal grid
spacing of 28 km (National Center for Environmental Information of NOAA, 2016), enabling
it to better capture the environment that favors the SL.
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In a previous experiment, Era Interim reanalysis data was used, but it did not represent
SL signals because it has a horizontal resolution of 79 km (Berrrisford et al., 2011). As the
purpose of this research was to work with an operational model, the GFS model was chosen

because it represented better SLs and it has higher resolution.

3.2. METHODS

3.2.1.SQUALL LINES IDENTIFICATION

Considering that, the frequency of SLs is larger between April and August (Cohen et al.,
1989; Oliveira et al., 2016); in this study were identified events of SLs in these months of
2014 e 2015 using satellite imagery animations. These years were chosen since the Green
Ocean Amazon (GoAmazon) project provided the sounding data of Manacapuru municipality

(Amazonas-Brazil) used to the analysis.

The SL identification considered all events with at least 6 hours of lifetime that emerged
in the northeast coast of South America (SA) (3°S-7°N and 50°W-40°W), which includes
most part of the region of the Amazon SLs formation that is between 10°N and 5°S (Cohen et
al., 1995). For classify them, was considered 10° of inland propagation because in the visual
identification the limit of the Amazonas region is 10° from the coast and this limit was the
initial boundary for classification of the SL. The SLs that propagated less than 10° since their
formation on the coast were called Coastal Squall Lines (CSL), and those that displaced more

of 10° to the west were called Amazonian Squall Lines (ASL).

3.2.2.SYNOPTIC ANALYSIS

The synoptic patterns of atmospheric circulation in the SL events were obtained from
GFS analysis data (wind, geopotencial height, sea level pressure, moisture, divergence, and
temperature) at different pressure levels. Additionally, in this section were used the satellite
imagery, TRMM precipitation estimation and GFS precipitation of both SCL and ASL events

selected.

For the synoptic analysis, were analyzed horizontal maps of wind, vertical velocity,
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divergence, relative vorticity, mean sea level pressure, speed shear, thickness and moisture in
representative layers, also were analyzed vertical profile of wind in specific points with

maximum convection.

3.2.3.LORENZ ENERGY CYCLE IN A LIMITED AREA

Studies of the energetic of synoptic systems using Lorenz Cycle were performed for
different authors such as (a) Brennan and Vincent (1980), Michaelides (1987), Dias Pinto
(2010) and Dias Pinto and da Rocha (2011) for investigation of cyclones. (b) Veiga et al.
(2013) to study the Walker Circulation and its relationship with ENSO. (c) Norquist et al.
(1977) and Hsieh and Cook (2007) to evaluate the African easterly waves. (d) da Silva and
Satyamurty (2013) in the Intertropical Convergence Zone in the South American sector of the
Atlantic Ocean. (e) Ramirez et al. (2009) in a work about the energy of the South American
rainy season. These works have used the Lorenz Energy Cycle (LEC) in limited area as

proposed by Muench (1965), considering the transfer of energy across the boundaries.

The LEC in a limited area using the form and the notation given by Michaelides (1987)

was used in this work:

Y
a—tZ = C;(Kz, A7) — Co(Az, Ap) + Gz + BA; ... 3.1

dA
—+ = Ca(Az,Ap) = Ce(Ap,Kg) + G + BAg .. 3.2

JdK
a_tZ = —Cz(Kz,Az) + CK(KE' Kz) - DZ + BKZ + B(I)Z 3 3

oK,
a_tE = Cy(Ag,Kg) — Cx(Kp, K;) — Dy + BKy + By .. 3.4

where ,and g represent zonal and eddy energies, respectively.

According Lorenz (1967) A, represents the amount of available potential energy that
would exist if the all mass field was replaced by its zonal average, and Ag, the excess of
available potential energy over A,. Likewise, K, represents the amount of Kinetic energy
which would exist if the existing zonally averaged motion but no eddy motion were present,

and Kj, the excess of kinetic energy over K. The equations for these types of energy are:
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In the equations 3.1 — 3.4 the terms with C express conversions between different types
of energy; terms with G, generation of available potential energy; terms with D, dissipation of

Kinetic energy; and terms with B, energy flux across the boundary.

The equations for conversion one form of energy to another are:

1 (PPR____
C(Kz,Az) = __j _(A)*T*dp o 3.9
g pt
1 (PPR____
C(A ,K)=——f —w'Tdp .. 3.10
E'BE 9l. v p
C(Az A )—pr = ’T’aT*+ o 9 (T'pH/ d 3.11
200 = ) \26a"" 3¢ T pFwap\ & P
1 (PP (cos¢ 0 [ [u] v'29[v] tang o[u]
C(Kg, K;) =— —u'v— Sy T2 g et
(Kg, Kz) th < " uv6¢<cos¢ +a 6¢>+ b [v] + w'u ap
+w' ,Olv] d 3.12
w'v p D .. .
The equations for processes indicating energy flux across the boundary:
1 pb ~dN Y Ap
BA, = — , , f — QT 'T'u + T*u)5E dpdp
z a(Ap — Aw)(singy — sings) J,, Jy, 26 Aw
1 pb

1 I * * dN
T aGingn —sindd) N 2—6{([17 T'IT* + T"?[v])cos¢} ) dp

pb
pt

1
——(2[w'T']T* + T*?[w]) 3.13
20
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where a denotes the mean radius of the earth.

The equations that express processes which generates available potential energy and

which dissipates Kinetic energy are:

pb QITI
G =] —dp ..3.18
pt CpOo

pb
D, = —fpt ([l + W][Fy])dp ...3.19

1 Po_—
Dy = —f (w'Fy +v'Fp)dp ..3.20
) pt
where Q and F represent diabatic fonts of heat and friction, respectively.
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In the equations 3.5 — 3.20, pb and pt are lower and upper limits of pressure for the
vertical integration; and the statistic concepts of:

Zonal Mean: [( )] = f )dA ... 3.21

Areal Mean: () = f NC Ycospdp .

sinpn—singg

Zonal Mean Deviation: ( )'=(C )—-1[( )] .. 3.23
Areal Mean Deviation of Zonal Mean: ( )*=[( )]—-( ) .. 3.24
where ¢ and A are horizontal limits of latitude and longitude, respectively.

@ represents the mean static stability parameter, its equation is:

where g is the acceleration of gravity; c,, the specific heat at constant pressure; T,

temperature; p, pressure; and R is the universal gas constant.

The terms B®, e Bo; were added by Muench (1965) and express the appearance of K,
and K within the volume of the limited region associated with work produced at its
boundaries. In preliminary studies obtained quite unrealistic values of these terms and so in
Michaelides (1987) they were combined with dissipation terms as follows and they were
estimated as residuals of equations 3.3 and 3.4, resulting in:

—AR, = B®, — D, + &gy .. 3.26
_ARE = B¢E - DE + SKE 3 27

Likewise, the terms G, and G were estimated as residuals of equation 3.1 and 3.2,

resulting in:
AG, =G, + &4, ... 3.28
AGE == GE + SAE 3 29

where the terms with € represent the accumulated error from the numerical estimation of

each of the other terms in equations 3.1 — 3.4.

Considering all these estimations, the LEC of the Figure 2.8 was modified and shown in
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the next equations and Figure 3.2:

JdA
a_tZ = C;(Kz Ay) — C4(Ag, Ap) + AG, + BA, ... 3.30
94
Wz CA(AZPAE) _CE(AEIKE) + AGE+BAE 3.31
9K,
? - _CZ(KZ'AZ) + CK(KEI Kz) - ARZ + BKZ 3 32
0Ky
—£ = Ce(Ag,Ke) = Cx(Kp,Kz) = ARy + BK; ... 3.33
AG, AR,
aAZ CZ(KZ'AZ) aKZ
BA, —¥»| — | g=m=m—— —2  |e—
. at - ot Bk
G4z, 45) ﬁ e (Ke, K)
JdA JK,
Ce(Ag, Kg) t

T l

AGE ARE
Figure 3.2 - Diagram of Lorenz Energy Cycle (LEC) in a limited area (Michaelides, 1987)

In this work was used this LEC in a limited area (Fig. 3.2 and equations 3.1 — 3.29) for
two SLs episodes, a CSL and an ASL.

3.2.4.KINETIC ENERGY

In order to determine which component of kinetic energy is more important, in this
study also was used the kinetic energy equation in isobaric coordinates in the form and with

the notation of Fuelberg and Scoggins (1978) and given by Smith (1969). It is applicable to
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hydrostatic systems and allowed for boundary transport. The equation is:

0K 1 (PP——= 1 (PP—— 1 (PP owk
—f —V.vpcz)dp——f vp.kap——f —d
p g p g

E_g t t ot dp
(@ (b) (c)
1 (PP P
+—f V.Fdp +k,— .. 3.34
9 pt at
(d) (e)
where:
pb
K = f kdp =gz
pt

V = Horizontal wind vector
w = Vertical motion in isobaric coordinates [= dp/dt]

k = Horizontal kinetic energy per unit mass [= (u? + v?)/2]

F = Frictional force per unit mass
A = Area of computation
Subscript , denotes surface values

Local changes in kinetic energy for a fixed volume (0K / dt) result from five processes.
Term (a) is the generation of kinetic energy from the work done by the horizontal pressure
gradient on the mass of the atmosphere over the volume studied (Kung, 1966) or the rate at
which kinetic energy within the systems is changed by pressure gradient forces (Smith, 1970).
Terms (b) and (c) represent horizontal and vertical flux divergence of kinetic energy,
respectively, and represent interaction of the limited volume with surrounding atmosphere.
Term (d) represents thermodynamic frictional processes or dissipation and it is calculated as
residual of equation 3.34, and so it represents a transfer of energy between grid and subgrid
scales of motion due mostly to unresolvable eddy processes. At the last, the term (e) represent
changes in kinetic energy due the changes in mass of the volume studied (Fuelberg and
Scoggins, 1978).
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3.2.5. THERMODYNAMIC BALANCE EQUATION

During a SL development, the heating released influence in its surrounding atmosphere
making important to study the heat budget in its synoptic environment (Braun and Houze,
1996).

