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RESUMO

A regido amazoénica é mundialmente conhecida pela disponibilidade de 4gua e pelo nimero de
ecossistemas, tais como: florestas densas de terra firme, florestas inundadas, planicies de
inundacdo, igapos, campos abertos e fechados. O importante papel que a floresta amazdnica
exerce nas trocas de energia e massa com a atmosfera e a implicacdo destas trocas no clima
em escala local, regional e global é fato dificil de ser contestado. Uma vez que tais trocas sao
controladas pela turbuléncia atmosférica, o entendimento do escoamento turbulento nas
diferentes camadas da atmosfera, dentro e acima do dossel da floresta e sobre superficies
aquaticas na Amazonia se faz necessario. Como base nisso, neste trabalho, foram estudados a
variabilidade vertical da velocidade do vento, dos momentos estatisticos da turbuléncia, do
fluxo de calor sensivel (H) e da taxa de dissipacdo da energia cinética turbulenta (¢) em
diferentes sitios experimentais sobre areas de floresta na Amaz6nia. Além disso, foi realizada
uma comparacdo entre 0s escoamentos turbulentos sobre um destes sitios (tradada como
superficie rugosa) e sobre um lago, este também localizado na Amazoénia. Com rela¢do ao
perfil vertical do vento, foram analisados dados coletados em seis torres de medidas de
diferentes sitios experimentais, com objetivo de observar as caracteristicas gerais do
comportamento do referido perfil, além de testar a habilidade de modelos simplificados em
reproduzir tais caracteristicas. De maneira geral, o perfil abaixo do dossel é fortemente
afetado pela estrutura da floresta. Do solo até 0,65k (em que h = 35 m é a altura média do
dossel da floresta), o perfil vertical do vento é aproximadamente constante com a altura e
apresenta valores muito baixos, menores do que 1,0 ms~1. Acima de 0,65h até 2,25h a
velocidade do vento aumenta com a altura. Quanto aos modelos utilizados, tanto 0 modelo de
Yi quanto o de Souza conseguiram reproduzir de maneira satisfatéria o perfil do vento para os
diferentes sitios experimentais. Em relagdo a este tltimo modelo, ainda foi possivel diminuir a
quantidade de variaveis de entrada necessarias para simular o perfil vertical de velocidade do
vento sem prejuizo na tal habilidade mencionada acima. Diferentemente do perfil do vento,
para as outras analises realizadas neste trabalho foram analisados dados de apenas dois sitios
experimentais. Tais dados foram coletados por anemémetros sdnicos bi e tridimensionais
dispostos desde préximo ao solo da floresta até cerca de 80 m de altura. Comparando 0s
resultados dos dois sitios estudados neste trabalho com outros dois (investigados por outros
autores em trabalhos j& publicados) também localizados na Amazdnia, verificou-se que estes