Starting from the first law of thermodynamic applied to a system in thermodynamic
equilibrium (or not) in motion, it is obtained the commonly called thermodynamic energy
equation (Holton, 2004), which with the help of the continuity equation, can be expressed as
(Asnani, 2005):

] G
a(cpT) +V.(c,TV) + %(cprw) —wa=Q .. 3.35

The thermodynamic equation in the heat balance form is expressed as:

aT u 0T wvdT 0T « Q
_+( _+__)+w ———)== . 3.36
at acosp 0A adge op ¢ Cp

where dT/ dt represents local changes of temperature; the second term in the left hand
represents changes in temperature due to horizontal advection; the third term, the adiabatic
heating; and the term in the right hand, the diabatic heating. This latter term can be considered
as the rate of heating per unit mass due to radiation, conduction, and latent heat release
according Holton (2004), or mainly as latent heating effects (Sinclair, 1993).
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4. CHAPTER 4: RESULTS AND DISCUSSIONS

4.1. SQUALL LINES IDENTIFIED IN 2014 AND 2015
In this section, SLs identified between April and August of 2014 and 2015 are presented

and classified as CSL or ASL. Their mean features are described, analyzed and compared

with those obtained in other works of Amazon SLs.

Table 4.1 - List of SLs identified between April and August 2014.

Lengthin | Widthin
Date Approx. | Approx. | Approx. Inland Propag. its its
(2014) Type | h_start | h_end | duration | propagation | Speed | maximum | maximum
(UTC) | (UTC) (h) (km) (ms?) | develop. develop.
(km) (km)
31 Mar
002 |ASL*| 14:30 | 15:00 | 48:30 3221 18.4 2220 524
Apr
27At‘;r28 CSL | 13:00 | 13:00 | 24:00 755 8.7 1694 399
29Atgr3° cSL | 15:00 | 07:00 | 16:00 1110 193 2286 313
15Mt‘; y16 csL | 19:00 | 05:00 | 10:00 333 9.3 1847 268
Ogjtlj’nlo cSL | 15:00 | 07:00 | 16:00 316 5.5 1601 176
28Jtlj’n29 AsL | 16:30 | 10000 | 17:30 1535 247 2288 157
20;3921 cSL | 18:30 | 08:00 | 13:30 434 8.9 1821 142
ZlAthZZ csL | 19:30 | 05:00 | 9:30 248 73 808 111
31 Aug
001 | csL | 19:00 | 14:00 | 19:00 785 115 1180 124
Sep

*ASLs that reached the Peruvian Amazon.

Between April and August 2014 (Table 4.1) and 2015 (Table 4.2) were identified 21 SLs,
being fifteen classified as CSL and six as ASL. According to Alcantara et al. (2011) and
Cohen et al. (1995), almost half of the SLs that started in the northeast coast of South
America propagated more than 170 km inland and it is the type of SLs studied in the present
work. Considering inland propagation, the SLs identified here would be classified as Squall
Line type 1 and type 2 (SL1 and SL2) in Cohen et al. (1989) since they propagated more than
170 km inland. Considering SL genesis place, they are considered as Amazon Coastal Squall
Lines (ACSL) in Garstang et al. (1994) because are SLs having coastal genesis and
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propagating across the central Amazon Basin.

Table 4.2 - List of SLs identified between April and August 2015.

Lengthin | Widthin
D Approx. | Approx. | Approx. Inland Propag. its its
ate . . . .
(2015) Type | h_start | h_end | duration | propagation spee? maximum | maximum
(UTC) | (UTC) (h) (km) (ms™) | develop. develop.
(km) (km)
31 Mar to ) ) .
olap | CSL | 17:00 | 0430 | 1130 389 9.4 1355 231
11At3r13 ASL* | 11:00 | 12:00 | 49:00 2887 16.4 1493 265
17;;18 CSL | 14:00 | 09:00 | 19:00 969 14.2 1578 200
22At‘;r23 cSL | 10:00 | 07:00 | 21:00 923 12.2 1493 157
06,\;33?7 ASL | 16:00 | 1800 | 26:00 1226 131 2220 392
01Jtl?n02 cSL | 18:30 | 03:30 | 9:00 508 18.4 1180 111
10;:’”11 AsL | 17:00 | 22:00 | 29:00 1404 13.4 1727 248
13Jtl?n14 CSL | 07:30 | 04:00 | 20:30 1020 138 993 111
13 Jt3| 141 cst | 16:00 | 02:00 | 10:00 503 14 1295 56
14 thl 151 cst | 1700 | 02200 | 9:00 392 121 948 89
24 thl 25 | csL | 17:00 | 05:00 | 12:00 613 14.2 1665 126
17;3918 ASL | 18:00 | 14:00 | 20:00 1405 105 1665 200

*ASLs that reached the Peruvian Amazon.

The mean features for CSL events were 11.9 m s™ of propagation speed, 15 hours of

lifetime, 626 km of inland propagation, 1450 km of length, and 174 km of width in its

maximum development. The majority of the CSL type started between 15:00 and 18:00 UTC
and finished between 03:00 and 06:00 UTC. The Figure 4.1 presents the trajectories of the

fifteen CSLs, where it is noted a preferential movement of CSLs from northeast to southwest.
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Figure 4.1 - Trajectories of Coastal Squall Lines (CSL) between April and August 2014 and 2015. The points
represent the center of the SL and are separated each 6 hours.

Regarding the ASLs, of the six ASL found, two displaced more of 20° of longitude
from the beginning on the coast to the west until reached the Peruvian Amazon. These SLs
were not considered to calculate mean features of the ASLs since the lifetime and inland
propagation of them are almost twice as many as the others. The mean characteristics of these
two ASLs were 17.4 m s™ of speed propagation, 49 hours of lifetime, 3054 km of inland
propagation, 1857 km of length and 394 km of width in its maximum development. These
two ASLs started and finished at hours near to 12:00 UTC.

The mean features of the remaining four ASLs were 17.7 m s of speed propagation, 23
hours of lifetime, 1393 km of inland propagation, 1975 km of length and 249 km of width in
its maximum development. The majority of these ASLs started at 17:00 UTC and finished
near the 15:00 UTC.

The trajectories of ASLs are illustrated in the Figure 4.2 and it is noted a preferential

movement of ASLs from northeast to southwest like CSLs.
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Figure 4.2 - Trajectories of Amazonian Squall Lines (ASL) between April and August 2014 and 2015. The
points represent the center of the SL and are separated each 6 hours.

The Table 4.3 summarize the mean characteristics of AmSLs (both CSL as ASL), which
are similar than those found in other works (Cohen (1989); Greco et al. 1990; Garstang et al,
1994; Santos Neto® (2004) apud Cavalcanti et al. (2009)). Slight differences between some
features of Amazon SLs may be due to different periods of analysis.

Table 4.3 - Comparison of average characteristics of AmSLs in different works

Mean Cohen Greco et al (1990); Santos Neto )
- This work
Characteristics (1989) Garstang et al. (1994) (2004)
CSL and
Type of SL SL1 and SL2 ACSL
ASL
Years analyzed 8 1 23 2

> SANTOS NETO L.A. Anélise observacional das linhas de instabilidade formadas na costa norte-nordeste da
América do Sul. Trabalho de Conclusdo de Curso (Graduagdo em Meteorologia) — Universidade Federal do Par3,
2004.
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(1979-1986) (1987) (1979-2002) | (2014-2015)
Length (km) 1400 1000-2000 1344 1712
Width (km) 170 100-300 212
Speed (ms™) 12-16 14-17 15.4 15
Lifetime (hours) 12-16 24-48 20.4 19

In both SL types is notable that the starting point of SLs advanced from south to north
as time progressed, from April to August. According to Cavalcanti (1982), this occurs due to
the northward displacement of the ITCZ in austral winter. Likewise, the period when the SLs
are wider coincides with period when the ITCZ is better configured in its south position
(Cavalcanti et al., 2009). Also is important to say that most of SL moved from NE to SW
(Figs. 4.1 and 4.2) as already noted by Garstang et al. (1994). Other common characteristic
between the two SLs types is the time of formation along the coast around or after local noon
(15:00 UTC), as found by Cohen et al (1995).

Otherwise, the majority of SLs found in this work formed at north of northeast region of
Brazil, which can be related with interannual variability of these systems. According to
Cavalcanti et al. (2009), in El Nifio years, the SLs tend to form a little north of its average
position, and in La Nifia years, a little south, in the north and northeast of Brazil. According to
the Oceanic Nifio Index (ONI), the period from November 2014 to April 2016 was

characterized as of El Nifio activity, which comprises the period of the present study.

4.2. SELECTED SQUALL LINES

Of the 21 SLs identified, were selected two for description and analysis of Lorenz
energy, one CSL and one ASL. These SLs were selected since they were realistically
represented by GFS analysis, they have GFS data available for all the times, and represent the
average behavior of the energetic terms of the two SL types. The mean values of energetic
terms of all CSLs and ASLs chosen in this work are in the appendix.

The CSL started approximately at 13:00 UTC 27 April and ended at 13:00 UTC 28
April 2014. The ASL occurred from 16:00 UTC 06 May to 18:00 UTC 07 May 2015. The
black lines in the Figures 4.1 (CSL) and 4.2 (ASL) show the displacement of these two SLs.
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4.2.1.SATELLITE IMAGERY

According to satellite images (Fig. 4.3), the CSL started as an isolated convection over
Marajo Island, located in northeast of Para, at 13:00 UTC 27 April 2014 and after 5 hours the
system was organized as SL affecting a large area of the north-northeast of Brazil (Parg,
Maranh&o and Piaui states). At 00:00 UTC 28 April, the SL advanced southwestward and it
covered all the north and northeast of Para and the north-center of Maranh&o. In the next 3
hours, the SL practically did not move suffering a weakening over Paré and intensifying over
Maranhdo. At 09:00 UTC 28 April, the system moved southward and it is located over the
center of Para and south of Maranhdo. At 13:00 UTC the CSL has dissipated.
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Figure 4.3 - Infrared satellite imagery for the CSL event. (a) 13:00 UTC, (b) 18:00 UTC 27 April, (c) 00:00
UTC, (d) 03:00 UTC, (&) 09:00 UTC and (f) 12:00 UTC 28 April 2014.

The satellite imagery in Figure 4.4 revels the ASL life cycle, which started at 18:00
UTC 06 May 2015 as a set of cumulonimbus clouds over Marajé Island (Pard) and south of
Amapa. In the 3 hours after the convective activity was organized as SL covering the
northeast of South America (Suriname and French Guiana countries, Amapa, Pard, and
Maranhdo states). At 03:00 UTC 07 May, the SL presented very intense convective activity
and advanced southwestward, while its strongest associated convection was over the north of
Pard. The ASL continued to move westward and at 06:00 UTC 07 May was covering
northwest of Para, south of Roraima and Guyana. In the next 6 hours, at 12:00 UTC 07 May,
the ASL was yet displacing to west and it covered all Roraima and arrived at Amazonas. At

18:00 UTC the ASL was located in similar position of 6 hours before and it was dissipating.
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Figure 4.4 - Infrared satellite imagery for the ASL event. (a) 18:00 UTC, (b) 21:00 UTC 06 May, (c) 03:00 UTC,
(d) 06:00 UTC, (e) 12:00 UTC and (f) 18:00 UTC 07 May 2015. Values are in °C.