sitios apresentaram diferencas significativas na eficiéncia em absorver momentum da
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atmosfera, provavelmente devido a pequenas diferencas na estrutura da vegetacdo de cada
sitio. O comportamento dos momentos estatisticos da turbuléncia evidenciou que vortices
gerados acima do dossel florestal dificilmente penetram a regido abaixo de 0.5k, sendo que tal
profundidade pode ser mais facilmente atingida durante condi¢bes de ventos fortes. Da
mesma forma os valores de H foram maiores durante esta condicdo, tanto durante o dia
quanto a noite. Outra observacdo importante, acerca do perfil de H, € o fato deste ndo ser
constante com a altura, comprometendo a validade da teoria de similaridade de Monin-
Obukhov. Além disso, notou-se que o comportamento do ciclo didrio de H é bastante
complexo em certas alturas, mudando de positivo para negativo dentro do periodo diurno. Ja o
ciclo diario de &, apresenta 0 mesmo comportamento em todas as alturas, influenciado pelo
ciclo diario da radiacéo solar. Os maiores valores de ¢ também foram encontrados durante a
atuacdo de ventos fortes, com um maximo proximo ao topo do dossel da floresta.
Comparando as caracteristicas da turbuléncia sobre a floresta com as observadas sobre o lago,
foi verificado que, em geral, a intensidade da turbuléncia do ar sobre a floresta foi maior do
que sobre o lago durante o dia, devido a alta eficiéncia da floresta em absorver momentum do
escoamento. Durante a noite, a situacdo se inverte, uma vez que a turbuléncia do ar tem maior
intensidade sobre o lago, exceto em alguns periodos em que rajadas de turbuléncia
intermitente ocorrem sobre a floresta. As escalas integrais da turbuléncia horizontal (A,) e
vertical (A,,), calculadas durante o periodo diurno, foram maiores sobre a floresta do que
sobre o lago, da mesma forma que a escala de comprimento vertical (L,,) também é maior
sobre a floresta. Por outro lado, a escala de comprimento horizontal (L,) foi maior sobre o
lago. Os compdsitos dos espectros de potencia da velocidade vertical obtidos para os periodos
diurno e noturno para cada sitio apresentaram comportamento canénico, com a regido do
subdominio inercial bem definida, exceto no periodo noturno acima da floresta. Finalmente, a
producdo de turbuléncia por cisalhamento do vento foi o termo dominante da equagdo do
balango de Energia Cinética Turbulenta (ECT), durante o periodo diurno em ambos os sitios.
Todos os termos desta equacdo calculados neste trabalho, referente ao periodo noturno,
apresentaram valores muito préximos de zero sobre o lago, indicando que outros termos que
ndo puderam ser calculados, como a adveccdo de ECT, podem ter contribuido para manter a

turbuléncia durante a noite neste sitio.

Palavras chaves: Perfil do vento; Turbuléncia; Amazonia; Floresta; Lago.



ABSTRACT

Amazon region is known worldwide for the availability of water and for the number of
ecosystems such as dense forests land, flooded forests, flood plains, igapds, open and closed
fields. The important role that the Amazon rainforest plays in the energy and mass exchange
with the atmosphere and the implication of these changes in the climate at a local, regional
and global scale is a fact difficult to be answered. Since such changes are controlled by
atmospheric turbulence, the understanding of turbulent flow in the different atmosphere
layers, in and above the forest canopy and above water surfaces in the Amazon, becomes
necessary. In this work, the vertical variability of the wind velocity, the turbulence statistical
moments, the sensible heat flux (H) and the turbulent kinetic energy dissipation rate (¢) in
different experimental sites in and above Amazon forest were studied. In addition, a
comparison was made between turbulent flows above one of these sites (a rough surface) and
above a lake, which is also located in the Amazon. Regarding the vertical wind profile, data
collected from six towers of different experimental sites were analyzed, aiming to observe the
general characteristics of the behavior of said profile, as well as to test the ability of simplified
models to reproduce such characteristics. In general, the profile below the canopy is strongly
affected by the forest structure. From the soil up to 0.65h (where h = 35 is the average
height of the forest canopy), the vertical wind profile is approximately constant with height
and has very low values, less than 1.0 ms~1. Above 0.65h up to 2.25h the wind speed
increases with height. As for the models used, both the Yi and Souza models were able to
reproduce satisfactorily the wind profile for the different experimental sites. In relation to this
last model, it was still possible to reduce the amount of input variables required to simulate
the vertical wind speed profile without prejudice to the aforementioned ability. Differently
from the wind profile, the other analyzes performed in this work were based on data from
only two experimental sites. These data were collected by bi and three - dimensional sonic
anemometers arranged from near the forest floor to about 80 m high. Comparing the results of
the two sites studied in this study with other two (investigated by other authors in published
works) also located in Amazonia, these sites showed significant differences in the efficiency
of absorbing momentum of the atmosphere, probably due to small differences in the forest
structure of each site. The behavior of the turbulence statistical moments showed that eddies
generated above the forest canopy hardly penetrate the region below 0.5k, and that depth can

be more easily reached during strong wind conditions. Likewise, H values were higher during



this condition in both during the daytime and nighttime. Another important observation
disappears from the H profile is that is not constant with the height, compromising the
validity of the Monin-Obukhov’s theory similarity. In addition, it has been noted that the
behavior of the H diurnal cycle is quite complex at certain times, changing from positive to
negative within the daytime period. The € diurnal cycle shows the same behavior at all
heights, influenced by the solar radiation diurnal cycle. The highest values of & were also
found during the strong winds performance, with a maximum close to the forest canopy top.
Comparing the turbulence characteristics above the forest with those observed above the lake,
it was verified that in general the air turbulence intensity above the forest was higher than
above the lake during the daytime, due to the high efficiency of the forest in absorbing
momentum of the turbulent flow. During the nighttime the situation was reversed, with
greater air turbulence intensity above the lake, except in some periods in which intermittent
turbulence bursts occur above the forest. The horizontal (A4,) and vertical (A,,) eddies scales
calculated during the daytime period were higher above forest than above the lake, and the
vertical length scale (L,,) was also larger over the forest, but the horizontal length scale (L,,)
was higher above lake. The composites of the vertical velocity power spectra obtained for the
daytime and nighttime periods for each site showed canonical behavior, with a well-defined
inertial subdomain region, except in the nighttime period above the forest. Finally, shear
production was the dominant term of the turbulent kinetic energy (TKE) budget equation
during the daytime period at both sites. All terms calculated in this work at night showed
values close to zero over the lake, indicating that the terms that could not be calculated, such
as the TKE advection, may have contributed to maintenance of turbulence overnight at this

site.

Keywords: Wind profile; Turbulence; Amazon; Forest; Lake.
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INTRODUCAO GERAL

Existem vérias questdes que motivaram os pesquisadores a intensificar seus estudos
sobre a interacdo floresta amazonica-atmosfera (Nobre et al. 1996; Silva Dias et al. 2002;
Andreae et al. 2002; Andreae et al. 2015; Fuentes et al. 2016). Uma delas consiste no
importante papel que a floresta amazonica exerce na liberacdo de energia para a atmosfera
tropical (von Randow et al. 2004). Outra questdo refere-se a sua participacdo no ciclo
hidroldgico, em diferentes escalas espaciais (Wang et al. 2016). A terceira consiste no papel
que a floresta amazonica desempenha nos balancos globais de componentes gasosas
secundarias da atmosfera, tais como ozbnio, gas carbbnico, hidrocarbonetos e outros
componentes (Alves et al. 2016; Gerken et al. 2016; Freire et al. 2017). Finalmente, ha
problemas associados ao desmatamento na Amaz6nia e as mudangas climéticas globais (Gash
& Nobre 1997), principalmente por conter em sua biomassa um importante estoque de
carbono (Gloor et al. 2012).

O transporte de escalares (tais como CO,, H,0, entre outros) da floresta para camadas
superiores da atmosfera é realizado por movimentos verticais turbulentos. Estes movimentos,
por sua vez, podem ser gerados por efeitos térmicos ou mecanicos. Contudo, vale salientar
gue o escoamento turbulento proximo de superficies extremamente rugosas (como € o caso da
floresta amazobnica) se reveste de consideravel complexidade. Um exemplo de tal
complexidade é a presenca de uma subcamada rugosa localizada imediatamente acima do
dossel florestal (Zahn et al. 2016; Chor et al. 2017), a qual torna dificil a estimativa, com
precisdo, das variaveis turbulentas médias (Sakai et al. 2001). Em um contexto de modelagem
tal complexidade inclui grandes gradientes verticais da estatistica da turbuléncia, natureza
ndo-gaussiana da turbuléncia e elevadas taxas de dissipacdo da energia cinética turbulenta
dentro da copa, devido a interacdo do escoamento com os elementos de folhagem do dossel
(Raupach & Thom 1981; Finnigan 2000).