4.2.2. TRMM AND GFS PRECIPITATION

Figs. 4.5 and 4.6 present, respectively, for CSL and ASL events, the time evolution of
the intensity of the precipitation estimated by TRMM. The red boxes represent the areas of SL

identified in satellite imagery in the same horary of TRMM estimation.

The precipitation estimated by TRMM coincides with the cloudiness observed in
satellite imagery. Therefore, at 12:00 UTC 27 April 2014 (Fig. 4.5a), as shown in Figure 4.3a,
the precipitation was over Marajo Island, and at 18:00 UTC 27 April (Fig. 4.5b) the system
was formed as SL over the north-northeast of Brazil. Then it began to move southwestward
(Figs. 4.5c-e) to dissipate over Para at 12:00 UTC 28 April 2014 (Fig. 4.5f).
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Figure 4.5 - TRMM estimated precipitation for the CSL at: (a) 12:00 UTC, (b) 18:00 UTC 27 April, (c) 00:00
UTC, (d) 03:00 UTC, (e) 09:00 UTC and (f) 12:00 UTC 28 April 2014. Values are in mm h™*. Red boxes
represent the locations of SLs identified in satellite imagery.

The precipitation estimated by TRMM in ASL event shows the formation of the SL
over Marajo Island and Amapa at 18:00 UTC 06 May 2015 (Fig. 4.6a) and its southwestern
displacement and intensification until 06:00 UTC 07 May (Fig. 4.6d) when it is localized over
northwest of Pard and south of Guyana. At 12:00 UTC 07 May (Fig. 4.6e), the ASL intensity
was diminishing until its dissipation at 18:00 UTC 07 May (Fig. 4.6f).

38




Figure 4.6 - TRMM estimated precipitation for the ASL at: (a) 18:00 UTC, (b) 21:00 UTC 06 May, (c) 03:00
UTC, (d) 06:00 UTC, (e) 12:00 UTC and (f) 18:00 UTC 07 May 2015. Values are in mm h™. Red boxes
represent the locations of SLs identified in satellite imagery.

Of the 21 SLs selected with the imagery satellite, only in nine it is found that GFS
analysis was able to reproduce the associated precipitation. This selection was necessary
based in the fact that if GFS analysis does not reproduce adequately all SLs systems, the LEC
would provide wrong information or false results concerning their energetic. The nine SL
events captured by GFS analysis are listed in the Table 4.4.
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Table 4.4 — List of SLs where GFS analysis reproduces the observed precipitation between April and August
2014 and 2015.

oute [ myve [ popros | Appron it | el

31 Mar — 02 Apr 2014 | ASL* 48:30 3221 18,4
27 — 28 Apr 2014 CSL 24:00 755 8,7
28 — 29 Jun 2014 ASL 17:30 1535 24,7
31 Mar — 01 Apr 2015 | CSL 11:30 389 9,4
11— 13 Apr 2015 ASL* 49:00 2887 16,4
17 — 18 Apr 2015 CSL 19:00 969 14,2
22 — 23 Apr 2015 CSL 21:00 923 12,2
06 — 07 May 2015 ASL 26:00 1226 13,1
24 — 25 Jul 2015 CSL 12:00 613 14,2

*ASLs that reached the Peruvian Amazon.

Figures 4.7 and 4.8 show the 6 hours accumulated precipitation of GFS in CSL and
ASL, respectively. As shown in the Figure 4.7a, the precipitation accumulated from 12:00
UTC to 18:00 UTC 27 April 2014 had maximum values of 30 mm and was localized over the
northeast of Pard and the north of Maranhdo and Piaui (Brazilian states). After 6 hours, at
00:00 UTC 28 April (Fig. 4.7b) the precipitation accumulated signalized the location of the
SCL at north of Para. In the 06 hours after, at 06:00 UTC 28 April (Fig. 4.7c), the system of
precipitation had maximum values of 50 mm and continued over the north of Pard with
southwestern displacement until its dissipation at 12:00 UTC 28 April (Fig. 4.7d).
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Figure 4.7 - GFS 6h accumulated precipitation of the CSL at: (a) 18:00 UTC 27 April, (b) 00:00 UTC, (c) 06:00
UTC and (d) 12:00 UTC 28 April 2014. Values in mm/6h. Blue boxes represent the locations of SLs identified in
satellite imagery.

Figure 4.8a shows the accumulated precipitation from 18:00 UTC 06 May to 00:00
UTC 07 May 2015 with maximum values of 50 mm over northwest of Para. After 6 hours, at
06:00 UTC 07 May (Fig. 4.8b) the accumulated precipitation with maximums of 50 mm
remained on northwest of Para and south of Guyana and southeast of Roraima. At 12:00 UTC
07 May (Fig. 4.8c), the accumulated precipitation covered all Roraima and remained over
northwest of Para and south of Guyana. The precipitation accumulated from 12:00 UTC to
18:00 UTC 07 May (Fig. 4.7d) showed the dissipation of the ASL.
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Figure 4.8 - GFS 6h accumulated precipitation of the ASL at: (a) 00:00 UTC, (b) 06:00 UTC, (c) 12:00 UTC and
(d) 18:00 UTC 07 May 2015. Values in mm/6h. Blue boxes represent the locations of SLs identified in satellite
imagery.

4.2.3.SYNOPTIC ANALYSIS

The Figure 4.9 presents the streamlines and wind intensity at 250 hPa. Analyzing the jet
stream at 250 hPa in the CSL and ASL events, the principal difference found was the weaker
wind in CSL than in ASL. For ASL case, the more intense wind was associated to two
anticyclonic systems, one over the North Hemisphere (NH), centered in 7°N-60°W, and the
other in the South Hemisphere (SH), centered in 10°S-52°W. The locations of these systems
contributed to intensify the easterly wind near the Equator, which accompanied and favored
the westward displacement of ASL event (Figs. 4.9c and 4.9d). This configuration of two
anticycloninc systems, one at each side of the equator, also was found by Cohen et al. (1995)
in the SL of May 1987, but displaced to the west.
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Figure 4.9 - Streamlines (black lines with arrows) and wind speed (shaded in m s™) at 250 hPa for CSL event at:
a) 00:00 UTC and b) 12:00 UTC 28 April 2014, for ASL event at: ¢) 00:00 UTC and d) 12:00 UTC 07 May
2015. The red boxes represent the areas considered in the quasi-Lagrangian approach.

To analyze the relation between divergence in upper levels — convergence in lower
levels, Figure 4.10 presents the divergence at 250 hPa and the convergence together

streamlines at 850 hPa.

Both SCL and ASL events were associated with divergence at upper levels, but in low-
levels, the wind convergence and confluence were more intense in the ASL than in CSL. The
wind at 850 hPa in ASL area was only easterly, but in CSL had a northerly component

associated with the anticyclonic circulation at low-levels configured over Brazil.
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55s-1) at 250 hPa for CSL event at: a) 00:00 UTC and b) 12:00 UTC 28 April 2014, for ASL event at: ¢) 00:00
UTC and d) 12:00 UTC 07 May 2015. The boxes represent the areas considered in the quasi-Lagrangian

approach.

In the proximity of the CSL and ASL events, the wind and the relative vorticity at

500 hPa were similar, as shown in Figure 4.11. In both SLs it was noted the presence of one

inverted trough with cyclonic vorticity in its axis (negative in CSL because it developed in

Southern Hemisphere-SH, while positive in ASL because it developed in Northern

Hemisphere-NH).The anticyclonic systems in the SH observed at 250 hPa also were observed
at 500 hP in ASL event (Figs. 4.11c and 4.11d).
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The thickness in 850-1000 hPa layer and the wind at 925 hPa had clear differences in
CSL and ASL. While the CSL was developing (Figs. 4.12a and 4.12b), a cold system was
approaching from the south by the east side of SA and imposed southerly winds, which

converged with the northeasterly winds in the CSL area. In the area of development of the
ASL can be observed deeper 850-1000 hPa layer than in CSL, which is related to higher

temperature (Figs. 4.12c and 4.12d). This could explain the regeneration of new convective

cells and the larger inland displacement in the ASL due to atmospheric instability related to

the higher temperature.
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Figure 4.12 - Mean sea level pressure (red lines in hPa) and thickness between 850-1000 hPa layer (shaded gpm)
for CSL event at: a) 00:00 UTC and b) 12:00 UTC 28 April 2014, for ASL event at: ¢) 00:00 UTC and d) 12:00
UTC 07 May 2015. The boxes represent the areas considered in the quasi-Lagrangian approach.

From Figure 4.13 it is clear that during the ASL development there was higher moisture

flux convergence than during the CSL and the wind convergence was also more intense at 850

hPa (Fig. 4.10) in ASL than in CSL.
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Figure 4.13 - Wind (vectors) and moisture flux divergence (shaded x10™ in g kg™ s™) at 850 hPa for CSL event
at: a) 00:00 UTC and b) 12:00 UTC 28 April 2014, for ASL event at: ¢) 00:00 UTC and d) 12:00 UTC 07 May
2015. The boxes represent the areas considered in the quasi-Lagrangian approach.
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In ASL, the vertical wind speed shear in 700-850 hPa layer accompanied all
developing and it was higher than in CSL (Fig. 4.14). The wind speed shear was calculated by
the difference of wind speed between 700 and 850 levels. According to Rotunno et al. (1988)
the vertical shear is the principal factor for new convective cells generation and it also
contributes to the SL displacement. According to LeMone et al. (1998) the orientation of the
primary convective band is determined by the shear in the low-levels layer. The areas of
upward motions at 700 hPa, represented by the pseudo-vertical velocity omega, allowed a
clear identification of both SLs as shown in Figure 4.14. The winds at 700 hPa showed a belt
with intense values near the Equator, between 20° to 65°W, in both SL events, as found by
Cohen et al. (1995) in a SL of May 1987. This wind belt was more intense in ASL than in
SCL, and since the ASL was organized over the Equator, compared to CSL that was further

south, the wind belt contributed to its westward propagation.
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Figure 4.14 - Vertical wind speed shear between 700-850 hPa layer (shaded in m s™), wind (barbs in m s™), and
negative values pseudo-vertical velocity, omega, (purple contour in Pa s™) at 700 hPa. For CSL event at: a)
00:00 UTC and b) 12:00 UTC 28 April 2014. For ASL event at: ¢) 00:00 UTC and d) 12:00 UTC 07 May 2015.
The boxes represent the areas considered in the quasi-Lagrangian approach.