Em todas as interagOes turbulentas entre a floresta e a atmosfera, a mudanga da
velocidade do vento com a altura é importante (Fitzjarrald et al. 1990; Dias-Janior et al. 2013;
Dias-Junior et al. 2017), principalmente devido ao persistente desacoplamento entre
escoamento atmosférico acima dossel e aquele do interior da floresta, causada pela
estratificacdo térmica do ar entre as camadas da floresta (Fitzjarrald et al. 1988; Kruijt et al.

2000). Dessa maneira, a turbuléncia mecénica gerada acima da floresta, ou mesmo aquela
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oriunda de altos niveis da atmosfera (Santana et al. 2015; Gerken et al. 2016; Dias-Junior, et
al. 2017), que chegam a superficie por movimentos verticais descendentes, tornam-se
fundamentais nos processo de acoplamento entre as camadas atmosféricas na interface
floresta-atmosfera. Outro fenémeno importante, relacionado ao perfil vertical do vento dentro
do dossel da floresta, é a drenagem de escares, tais como CO,, em regides com terrenos que
apresentam certo grau de inclinagdo (Tota et al. 2008; Tota et al. 2012; Xu et al. 2017). Toéta
et al. (2008) encontram significantes transportes horizontais de CO, abaixo de 10 metros da

copa da floresta, em um sitio experimental na Amazénia.

Embora seja reconhecida a importancia do perfil vertical da velocidade do vento,
poucos trabalhos tém sido realizados, tanto do ponto de vista observacional quanto de
modelos que representem tal perfil. Sa e Pachéco (2001), utilizando ajustes polinomiais de
terceira ordem, conseguiram calcular a altura do ponto de inflexdo, a velocidade média do
vento no ponto de inflexdo e ainda uma escala de comprimento caracteristica, utilizada na
normalizacdo do perfil vertical de velocidade do vento, para uma é&rea de floresta na
Amazbnia. Souza et al. (2016), utilizando os mesmos dados de Sa e Pachéco (2001),
propuseram um modelo empirico-analitico que conseguiu reproduzir de maneira satisfatoria o

perfil do vento observado.

O que hd em comum entre a maioria dos trabalhos sobre o perfil vertical de velocidade
do vento na Amazonia (Sa e Pachéco, 2001; Sa e Pachéco, 2006; Dias-Junior et al., 2013;
Souza et al., 2016) é a utilizacdo de dados medidos em um unico ponto, com boa resolucao
espacial apenas em parte do perfil, de maneira que este pode ser pouco representativo de areas
de floresta densa na Amazbnia. Assim, trabalhos que avaliem simultaneamente o
comportamento do perfil vertical do vento em diferentes sitios experimentais na Amazonia,

bem como a modelagem de tais perfis se fazem necessarios.

Da mesma forma, embora trabalhos como os de Fitzjarrald et al. (1988), Fitzjarrald et
al. (1990), Fitzjarrald e Moore (1990), Kruijt et al. (2000), Santos et al. (2016) e Dias-Junior
et al. (2017), tenham ajudado a entender a turbuléncia atmosférica dentro e acima do dossel da
floresta na Amazodnia, ainda se fazem necessarias analises mais detalhadas para elucidar
questBes relacionadas a penetracdo de vartices no interior do dossel de florestas dessa regido.
Algumas perguntas precisam ainda ser respondidas, tais como: até que profundidade os
vortices turbulentos conseguem penetrar o dossel da floresta? Qual o papel da velocidade do