As presents the Figure 4.15, the vertical profiles of the horizontal wind presented a clear

difference between CSL and ASL. In the upper level, in most of the time southerly wind was
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found in CSL event, while northerly wind predominated for ASL. This agrees with the work
of Oliveira and Oyama (2015), who found northerly wind for SL category (SLC) and
southerly wind for no convection category (NOC). In addition, at upper levels westerly and/or
weak easterly winds was noted in the CSL, while in ASL during all it lifecycle it was found
only easterly winds (Fig. 4.15). This provides more favorable environment to the westward
propagation of the ASL and it is according to the presence of a maximum of wind (Fig. 4.9),
but it is in disagreement with the works of Cavalcanti et al. (2009) and Cohen (1996). For SL
with large propagation, these works showed the presence of westerly and easterly winds, at
upper and lower levels, respectively, forming a duct for propagation of gravity waves favoring
the westward movement of the SL. However, considering only the wind speed, in this study
two maximum wind velocity were observed, one at upper levels and the other at low-levels,
which formed the propagation duct in the ASL. From low to mid-levels, the Figure 4.15
presents easterly winds, which is according to Cohen et al. (1995) and Alcantara et al. (2011)
observational study about SLs. From Figure 4.15, an easterly low-level jet was situated
around 700 hPa and it was stronger in ASL than in CSL event.

1
TN/~

b)

Figure 4.15 - Vertical profile of the horizontal wind in the points with maximum convection. a) CSL (i.12:00
UTC, ii.18:00 UTC 27 April, iii.00:00 UTC, iv.06:00 UTC and v.12:00 UTC 28 April 2014). b) ASL (i.18:00
UTC 06 May, ii.00:00 UTC, iii.06:00 UTC, iv.12:00 UTC and v.18:00 UTC 07 May 2015).

With respect to the vertical wind shear, Figure 4.15 shows directional shear at upper
levels for CSL, a feature that may difficult its westward displacement. For ASL event, the
more vertical speed shear in low-levels may help to explain the continuous generation of new
convective cells according to RKW theory (Rotunno et al.1988). It is important to mention

that according to Alcantara et al. (2014) there should be no directional shear in lower levels

48




for the formation of a SL and it was observed in both profiles.

Figures. 4.16 and 4.17 show the atmospheric soundings of selected stations where CSL
and ASL, respectively, passing over the stations presented in Figure 3.1
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Figure 4.16 - Soundings of CSL in: a) 82193 station at 12:00 UTC, b) 82099 station at 12:00 UTC 27, d) 82193
station at 00:00 UTC and e) 82281 station at 00:00 UTC 28 April 2014. Satellite images at ¢) 13:00 UTC 27
April and f) 00:00 28 April 2014. The black arrows indicate the stations considered because the SL is over them
at that time.

For the initial phase of CSL the soundings in Figure 4.16(a)-(b), show high values of
CAPE (higher than1000 J kg, which is in general assigned as the minimum value for the
storm occurrence), mainly over Macapa (82099). The soundings in Figure 4.16(d)-(e) are not
precisely on the CSL core, but they are over the anvil region. Thus, these soundings do not
have high CAPE, but they are quasi-saturated (dew point and air temperature are close) in all
vertical structure of the troposphere.

50



145 ~—
B2W BOW 78W 76% 74W 72W 70W BEW BEW 64% 62 60W S8 S6W 54W S2W S0W 48W 46H 44W 42W 40W 3BW

™ 1 _,/

= )
= ——TT T T e -
§§ . AT £ Y. . A i b -70 =60 =-50 ~-40 -30 =20 =10 [ 10 20 30 40
rwa mu rm ma oo
DR OZm A 2 ) 0 10 ') 0 0'C NS KNOTS
RAOS Canlg 91
g0 2 W Fo b oo B GNE T - o
1% 150
20 20
%0 %0-
0 0
“0 “w
b 0
0 s
) 0
oy
0
ig, &
o m: 18 L0 ?\hmﬁvﬂ 2
c kT W 2 10 0 1 2 0 0'C S e ALY 1@8 i
RAOE Canfg 1 d) RAQE Canlig 1

&N
BN
4N 1
2N
EQ
2S5
4S8
B3
8s B A, e - -82R24
~ o
10S

128

45
82 OW 78W 76W 74W 72W 70W BBW BEW S4W S2W GOW SBW SEW S4W S2W SOW 48W 46W 44W 42W 40W 38W

e) =70 —-64 -50 -—-40 30 -20 -10 Q 10 20 30 40




m g 820180 n e -

Figure 4.17 - Soundings of ASL in: a) 82026 station at 00:00 UTC, c) 82022 station at 12:00 UTC, d) 82026
station at 12:00 UTC and f) MAN station at 18:00 UTC 07 May 2015. Satellite images at b) 00:00 UTC, )
12:00 UTC and g) 18:00 UTC 07 May 2015. The black arrows indicate the stations considered because the SL is
over them at that time.

For ASL event, there were no sounding coinciding with its positions, but Figure 4.17
presents those that were close to the event. The sounding at 00:00 UTC 07 May 2015 (Fig.
4.17a) showed higher CAPE compared with the other soundings. The soundings in 82022 and
82026 stations for 12:00 UTC 7 May (Figs. 4.17c and 4.17d) were quasi-saturated in all
tropospheric column since at this time the soundings are over the anvil region of the ASL. At
18:00 UTC 07 May, which corresponds to the dissipation time, the sounding of Manacapuru
(Fig. 4.17f) showed the 750-850 hPa layer saturated, while the levels above were quasi-
saturated.

Regarding the winds, in the CSL easterly winds predominated between the surface and
300 hPa level, with maximum values at low-levels (700-850 hPa layer) and perpendicular to
the coast line (Fig. 4.16), as found by Cohen et al. (1995), while above the 300 hPa the winds
were from west. On the other hand, in the ASL easterly winds occupied the whole
tropospheric column and westerly winds just occurred above the 150 hPa, which was already
noted in previous synoptic analysis using GFS. This is an important difference between CSL
and ASL. Other difference is the vertical depth of easterly low-level jet; in CSL it is smaller
than in ASL. This is according to Alcantara (2010) and Alcantara et al. (2011), who

concluded that a deeper easterly jet is necessary for existence of propagating SLs.
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4.2.4. QUASI-LAGRANGIAN AND EULERIAN APPROACHES

Since Lagrangian and Eulerian approaches have advantages and disadvantages, in this
work it was decided to calculate the LEC terms in both frameworks. This allowed a
comparison between both approaches, but the quasi-Lagrangian approach was used instead
the purely Lagrangian approach. The local derivatives of the energy components (Equations
3.30 — 3.36) were calculated only considering the Eulerian approach since for local derivative

the area must be constant.

For quasi-Lagrangian scheme the volume considered was bounded by the 1000 and 70
hPa pressure surfaces in the vertical, and the horizontal boundaries moved following the
position of the center of the system, but always keeping the same size in each SL event. For
CSL, 5° meridional (latitude) and 6.5° zonal (longitude) distances from the center of the
system, bounded the rectangular areas for each time. For ASL, areas were limited by 4° of
latitude and 4.5° of longitude from the center. These limits were obtained considering the
maximum distances in relation to the center in all the times of developing of the systems
observed in the satellite imagery, as presented in Tables 4.5 and 4.6.

For Eulerian approach, the area considered was the same in all times for each SL event.
The definition of these areas considered the northernmost and southernmost latitudes of all
times in the quasi-Lagrangian scheme for their north and south limits, respectively. In the
same way, the westernmost and easternmost longitudes were the limits to the left and right,
respectively. This resulted in areas shown in Figure 4.18 for CSL and ASL event. In the Table
4.5 and 4.6 and in the Figure 4.18 are represented the systems centers each 6 hours for the two
SL selected.

Table 4.5 — Limits and areas considered for quasi-Lagrangian and Eulerian energy calculations in CSL of 27-28

April 2014,

Satellite Imagery

Meridional | Zonal ) )

) ) Avrea for quasi-Lagrangian Area for

distance distance ) )
Time Center calculation Eulerian

from from ]
UTC -2014 | lat/lon (5°lat and 6.5°lon away the center) calculation

the center | the center

(degrees) (degrees)

12:00 27 Apr | -1/-46 3 5 Lat: -6/4 Lon:-52.5/-39.5 Lat: -10/4
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Lon: -58/-38.5

18:00 27 Apr | -2/-45 3 5 Lat: -7/3 Lon:-51.5/-38.5
00:00 28 Apr | -2.5/-50.5 | 3.5 6.5 Lat: -7.5/2.5 Lon:-57/-44
06:00 28 Apr | -3/-51.5 5 55 Lat: -8/2  Lon:-58/-45
12:00 28 Apr | -5/-51 4 6 Lat: -10/0 Lon:-57.5/-44.5

Table 4.6 — Limits and areas considered for quasi-Lagrangian and Eulerian energy calculations in ASL of 06-07

May 2015
Satellite Imagery
Meridional | Zonal Area for quasi-Lagrangian
. Area for
distance distance calculation _
Time Center Eulerian
from from (4°lat and 4.5°lon away the .
UTC - 2015 lat/lon calculation
the center | the center center)
(degrees) (degrees)
18:00 06 May | 1.5/-51 3.5 2 Lat: -2.5/5.5 Lon:-55.5/-46.5
00:00 07 May | 1.5/-54 3.5 3 Lat: -2.5/5.5 Lon:-58.5/-49.5
Lat: -4/5.5
06:00 07 May | 1.5/-57 3.5 3 Lat: -2.5/5.5 Lon:-61.5/-52.5
Lon: -66.5/-46.5
12:00 07 May | 0/-59.5 4 45 Lat: -4/4 Lon:-64/-55
18:00 07 May | 0/-62 4 4 Lat: -4/4 Lon:-66.5/-57.5
20N
CsL ASL
1.122 27042014 | | 1. 18Z 06052015
15N 2.18Z 27042014 || 2. 00Z 07052015
3.00Z 28042014 | | 3. 06Z 07052015
- 4,062 28042014 | | 4. 122 07052015
10N 1 & 5.12Z 28042014 | | 5. 18Z 07052015
i
4 ’
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Figure 4.18 - The areas defined by continues lines represent the area considered in each SL event (red: CSL,
black: ASL) for Eulerian scheme. The points represent the center of systems at each 6 hours used to define the
areas in quasi-Lagrangian approach.
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4.3. LORENZ ENERGY

This section present the time series, considering 24 hours before and after the SLs
occurrence, of the Lorenz Cycle Energy terms integrated in all the volume considered for the
quasi-Lagrangian and Eulerian approaches. The cycles of energy considering only Eulerian

approach since includes local derivatives, also are presented.

4.3.1. ENERGIES

For CSL of 27-28 April 2014, Kz was the term with greatest values compared to other
terms (Kz was one order of magnitude greater) in both approaches (Figs. 4.19a and 4.19b).
This is according to da Silva and Satyamurty (2013) who found higher values of kinetic
energy than available potential energy studying the energetic of the ITCZ. The time series
show an increase of K; at the end of the CSL event and the values increased from 10 to 26 x
10* J m™. The next term with high values was Kg, which like Kz, it increased at the end of
event with maximum value of almost 51 x 10° J m?at 12:00 UTC 28 April 2014. The other
terms (Az and Ag) were smaller and presented only variation with diurnal cycle presenting
maximums at 18:00 UTC since them depend of the air temperature. Az and Ag terms were
one order of magnitude smaller than the zonal kinetic term because the horizontal thermal
gradients are very small in the equatorial region. The above characteristics were observed in
both schemes. However, the Eulerian approach emphasized the Kg and Ag values more than
the quasi-Lagrangian approximation. The opposite occurred with the values of Kz, which

were higher in the quasi-Lagrangian than in the Eulerian approximation.
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Figure 4.19 - Time series of volume-integrated of Lorenz energy terms (Kz x10%, Ke x10%, A, x10° and A x10°)
for CSL — 27-28 Abril 2014 (top) and ASL — 06-07 May 2015 (bottom) calculated using: (a)-(c) Quasi-
Lagrangian and (b)-(d) Eulerian approaches. Values in J m™.

For ASL event (Figs. 4.19c and 4.19d), from 06-07 May 2015 in both schemes Kz was
also the term with highest values (it was one order magnitude greater compared with the other
terms). The time evolution of K presents an evident diurnal cycle behavior with minimums
and maximums, respectively, at 18:00 and 12:00 UTC, and values range from 21 to 32 x 10*J
m™. As in CSL, Kg was also the second term of importance and it increased during the ASL
occurrence reaching a peak at 12:00 UTC 07 May 2015. Comparatively, Kg was higher in
Eulerian (maximum of 80x10° J m™) than in quasi-Lagrangian scheme (maximum of 60x10°%J
m). For ASL case, Az and Ag only varied according to the diurnal cycle and their values

were higher in Eulerian than in quasi-Lagrangian scheme.

Comparing the two SL events, for each energetic term the ASL presents higher values
than the CSL. This probably happens because the ASL needs more energy to move to the

Amazon basin.

Time series of vertical profiles of the Lorenz energy terms are presented in Figure 4.20.
Using Eulerian approach, CSL event showed maximum values of Kz in the layers of 650-
1000 hPa and 100-200 hPa after 00:00 UTC 28 April (Fig. 4.20b). In the quasi-Lagrangian
scheme Kz values were higher than in Eulerian scheme mostly at mid-upper atmospheric
levels (Figs. 4.20a-b).

From Figures 4.20c-d, maximum values of KZ in 600-1000 hPa and 100-150 hPa layers
in both Eulerian and quasi-Lagrangian approaches characterized the ASL life cycle. In

addition, in the quasi-Lagrangian approximation it was also observed a maximum of Kz in
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mid-levels (150-400 hPa layer) from 00:00 UTC 07 May until the end the event, which did
not occur in Eulerian approach. It is important to note that Kz at low-levels was more intense
during the initial phase (from 18:00 UTC 06 May to 06:00 UTC 07 May) of ASL event,

which was mainly associated with the low-level jet shown in Figure 4.15b.
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Figure 4.20 - Time series of vertical profiles of K, for CSL — 27-28 Abril 2014 (top) and ASL — 06-07 May
2015 (bottom) calculated using: (a)-(c) Quasi-Lagrangian and (b)-(d) Eulerian approaches. Values in J m? The
brown box represents the development time of the event.

The vertical profiles of Kg in CSL in Figures 4.21a-b showed maximum values between
100 and 550 hPa, which were greater at the end of its life cycle at mid-levels; but unlike of Kz
the maximum values of Kg were obtained in Eulerian approach. For ASL (Figs. 4.21c-d), the
Ke time tendencies were similar in both schemes, with high values in the layer 100-400 hPa
during SL mature phase (between 00:00 UTC to 18:00 UTC 07 May). Like in CSL, Eulerian
approach presented higher values of Kg than quasi-Lagrangian approach.
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Figure 4.21 - Time series of vertical profiles of K¢ for CSL — 27-28 Abril 2014 (top) and ASL — 06-07 May
2015 (bottom) calculated using: (a)-(c) Quasi-Lagrangian and (b)-(d) Eulerian approaches. Values in J m? The
brown box represents the development time of the event.

In both CSL and ASL, Az and Ag only showed diurnal variation, with maximum
occurring at 18:00 UTC of each day (Figs. 4.22 and 4.23). Comparatively, Az was higher in

quasi-Lagrangian scheme than in Eulerian scheme, while the opposite occurred for Ag.
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Figure 4.22 - Time series of vertical profiles of A; for CSL — 27-28 Abril 2014 (top) and ASL — 06-07 May
2015 (bottom) calculated using: (a)-(c) Quasi-Lagrangian and (b)-(d) Eulerian approaches. Values in J m? The

brown box represents the development time of the event.
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Figure 4.23 - Time series of vertical profiles of Ag for CSL — 27-28 Abril 2014 (top) and ASL — 06-07 May
2015 (bottom) calculated using: (a)-(c) Quasi-Lagrangian and (b)-(d) Eulerian approaches. Values in J m? The

brown box represents the development time of the event.
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4.3.2.ENERGY CONVERSIONS

In Figure 4.24, the time evolution of volume-integrated energy conversion terms shows
a slight increase of Ce (Ag, Kg) during the CSL event and the increase is more evident in the
Eulerian scheme. In most of the time, Cx (Kg, Kz) stayed constant and close to zero in both
approaches. A little increase after 00:00 UTC 28 April of Cz (Kz, Az) was noted, mainly in
quasi-Lagrangian scheme. The Ca (Az, Ag) term had lower values than the other terms (one
order of magnitude smaller) and stayed quasi-constant during all CSL life cycle, which was
due to the very small thermal gradients in equatorial latitudes. Da Silva and Satyamurty (2013)

and Hsieh and Cook (2007) obtained similar behavior for Ca (Az, Ag) term in the equatorial
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Figure 4.24 - Time series of volume-integrated energy conversions of Lorenz energy cycle (Ca X102, Ce x10™,
Ck x10™ and C; x10™) for CSL — 27-28 Abril 2014 (top) and ASL — 06-07 May 2015 (bottom) calculated
using: (a)-(c) Quasi-Lagrangian and (b)-(d) Eulerian approaches. Values in W m™.

For ASL, the Ce (Ag, Kg) term increased during the event and attained a maximum

value of 1.7 W m? at 06:00 UTC 07 May. The increase of Cg was higher in quasi-Lagrangian
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than in Eulerian scheme (Fig. 4.24c and 4.24d). It was also noted an increase of Cz (Kz, Az)
during the developing of ASL event with maximum value of 1.0 W m at 06:00 UTC 07 May.
The increase of Cz was larger in quasi-Lagrangian than in Eulerian framework. As in CSL, in
ASL event Ck (Kg, K7) stayed constant and close to zero, and Ca (Az, Ag) term had one order

of magnitude smaller than the other terms and stayed quasi-constant in both approaches.

For the ASL and CSL events, the energy and conversion terms were one order of
magnitude smaller compared with extratropical systems as the cyclones analyzed by Dias
Pinto and da Rocha (2011), but they had the same order of magnitude of tropical and
equatorial systems as ITCZ system analyzed by da Silva and Satyamurty (2013).

The energy of two cyclones presented by Dias Pinto and Da Rocha (2011), as well as in
other works analyzing extratropical latitudes, the terms of Ca (Az, Ag) and Ce (Ag, Kg)
dominated, showing the importance of baroclinic instability in mid-latitudes. For the CSL and
ASL events analyzed in this work, the terms Cg (Ag, Kg) and Cz (Kz, Az) also were strong,
mainly for ASL occurrence, showing the importance of baroclinic instability in these type of
systems. However, as well as in da Silva and Satyamurty (2013), the term Ck (Kg, Kz)
presented the same order of Ce (Ag, Kg), showing also the importance of barotropic instability

in tropical systems.

The baroclinic term Ca (Az, Ag) presented small values in both quasi-Lagrangian and
Eulerian approaches for ASL and CSL events (Fig. 4.25). For CSL, there were negative
values of Ca (Az, Ag) above 350 hPa, i.e., it was occurring conversion from Ag to Az in this
layer and it was higher at start and the end of the event (12:00 UTC 27 and 28 April). The
negative values of Ca also presented in time series of volume-integrated (Fig. 4.24a). For ASL,
the vertical profile of Ca (Az, Ag) showed negative values (conversion energy is from Ag to
A7) above 300 hPa and a small region of positive values (conversion energy is from Az to Ag)
in 300-550 hPa layer.
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Figure 4.25 - Time series of vertical profiles of Ca (Az, Ag) x10°® for CSL — 27-28 Abril 2014 (top) and ASL —
06-07 May 2015 (bottom) calculated using: (a)-(c) Quasi-Lagrangian and (b)-(d) Eulerian approaches. Values in
W m™. The brown box represents the development time of the event.