vento no processo de acoplamento entre a parte superior e inferior do dossel na Amazonia?
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Além das areas de floresta, a Amazbnia também é conhecida pelas planicies de
inundacdo, grandes rios, lagos e igap6s. Nos ultimos anos as pesquisas tem mostrado que
assim como 0s oceanos, as aguas interiores exercem um papel fundamental no ciclo regional e
global do carbono (Cole et al. 1994; Cole et al. 2007; Richey et al. 2002). No entanto, poucos
estudos tém sido realizados a respeito da turbuléncia atmosférica sobre lagos em regibes
tropicais e medidas de longo prazo sobre esta superficie sdo praticamente inexistentes (Vale
2016). Mesmos em lagos extratropicais, as informacdes sobre a estrutura da turbuléncia acima
desta superficie ainda sdo escassas (Sahlée et al. 2014). A pergunta a ser respondida é a
seguinte: quais as caracteristicas da turbuléncia atmosférica sobre lagos na Amaz6nia? Quais
as diferencas entre as caracteristicas desta turbuléncia sobre lagos e a observada sobre o

dossel de florestas?

Este trabalho tenta responder as questbes levantadas acima, em trés artigos,
apresentados nos capitulos I, 11 e 111, que seguem no corpo do texto desta tese, todos escritos
na lingua inglesa. O primeiro, ja publicado, entitulado “Observing and modeling the vertical
wind profile at multiple sites in and above the Amazon rain forest canopy”, avalia as
principais caracteristicas do perfil vertical do vento em seis sitios experimentais localizados
na Amazobnia, do ponto de vista observacional e de modelagem matematica. O segundo, em
processo de submissdo, intitulado “Vertical variability and wind speed effect on the
atmospheric turbulence structure in the Amazon rainforest”, avalia dados da turbuléncia
atmosférica coletados como parte dois grandes experimentos realizados na regido amazénica:
GoAmazon (Fuentes et al. 2016) e ATTO (Andreae et al. 2015), abordando questfes
relacionadas a penetracdo de vortices turbulentos no interior do dossel da floresta e troca de
calor sensivel entre a floresta e a atmosfera. Finalmente, no terceiro artigo, “Comparing the
air turbulence above smooth and rough surfaces in the Amazon”, € realizada uma
comparacdo entre a intensidade da turbuléncia, escalas temporais e de comprimentos dos
vortices turbulentos, espectros de potencia e termos da equacédo do balango de energia cinética
turbulenta observadas sobre uma regido de lago e outra de floresta.
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OBJETIVOS

OBJETIVO GERAL

Investigar o escoamento turbulento atmosférico acima e abaixo do dossel florestal de
diferentes sitios experimentais localizados na Amazonia, bem como avaliar este mesmo

escoamento sobre um lago tropical, também situado na Amazonia.

OBJETIVOS ESPECIFICOS

Avaliar as caracteristicas do perfil vertical de velocidade do vento em regides de

floresta.

e Testar a habilidade de modelos que simulam o perfil vertical do vento em reproduzir
as observacdes, aléem de propor simplificacdes em um destes modelos, a fim de

diminuir o nimero de variaveis de entrada necessaria para gerar o referido perfil.

e Estudar a estrutura da turbuléncia avaliando seus principais momentos estatisticos,
fluxo de calor sensivel e taxa de dissipacdo da energia cinética turbulenta, bem como

verificar a influéncia da velocidade do vento acima do dossel nesta estrutura.

e Comparar as diferentes caracteristicas da turbuléncia do ar sobre superficie lisa (lago)

e rugosa (floresta).
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Observing and modeling the vertical wind profile at multiple sites in and

above the Amazon rain forest canopy

Abstract

We analyzed the vertical wind profile measured at six experimental tower sites in dense forest
in the Amazon Basin, and examined how well two simple models can reproduce these
observations. In general, the vertical wind profile below the canopy is strongly affected by the
forest structure. From the forest floor to 0.65 h (where h = 35 m is the average height of the
forest canopy for sites considered), the wind profile is approximately constant with height
with speeds less than 1 m s™. Above 0.65 to 2.25 h the wind speed increases with height.
Testing these data with the Yi and Souza models showed that each was able to reproduce
satisfactorily the vertical wind profile for different experimental sites in the Amazon. Using

the Souza Model, it was possible use fewer input variables necessary to simulate the profile.
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1. Introduction