In both quasi-Lagrangian and Eulerian schemes, the baroclinic term Cg (Ag, Kg) for
CSL was positive in 200-400 hPa layer, which means conversion from Ag to Kg or that Kg
developed at the expense of Ag and it occurred in all life cycle of CSL (Fig. 4.26a-b). The Cg
(Ag, Kg) term also was positive in 200-550 hPa layer and negative over 200 hPa for ASL
event between 12:00 UTC 06 and 18:00 UTC 07 May. Comparatively, the quasi-Lagrangian
approach provided larger values of Ce (Ag, Kg) than Eulerian scheme (Fig. 4.26¢-d).
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Figure 4.26 - Time series of vertical profiles of Ce (Ag, Kg) X107 for CSL — 27-28 Abril 2014 (top) and ASL —
06-07 May 2015 (bottom) calculated using: (a)-(c) Quasi-Lagrangian and (b)-(d) Eulerian approaches. Values in
W m™ The brown box represents the development time of the event.

In the Figures 4.27a-b, for CSL the barotropic term Ck (Kg, Kz) presented negative
values in 300-500 hPa layer and principally at the end of the event in quasi-Lagrangian
approach. This implied in conversion from K  to Kg or that Kg developed at the expenses of
Kz in this layer. In the ASL event, the Ck (Kg, Kz) term was mainly negative below 500 hPa
and positive (Kz, Kg) above of 400 hPa, which was more evident in quasi-Lagrangian than in
Eulerian scheme (Fig. 4.27c-d). This conversion occurred mostly during the time of
maximum development of ASL (from 06:00 to 12:00 UTC 07 May).
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Figure 4.27 - Time series of vertical profiles of Cx (Kg, Kz) x10” for CSL — 27-28 Abril 2014 (top) and ASL —
06-07 May 2015 (bottom) calculated using: (a)-(c) Quasi-Lagrangian and (b)-(d) Eulerian approaches. Values in
W m The brown box represents the development time of the event.

As presented in Figures 4.28a-b, for CSL event the baroclinic term Cz (Kz, Az) did not
show a clear pattern and it was close to zero in both of schemes, indicating that the baroclinic
conversion of energy was not important for coastal SLs. However, in the ASL (Fig. 4.28c-d),
this term was positive in 200-600 hPa layer and negative above 200 hPa, mainly in quasi-
Lagrangian approach. The positive values of C; term indicated energy conversion from Kz to
Az between 00:00 and 18:00 UTC 07 May.

64




100 100

5 5
4 4
=3 200 =3 200
2 2
1 1

300 Il 300

400 400
500 500

600 00
700 700
H_s 200 H_s 300
960 900

122 00z 122 00z 122 00z 122 122 007 122 00z 127 007 127
26APR 27APR 28APR 29APR 264PR 27APR 28APR 29APR

a) 2014 b) 2014

100 100

5 5
4 +
sz 200 H3 200
2 2
1 300 [kl

400 400
500 500

600 600
700 700
H_s 800 H_s 800
960 900

00z 12 a0z 121 007 172 00z 172 07 197 127
BMAY MAY BhiAY BMAY TMAY

C) 2015 d) 2015

007
aMAY

Figure 4.28 - Time series of vertical profiles of C, (Kz, A7) X107 for CSL — 27-28 Abril 2014 (top) and ASL —
06-07 May 2015 (bottom) calculated using: (a)-(c) Quasi-Lagrangian and (b)-(d) Eulerian approaches. Values in
W m The brown box represents the development time of the event.

4.3.3.BOUNDARY ENERGY TRANSPORTS

Since the areas and borders are changing at each time in the quasi-Lagrangian approach
it is noted large differences of the boundary transport terms compared to Eulerian scheme that
have the same area in all times. According the Figure 4.29, in both CSL and ASL events, the

boundary energy transports BKz and BKg had a higher order than other terms.

The exchange energy between the domain and neighborhoods in CSL did not show a
marked tendency during its life cycle (Figs. 4.29a and 4.29b). By contrast, both BK; and BKg
increased during ASL occurrence in the quasi-Lagrangian scheme, reaching a maximum at
12:00 UTC 7 May. It important to note that as Kz term the BKz also presented a diurnal
variation with maximum values at 12:00 UTC. At the beginning of the ASL event BA;
increased and BAg decreased (Fig. 4.29¢). This last term was negative in most part of the life
cycle of ASL in the quasi-Lagrangian approach. The time series of boundary energy

65




transports for ASL in Eulerian scheme (Fig. 4.29d) were almost constant with time and they
were very different of that obtained in quasi-Lagrangian approach (Fig. 4.29c). From Eulerian

approach, only BAEg presented a diurnal cycle with maximum at 18:00 UTC.
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Figure 4.29 - Time series of volume-integrated boundary energy transports of Lorenz energy cycle (BKz, BKEg,
BA;x10™ and BAg x10™) for CSL — 27-28 Abril 2014 (top) and ASL — 06-07 May 2015 (bottom) calculated
using: (a)-(c) Quasi-Lagrangian and (b)-(d) Eulerian approaches. Values in W m™.

During CSL life cycle, the transport of energy Kz across the boundary did not present a
clear pattern in any of the approaches (Figs. 4.30a-b). On other hand, in ASL event, BK;
presented positive and negative values, respectively, above 400 hPa and below 500 hPa after
00:00 UTC 07 May, mainly in quasi-Lagrangian scheme (Figs. 4.30a and 4.30c). The positive
values of BKz mean that the transport of energy is from outside to into the area of study,
while the negative values are related with energy transport from the study area to its
surroundings. The increment of BKz during the ASL developing (from 18:00 UTC 06 May to
18:00 UTC to 07 May) in the volume-integrated representation (Fig. 4.29c) was well
represented by positive values in 100-300 hPa layer in vertical profile (Fig. 4.30c).
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Figure 4.30 - Time series of vertical profiles of BK; x10™ for CSL — 27-28 Abril 2014 (top) and ASL — 06-07
May 2015 (bottom) calculated using: (a)-(c) Quasi-Lagrangian and (b)-(d) Eulerian approaches. Values in W m’
2. The brown box represents the development time of the event.

Like BKz, if BKg is positive, there is energy transport from the surroundings into the
study area, and if it is negative, the opposite is occurring. According Figures 4.31a and 4.31b
in both of schemes for CSL event, BKg was positive above 350 hPa and negative in the layer
350-500 hPa. For ASL, Figures 4.31c and 4.31d depicted both approaches showing BKg
mostly positive above 300 hPa and negative below this level. The values of BKg for ASL
were more intense than for CSL.
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Figure 4.31 - Time series of vertical profiles of BKg x107 for CSL — 27-28 Abril 2014 (top) and ASL — 06-07
May 2015 (bottom) calculated using: (a)-(c) Quasi-Lagrangian and (b)-(d) Eulerian approaches. Values in W m’
2 The brown box represents the development time of the event.

As shown in Figures 4.32 and 4.33, both BAz and BAg terms did not show a clear
pattern in CSL event. On the other hand, these terms were more intense during the ASL
maximum development (06:00 UTC 07 May), implying higher flux of available energy by the
boundaries in ASL than in CSL.
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Figure 4.32 - Time series of vertical profiles of BA; x10 for CSL — 27-28 Abril 2014 (top) and ASL — 06-07
May 2015 (bottom) calculated using: (a)-(c) Quasi-Lagrangian and (b)-(d) Eulerian approaches. Values in W m’
2 The brown box represents the development time of the event.
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Figure 4.33 - Time series of vertical profiles of BAg x10™ for CSL — 27-28 Abril 2014 (top) and ASL — 06-07
May 2015 (bottom) calculated using: (a)-(c) Quasi-Lagrangian and (b)-(d) Eulerian approaches. Values in W m’
2. The brown box represents the development time of the event.

4.3.4.LORENZ ENERGY CYCLE

The Lorenz Energy Cycles for CSL and ASL events were obtained for two moments. (1)
Initial-phase, or the first 12 hours, which represents the interval from the first hour of the SL
until the hour of maximum intensity.(2) Final-phase, or the last 12 hours, which considers the
period since the hour of maximum intensity until the hour of end. The values were multiplied
by 10 and are in the Figure 4.34, where the thickness of the arrows is proportional to the

magnitude of the terms.

As shown in Fig 4.34a, Kz incremented with time (4.37x10" W m®) in CSL initial-
phase. The increase was due to: (a) the baroclinic process of conversion from zonal potential
available (A7) to zonal kinetic (Kz) energy, (b) the transport Kz from the surroundings into
the study area (2.49x10" W m™) and (c) AR acted like a font of energy providing 1.52x10™
W m™ to the system. K also increased in CSL initial-phase due to: (a) the barotropic process
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of conversion of Kz in Kg (the eddies removed kinetic energy from the zonal flow), (b) the
baroclinic conversion of Ag in Kg and (c) ARz also was providing energy (giving 3.69x10™* W
m2). This increase of Kg with the time was smaller than the increase of Kz with time, which

was due to system transferred energy to its surroundings (BKg=-7.2x10"* W m™).

Regarding to available potential energy, the longitudinal and latitudinal thermal
variation in this SCL initial-phase produced potential energy (AGz=0.31x10" W m™ and
AGe=1.84x10" W m™) that was transferred to kinetic energy through baroclinic processes
(Fig. 4.34a). This implied in the negative variation with time of Az and near zero variation
with time of Ag despite the transport of energy from surrounding to the study area
(BA,=0.87x10" and BA:=0.99x10™" W m). The baroclinic process of conversion from Az to

Ag had very low value, so it did not participate of the energy balance.

In the CSL final-phase (Fig. 4.34b), all energies were increasing with time, but 0Kz/at
and dKg/at had the higher values. The increase of Kz with time occurred due to the baroclinic
conversion from Az to Kz and, principally, as function of ARz that was the main font of
energy in the CSL final-phase (ARz=-9.53 x10™ W m™). The barotropic conversion between
Kz and Kg, the baroclinic conversion from Ag to Kg and the boundary transport from
surrounding into the area of study were responsible for the increment of Kg with time
(0 Ke/3t=3.23x10" W m™) although the dissipation by friction was removing Ke (ARg
=1.76x10™" W m).

The generations of the available potential energies were higher during CSL final phase
(AGz=0.94x10" W m?and AGg=3.94x10" W m™) than in CSL initial-phase. It is also noted
that Az and Ag incremented with time at the end despite of the baroclinic conversions were

transforming available potential in kinetic energy at a higher rate than in initial-phase.
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Figure 4.34 - Lorenz Energy Cycles for CSL — 27-28 Abril 2014 (top) and ASL — 06-07 May 2015 (bottom)
analyzed in: (a)-(c) the start and (b)-(d) the end of the event. Values in W m?x10™.