There are several issues that have motivated researchers to intensify their studies on
the interaction between the Amazon rainforest and the atmosphere [1]-[4]. Among these
issues is the role that the Amazonian forest exerts on the liberation of energy in the tropical
atmosphere [5], on the hydrological cycle [6] and in the global balance of secondary gaseous
components in the atmosphere, such as ozone, carbon dioxide, hydrocarbons and others [7].
Furthermore, there are problems associated with deforestation in the Amazon that could have
a direct influence on global climate change [8]. In this context, understanding the processes of
energy, mass and momentum exchanges between the Amazon forest and the atmosphere is of
fundamental importance. Although considerable progress has been made in this area over the

past 30 years [9]-[12], more details on variables controlling the said exchanges are needed.

According to Yi [13] the vertical profile of the wind velocity, together with the
Reynolds stress, is of fundamental importance to the characterization of turbulent flow over
vegetated surfaces, an assertion particularly relevant in dense forest areas. Studies conducted
in Amazon forests have shown persistent decoupling of the atmospheric flow between the
lower and upper forest canopy [10], due to reduced penetration of direct solar radiation inside
the forest and corresponding static stability near the forest floor [9], a condition that often
persists over the entire diurnal cycle [11], [12], [14], [15]. Mechanical turbulence generated at
canopy top by the rough canopy becomes a determining factor dominates turbulent mixing

processes between the upper and lower forest canopy [16].

An hypothesized, dynamic instability associated with an inflection point in the above-
canopy wind profile in what is known as the roughness sublayer [17]-[20] is another factor
that may contribute to the production of turbulence that penetrates into the lower canopy [21],
[22]. Dias-Junior et al. [23], working in the Amazon, showed the existence of a strong
correlation between the inflection point height and time scales of coherent structures, known

to contribute to turbulent mixing in forest areas [21].

Only a few previous studies have been done using to describe the wind profile shape
in the rain forest canopy, combining observational data and modeling. S& and Pachéco [24],
using a third order polynomial fit, estimated the inflection point height, the average wind
speed at the inflection point as well as a characteristic length scale used to normalize the

vertical wind profile in an Amazonian forest. Souza et al. [25], using the same data as did Sa
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and Pachéco [24], proposed an empirical-analytic model that was able to satisfactorily

reproduce the vertical wind profile observed.

What is common among most of the work on the vertical wind profile in the Amazon
[23]-[26], is the use of data from a single point of measurements, with good spatial resolution
for only part of the profile, raising the question that these studies may be unrepresentative of
dense forest areas in the Amazon overall. Thus, the aim of this study was to evaluate the
different aspects of the vertical wind profile measured at different experimental sites in the
Amazon. In addition, simplified models were used to simulate the profiles. Furthermore, for
one of these models an improvement was proposed in its formulation in order to reduce the

input variables necessary for the model to generate the wind profile.

2. Materials and Methods

2.1. Study Area and Data

This research used observational data collected in five experimental sites in the
Brazilian Amazon, where micrometeorological observation towers were installed, namely: the
Rebio-Jaru Forest Reserve [27], located in the state of Rondénia in the Southwest Amazon;
the Cuieiras Biological Reserve (also called site K34, [28]), located next to the city of
Manaus, Amazonas; the Tapajos National Forest (FLONA, km 67 site) near the city of
Santarém, Paré [29]; the Caxiuand National Forest about 350 km west of the city of Belém ,
Para [30]; and the Uatuma Sustainable Development Reserve , in the ATTO site (Amazonian
Tall Tower Observatory, [3]), city of Santo Anténio do Uatuma , Amazonas. For the latter
experimental site, data from two measurements towers were used, which will be called
Triangular Tower (TT) and Square Tower (ST). The experimental design of each site is
summarized in Table 1 and the geographical position shown in Figure 1. The data used in this
work consists primarily of wind speed averages at different heights within and above the
forest canopy at each experimental site, made by sonic (two and three dimensional) and cup

anemometers (specification of each instrument is listed in Table 1).
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Figure 1. Experimental sites located in the Amazon (Source: Adapted from Zeri et al. [31])