As shown in Figure 4.34c, the local variation of the kinetic energy was positive, of the
available potential energy was negative, in ASL initial-phase, in both zonal and eddy
components. The decreased with time of Az (-0.28x10™" W m™) is mainly attributed to: a) the
energy transport from the area of study to the surroundings (BAz=-0.29 x10* W m™), and b)
AGz removed energy from system (-2.52 x10* W m™), although the baroclinic conversion
between Kz and A; was positive. Similarly, Ag decreased with time as function of the : a)
AGe acted like a sink of energy and b) the high value of baroclinic conversion between Ag
and Kg (6.51x10 W m™). This baroclinic process converted available potential energy into
kinetic energy through the upward motions of the warm air and downward motions of the
cold air in the same latitude (Asnani, 2005) due to the strong convective activity in the initial-
phase of ASL. The positive local variation of Kz resulted solely of the energy transport of the

surrounding to the area of study (BK2=9.85X10" W m™) since the barotropic and baroclinic
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conversions and the friction were removing the energy of the system (Fig. 4.34c). The main
fonts to the Kg increase were the baroclinic conversion between Ag and K (6.51x10™ W m™),
a very small contribution of the barotropic conversion of K in Ke (0.1x x10* W m™) and
ARg=6.24x10" W m™ although the surrounding environment was acting to remove the

energy of the system (5.71x10™* W m).

In ASL final-phase (Fig. 4.34d), the local change of energy terms had contrary variation
compared with ASL initial-phase. In the final-phase period, the local variation of Kinetic
energy was negative and of the available potential energy was positive. The negative variation
of kinetic energy occurred since energy must decrease due to the weakening of the winds
during ASL disappearing. Az incremented resulted from the environment and the latitudinal
thermal differences providing energy to the ASL, although the baroclinic processes were
converting Az in Kz (through upward motions of warm air and downward motions of cold air
in different latitudes) and Az in Ag (due to the wave movements). Ag also increased as
function of the surrounding and the thermal differences in the same latitude provided energy
to system, but this increment was higher than of Az associated with the baroclinic conversion

from Az to Ag (related to the latitudinal movement of air due to the thermal differences).

Regarding to Kz, in ASL final-phase (Fig. 4.34d), it decreased with time due to the
strong loss of energy by friction (ARz=26.16x10" W m) and to barotropic conversion of Kz
in Ke. This decreases occurred considering that the boundary transport was high and positive
(BKz=20.90x10" W m™) and the baroclinic conversion direction was from Az to Kz. It is
noted that local variation of K¢ also decreased, solely due to strong boundary transport, which
was removing 9.02x10™* W m™ of the system, since all the other terms were providing energy
to ASL.

Comparing the two events, the ASL presented higher values of local tendency of the
energy and conversion than the SCL, which was related to higher convective activity and

larger velocities in ASL compared to CSL.

4.4. KINETIC ENERGY BUDGET

From Lorenz energy it was shown the high values of the kinetic energy. Therefore, in
this part of the study the kinetic energy equation in isobaric coordinates (referred as KE_Eq),
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described in the section 2.6, was applied to the CSL and ASL events using only Eulerian
scheme. Figure 4.35 presents the terms of the volume-integrated of KE_Eq and the Figures
4.36 and 4.37 their vertical profiles.

The principal characteristics of volume-integrated values of the KE_Eq terms (Fig. 4.35)
were the following. a) The horizontal flux divergence of kinetic energy (bKEzﬁp.kV)
decreased with the time and remained negative (convergence) during all CSL life cycle. b)
The horizontal flux divergence of kinetic energy was positive and both the local change
(0K/0t) as the Kkinetic energy generation (aKE:—V.VP¢) increased during the ASL event.
Finally, c) since the term of dissipation (dKE= V.ﬁ) is obtained as a residual of the KE_Eq
(equation 3.34), this term had the same tendency and signal of the bKE in both SL events.
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Figure 4.35 - Time series of volume-integrated of KE_Eq terms (dK/ot, aKE=—V.Vp®, bKEzﬁp. kV,
cKE=dwk /dp, dKE=V. Fand eKE=k,dp, /0t ) for (a) CSL — 27-28 Abril 2014 and (b) ASL — 06-07 May
2015. Values in W m? x10™ for cKE and eKE and in W m™ for the aKE, bKE, dKE and dK/ot.

The vertical profiles of the aKE, bKE, cKE and dK/dt terms are presented in Figures
4.36 and 4.37. According the Figure 4.36a the CSL had generation of kinetic energy by cross-
contour flow (aKE) at all levels, with a maximum near the level of the jet stream and a
secondary maximum near the ground; this is according to Fuelberg and Scoggins (1978) that
obtained similar results for a SL on 25 April 1975 occurred in central part of USA. This term
(aKE) was the principal source of the increment with time of dK/at in all levels, principally
from the maximum development time (00:00 UTC 28 April) to the end of CSL (Fig. 4.36d).
Otherwise, there was horizontal flux convergence of kinetic energy (bKE<O) in all levels with
maximums at 300-400 hPa and 100-200 hPa layers (Fig. 4.36b), which is an important source
of kinetic energy in CSL at these levels. The vertical flux divergence of kinetic energy was
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small through most of the atmosphere, except at 200-300 hPa layer, when was negative.
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Figure 4.36 - Time series of vertical profiles of (a) aKE=—V. VPQ), (b) bKE:VP. kV, (c) cKE=0wk/0dp, and (d)
dK/at for CSL— 27-28 Abril 2014. Values in W m?x10™ for bKE and dK/dt and in W m™?x10° for aKE and
cKE.

During most part of ASL life cycle, generated kinetic energy by cross-contour flow
(aKE>0) at all vertical levels, but destructed kinetic energy (aKE<O) at the final of event
(12:00 UTC and 18:00 UTC 07 May) (Fig. 4.37a). These values are responsible for the
increment of dK/dt at the beginning of ASL (from 18:00 UTC 06 May to 12:00 UTC 07 May)
and the decrease of dK/at at the final (Fig. 4.37d). In Figure 4.37b ASL was characterized by
flux divergence of kinetic energy at low-levels (below 600 hPa) and at upper levels (100-200
hPa layer), and flux convergence at mid-levels (250-400 hPa) from 00:00 UTC to 12:00 UTC
07 May (maximum development time). This distribution of horizontal flux divergence (bKE)
represent the convection in the maximum development of ASL, since the positive value at
upper levels indicates energy transported out of the area by horizontal flux divergence.
Regarding to vertical flux divergence of kinetic energy, ASL presents flux divergence at low-

levels and flux convergence at upper levels (Figs. 4.37c). This indicates upward transport of
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kinetic energy from the lower atmosphere to the level of the jet stream (CKE<O indicates a
concentration of energy) by rising air associated with the widespread convection.
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Figure 4.37 - Time series of vertical profiles of (a) aKE=—V. VP(Z), (b) bKE=V'P. kV, (c) cKE=0dwk /dp, and (d)
dK/at for ASL— 06-07 May 2015. Values in W m™?x10™ for bKE and dK/dt and in W m™?x10°® for akE and
cKE.

In general, in volume-integrated calculations, the more important term of the KE_Eq
was the horizontal divergence of the flux of kinetic energy (bKE), which was negative for

CSL and positive for ASL. In vertical profiles, the term with high values was dK/at, which

had the same tendency of the generation of kinetic energy by cross-contour flow (—V.VP(D).
This later term increased in all troposphere at the time of maximum development of the
systems (00:00 UTC to 12:00 UTC), and decreased at the final, principally in ASL, indicating
the life cycle of the SLs (generation at beginning and destruction at the last), as found by
Fuelberg and Scoggins (1978) in the squall line of 24-25 April 1975.
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45. THERMODYNAMIC BALANCE

According to Dias Pinto (2011) the terms AG, and AGy, of the Lorenz cycle energy are
well represented by the diabatic term of the thermodynamic equation of section 3.2.5.
Therefore, to analyze the vertical profile of potential energy generation, the thermodynamic
equation in the budget form was applied using the Eulerian approach. In this calculation, the
areas were the same presented in Figure 4.18. Figures 4.38 and 4.39 show the vertical profiles

of the mean values of the terms of the thermodynamic balance for CSL and ASL events. The

local variation with time was obtained using values of 6 hours before, and the term 2

Cp

(diabatic heating) was obtained as a residual (Sinclair, 1993).
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From 18:00 UTC 27 April until 06:00 UTC 28 April, for CSL the leading terms were
diabatic and adiabatic heating terms with maximum value of 2°C/6h at 18:00 UTC 27 April
2014 near the 500 hPa level (Figs. 4.38a — 4.38c). The other terms were near the zero and

only Z—: and diabatic heating presented diurnal cycle near the surface.

For the ASL (Fig. 4.39), the diabatic and adiabatic heating were also the leading terms,
with maximum values of 3.5°C/6h between the 400 and 500 hPa at 06:00 UTC 07 May 2015,
which is the time of maximum development of ASL (Fig. 4.39b). The diurnal cycle of the

local variation of temperature (‘;—Z) and diabatic heating was also observed in ASL event (Fig.

4.39a-d).
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Comparing the two SL events, diabatic and adiabatic heating presented higher values in
ASL than in CSL and the peak of heating was found at mid-levels in both SLs. This is
according to Greco et al. (1994) who found the maximum heating in 500-550 hPa layer for
other Amazon SL event of May 1987.
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5. CHAPTER 5: CONCLUSIONS

This work analyzed the energy related to the propagation of Amazon squall lines (SL)
using the Lorenz Energy Cycle (LEC). To characterize the energy of the environment during
SLs with small and long propagation distance, the LEC was applied in two SL events. The
first event was named Coastal Squall Line (CSL) and it formed on the northeast coast of
South America and presented small inland propagation (less than 10° to the west from its
starting point), and the second, named Amazonian Squall Line (ASL), had a longer inland
propagation over the Amazon basin (advanced more than 10° westward). Therefore, it was
possible to characterize the energetic of the SLs according to their inland propagation. The
synoptic analysis of these two events were performed to understand the environmental
conditions during SLs occurrence. The kinetic energy equation and the thermodynamic

balance were also applied to every SL event.

For the period between April and August 2014 - 2015, 21 SL events were identified,
being 15 classified as CSL and 6 as ASL. The mean features of these CSLs (ASLs) were 12
(18) m s of propagation speed, 15 (23) hours of lifetime, 626 (1393) km of inland
propagation, and in its maximum development 1450 (1975) km of length and 174 (249) km of
width. Therefore, the ASLs were faster, more lasting, propagating larger distances, wider and
longer than the CSLs. The majority of CSLs and ASLs started at early afternoon (15-18:00
UTC). For both SLs, as time progressed (from April to August), they tend to form northward,
following the north-south migration of the ITCZ.

The synoptic analysis showed at upper levels more intense easterly winds near the
Equator in ASL than in CSL, associated with the presence of two anticyclonic systems, one in
each hemisphere. The relationship between upper-levels divergence and low-levels
convergence was higher in ASL than in CSL, since in ASL the convergence and the wind
confluence at 850 hPa is more intense than in CSL, while the divergence at upper levels is
similar in both events. At mid-levels, the occurrence of both SLs was related to the presence
of an inverted trough, which accompanies the event displacement. At low-levels, during the
CSL occurrence, a cold system approached from the south and imposed southerly winds that
converged with the northeasterly winds, while in ASL only easterly winds were observed.
The moisture convergence flux at 850 hPa and the vertical wind speed shear in 700-850 hPa

layer were higher in ASL than in CSL. Vertical wind profiles in the points of maximum
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convection showed predominance of easterly winds in all troposphere in ASL, with two
maxima of intensity one at upper levels and the other at low-levels, forming a duct for ASL
propagation. In addition, the low-level jet at 700 hPa was more intense in ASL than in CSL.
The vertical wind shear was directional at upper levels during the CSL occurrence, which
obstructed the CSL westward displacement. During the ASL occurrence, wind speed shear
existed at low-levels favoring the regeneration of new convective cells and the ASL

displacement over Amazon basin.

Regarding the LEC terms, with slight differences between quasi-Lagrangian and
Eulerian approaches, the zonal kinetic energy (Kz) presented the highest values in both SL
events. The vertical profile showed the maximums of Kz occurring in two layers: 100-300
hPa and 600-1000 hPa. The eddy kinetic energetic (Kg) was the second term of importance,
with higher values in ASL than in CSL, and it grew abruptly during the ASL, but not in CSL.
The maximum values of Kg were located in the entire vertical troposphere in ASL but only
above 500 hPa in CSL. Since the horizontal gradients of temperature in the Amazon basin are
very small, the zonal and eddy available potential energies (Az and Ag) were also small,
presenting only diurnal variations (maxima at 18:00 UTC) below 900 hPa as function of their
temperature dependence. About the energy conversion terms, in both approaches, the
baroclinic terms Cg (Ag, Kg) and Cz (Kz, Az) increased when SLs reached the maximum
development. This increment was more abrupt in ASL than in CSL, reaching maximum
values in the 200-500 hPa layer. For both events, the baroclinic term Ca (Az, Ag) was one
order of magnitude smaller than the other terms, since the Az and Ag values were small.
Although the barotropic term Ck (Kg, Kz) was almost constant with time it presented the same
order of magnitude as the Cg and Cz, highlighting the importance of barotropic instability in
the development of Amazon SLs. The boundary energy transports varied between the quasi-
Lagrangian and the Eulerian scheme, since changing the edges the flow energy also varies by
those edges. The boundary zonal kinetic and eddy kinetic energy transports (BKz and BKE,
respectively) had the highest values in both SLs, and in quasi-Lagrangian scheme, they
increased only at the end of the ASL. The vertical profiles of BKz and BKg in both SLs
showed, predominantly, positive values from 100 hPa to 350 hPa, indicating flux of Kinetic
energy from the surroundings into the SL area, and negative values from 350 to 900 hPa,

indicating kinetic energy leaving the SL area.

During initial and final stages of CSL, LEC showed generation of available potential

energy by thermal gradient and transport from the environment to the system area, which was
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converted in kinetic energy by baroclinic process. The barotropic conversion of zonal in eddy
Kinetic energy were processes where the perturbation extracted kinetic energy from the zonal
flow. At initial-phase, the environment provided zonal kinetic energy to the system and the
system transferred eddy Kinetic energy to its environment, while the opposite process

happened at final-phase.

During ASL initial-phase, although the thermal variation did not allow generation of available
potential energy, the environment transferred eddy available potential energy to the system
that was converted to eddy kinetic energy by baroclinic conversion of convective motions in
the same latitude (upward motions of warm air and downward motions of cold air). Then part
of the eddy kinetic energy was transported to its environment. At ASL final-phase, there was
generation and transport of available potential energy from the environment to the area that
was converted in kinetic energy by baroclinic processes. The zonal friction removed this
Kinetic energy from the system and transferred to the environment as eddy flux. All the terms
of LEC in ASL were higher than in CSL, representing the large activity of the convective

processes in ASL.

The horizontal flux convergence (divergence) of kinetic energy in CSL (ASL), as well
as the vertical flux convergence (divergence) of kinetic energy at upper levels (low-levels)
higher in ASL than in CSL, were the most representative results of the application of the
Kinetic energy equation in the SL events. These results represented the higher convection in
ASL than in CSL, since upward transport of kinetic energy from the lower atmosphere to the
level of the jet stream by rising air associated with convection generates horizontal flux
divergence and vertical flux convergence at upper levels, and the opposite at low-levels. The
thermodynamic balance resulted in a higher diabatic and adiabatic heating in ASL than in
CSL, with peaks of heating at mid-levels in both SLs.

Based in these analysis, ASL presents an abrupt variation of eddy kinetic energy (KE)
and baroclinic conversion from available potential energy into kinetic energy during its
maximum development. This does not occur for CSL. Therefore, the values of conversions
and local variations of energy are higher in ASL than in CSL. These characteristics, in
addition to the specific synoptic conditions for each SL (mainly, maximum wind at upper
levels, larger convergence of winds and moisture flux, and higher vertical wind speed shear at
low-levels in ASL than in CSL) would help to forecast with greater accuracy a propagating
SL.
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6. CHAPTER 6: SUGGESTIONS

Within the present work some questions emerged that were left unanswered. The first
one concerns to the ENSO influence in the energy of Amazon SLs, which it is suggested to
increase the period of analysis. Possibly working from 2002 to the present day, since infrared
satellite imagery is available on the CPTEC website for this period. The second, is the use of
different data sets. In the initial phase of this study, the comparisons of ERA-Interim and GFS
analysis showed large differences in the energy of the events, which was related to each
model resolution. As such, it would be recommendable to find how the energy of SLs varies
using mesoescale models since resolution is an important factor in the value of energy as

found by Fuelberg and Scogging (1978) in a SL.
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8. APPENDIX

Tables 8.1-8.3 presents the average in a quasi-Lagrangian scheme of the LEC terms
every 6 hours of the 4 ASL and the 5 CSL obtained from GFS analysis.

Table 8.1 — Averages of LEC energies at every 6 hours. Values in J m™.

TIME Kz x 10° Ke x 10* Az x 10° Ag x 10°

UTC| CSL | ASL | CSL | ASL | CSL | ASL | CSL | ASL
00:00| 3.00 | 3.09 | 255 | 455 | 551 | 474 | 863 | 15.21
06:00| 3.01 | 271 | 316 | 553 | 461 | 454 | 7.82 | 16.11
12:00| 239 | 284 | 369 | 562 | 372 | 468 | 10.67 | 13.21
18:00| 269 | 2.60 | 249 | 431 | 1654 | 27.10 | 37.93 | 3357

From Table 8.1, it is noted that Kz values are similar (close to 3x105 J m) for the two
SL types and it also does not present a diurnal cycle. In contrast, Ke had higher values in ASL
than in CSL, as shown in Fig. 4.19 and these values are higher at 06:00 and 12:00 UTC,
which are the hours near to the time of maximum SLs development. Az and Ag showed
maximum values at 18:00 UTC as result of the temperature increasing along the day,
coinciding with what was observed in Fig. 4.19. Comparatively Ag presented larger values in
ASL than in CSL at 00:00 UTC, 06:00 UTC and 12:00 UTC.

Table 8.2 — Averages of energy conversions at every 6 hours. Values in W m™.

TIME| C(AzAe)Xx107 | C(AgKe)x10? | C(KgKz)x10® | C(Kz,AZ)x10™
UTC| CcSL | ASL | CSL | ASL | CSL | ASL | CSL | ASL
00:00| -6.33 | -8.93 | 13.82 | 16.13 | -6.86 | 18.66 | -12.95 | 8.25
06:00 | 10.61 | -7.21 | 2550 | 41.36 | -66.69 | -14.17 | 0.17 | 19.51
12:00 | -24.53 | -14.97 | -1.33 | -1.73 | -51.94 | 199 | 1.20 | -11.85
18:00 | 41.66 | 0.42 | -0.68 | 30.24 | -50.75 | -4.97 | -6.67 | -13.34

The high values of K¢ in Table 8.1 are explained by the conversion of Ag in Kg in both
types of events, with higher values in ASL than in CSL (Table 8.2). The conversion of Kg in
Kz was negative in CSL, which means that Kg existed at the expenses of K at all times. In
ASL, that direction of the conversion was manifested at 06:00 and 18:00 UTC, while in the
other times Kz existed at the expenses of Kg (positive values). The other conversion terms did

not show a clear behavior in any event, which also was observed in Figure 4.24.
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Table 8.3 — Averaged of boundary energy transports at every 6 hours. Values in W m™,

TIME BKz BKex 10 BAzx 10 BAEx 10
UTC| CcSL | ASL | CSL | ASL | CSL | ASL CSL | ASL
00:00| 010 | 227 | 1.08 | 116 | 2460 | 1767 | -0.32 | 3.71
06:00| -1.26 | 353 | 045 | 284 | 7.99 | 856 572 | -12.12
12:00| 1.41 | 337 | -5.03 | 722 | 652 | 5.70 2.26 | -16.04
18:00| -0.48 | 0.37 | -2.20 | -0.77 | 66.24 | 125.26 | 126.73 | 52.87

The boundary K transport was greater and always positive in ASL than in CSL, which
means that in ASL the area of study received Kz from the surroundings, while in CSL at
06:00 and 18:00 UTC the transport of Kz was from the area to the surroundings (negative
values in Table 8.3). BKg presented a behavior similar to BK; with values higher in ASL than
in CSL. In ASL, from 00:00 to 12:00 UTC, Kg was transferred from the surroundings to the
system area (positive values) and at 18:00 UTC the direction was opposite. In CSL, at 00:00
and 06:00 UTC Kg was transported from the surroundings to the interior of the area of study,
but at 12:00 and 18:00 UTC the direction of transport was reversed.

Like Az and Ag, the boundary transport of these energy terms present similar trends in
ASL and CSL, only show higher values at 18:00 UTC associated with their temperature
dependence.
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