Each of these experimental sites is in dense tropical forest with trees ranging from 30
to 40 meters high. The leaf area index values (LAI) for different sites are relatively close.
Moura [32] found 5.6 m? m2 LAI value for Rebio-Jaru, and for the K34 site, Marque Filho et
al. [33], using incident solar radiation measurements, estimated LAl at 6.1 m2 m?2, and Téta
et al., [34] measured 7.3 m2 m2 using a LIDAR. At the Santarém site Asner et al., [35] found
LAI to be approximately 6.3 m2 m2 in October (dry season) and 5.8 m2 m for January (rainy
season). In Caxiuand seasonal variation of LAI is quite sharp, reaching a peak in October,
larger than 6 m2 m™ [30]. Preliminary measures made in September 2013 at the ATTO site

indicate LAI of 5.7 + 0.37 (Giordane Martins, personal communication, November, 2016).



Table 1. Instruments and data periods used.
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Experimental  Instruments Reference Measuremen Sampling Measurement
sites theights rate Period
48.2, 40.4,
3D-sonic CSATS, 34.9, 31.6, June 2014 to
K34 [4] anemometer Campbell 245,221, 20Hz  January 2015
scientific 18.4,13.5,
7.0,15
55.0, 50.55,
Rebio-Jaru Cup Low Power 47.7,42.9, February
[23] anemometer  A100L2, Vector 40.25,37.8, 0.1Hz 1999
Instruments Inc.  32.8, 26.65,
14.30
Cup 5103, R.M. 64.1, 52, 1Hz
anemometer  Young Company  38.2, 30.7
3D-sonic  CSAT, Campbell 57.8
anemometer scientific 10 Hz
CATI/2, Applied 1.8
Santarem [29]  2D-sonic Technologies, 1Hz July to
anemometer Inc. November
3D-sonic ATI, Applied 5 2013
anemometer Technologies, 10 Hz
Inc.
Caxiuana [30] sonic CSAT, Campbell April 18-24,
anemometer scientific 57.8 10 Hz 1999
3D-sonic  WindMaster, Gill 78, 41 and 10 Hz
anemometer  Instruments Ltd. 30
ATTO - 2D-sonic WindSonic, Gill 4Hz
Triangular anemometer  Instruments Ltd. 50,45, 36, February to
tower [36] and 23 April 2012
Automatic MetPak, Gill 1 Hz
weather Instruments Ltd. 72, 60 and
station 57
3D-sonic R3, Gill 80, 40, and 10 Hz
ATTO Square anemometer  Instruments Ltd. 23
tower [3] Cup 5103, R.M. 55, 42 and 1Hz January to
anemometer  Young Company 30 February

2012
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2.2. Methodology

To obtain the vertical wind speed profiles, averages of the entire time period for which
data were available were taken for each height in each experimental site (Table 1). Data from
three-dimensional sonic anemometers were used with equation (1) to calculate the wind speed
u.

U=+W?+v?) (D

where u and v are zonal and meridional wind velocity components, respectively.

In this work we use two models to simulate the vertical wind profile above and below
the forest canopy. The first, which will be called Yi Model [13], [37], describes the profile:

(z) = tycp/cp(2)] exp{—0,5[LAI — L(2)]}, (2)

where uj, is the average wind speed at h height (h = 35 m is the average canopy height), cp(2)
is the drag coefficient at z height, c} = cp(h); LAl is the leaf area index; and L(z) is the

cumulative leaf area index, defined as
Z
L(2) =f a(z)dz' (3)
0

where a is the leaf area density.

The leaf area density was assumed from the values obtained by Téta et al. [34] at the
tower K34 site (Figure 2). The drag coefficient was calculated as [10], [38]:

u?(z)

Q) 4)

cp(z) =

where u, = [(W'w")? + (v'w")?]*/* is the friction velocity whereinu’, v’ and w’ are the wind
turbulent components. This equation was applied to each height for both K34 and ATTO-TT.
We then used the cubic interpolation technique to obtain values at other heights in the vertical

profile (Figure 2).

The second model used in this study is an empirical-analytical model based on data
from sites in the Amazon and mathematical function properties, developed by Souza et al.

[25] (called the Souza Model from this point forward), given by the equation:
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—1 + exp(uz)

oxp(w2) a tanh

B+ vyexp (—LAI <1 — ;))” (5)
ip

where u, o, a, f and y are fit parameters of the equation to the observed data, z is the height

u(z) = uy {[

and z;, is the inflection point height in the vertical wind profile. This model used a larger

number of fit parameters, a fact that will be further discussed in the next section.
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Figure 2. Leaf area density vertical profile (source: Toéta et al. [34]) and drag coefficient profile.

3. Results and Discussion

Figure 3 shows the vertical profile of the wind velocity of the K34 and ATTO
triangular tower for the daytime (Figure 3a) and nighttime (Figure 3b) periods. Such profiles
are complementary: whereas the K34 measurements show wind speed behavior inside the
canopy the ATTO data provides more information above the canopy. The shape of the
profiles does not change significantly between the daytime and nighttime periods, but in
general the speeds recorded during the day, at each height, showed slightly higher values than
the nighttime. Due to the vegetation structure below 0.8h wind speed showed very low values,
lower than 0.25 m s, except for at 0.65h in the daytime ATTO profile. This point in turn,
showed the maximum difference between the profiles observed for an equivalent height,

probably caused by differences in the vegetation structure between the sites.
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Figure 3. Vertical wind profile for K34 (blue line) and ATTO triangular tower (red line). The horizontal lines

represent the standard deviation for each measurement point. The logarithmic profile was obtained through the
equation u = %ln (Zz_—d) where k is von Karman's constant, z, = %h is roughness length and d = 0.75h is
0

displacement height [17].

The atmospheric stability was close to neutral, and the vertical wind profile above the
forest canopy is assumed to be the theoretical logarithmic profile [17]. This assumption is
approximate for both K34 and ATTO-TT sites, and Figure 3c shows the comparison between
said logarithmic profile and the observed data. In this analysis, it is possible to note that from
0.7h to 1.5h the theoretical logarithmic profile overestimates the measured wind speed values;
on the other hand, above 1.7h the values observed for the ATTO-TT were slightly higher than
said logarithm profile. The reason for these differences is the roughness sublayer just above
the forest canopy, and this complicates the effort to estimate accurately the relationship

between the mean turbulent variables and the canopy structure [39].
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Figure 4. Observed and modeled vertical wind profiles.

Table 2. Souza models fit constants

Constants Souza Model Modified Souza Model

U 1.016 1.012
B 0.1583 0.1

a 0.7275  -m-ee-
w 1
Y 1.973 e

From the K34 and ATTO-TT data we obtained the fitting constants required for the
Souza model, using the least squares technique (Table 2). The constants were obtained in two
ways: first by using the original equation proposed by Souza et al. [25] (equation 5) in which

five constants are required; in the second case, we used a formulation proposed here, where

)

For both equations 5 and 6 the Souza model fit very well to the K34 and ATTO-TT

only two constants are used.

-1
u(z) = uy {[:X+§)(,uz) tanh

data, with a coefficient of determination (r2) of 0.98 and 0 .97, respectively (Figure 4). Thus,
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equation 6 is more advantageous because it has a smaller number of necessary constants for
the mathematical fit (the model of equation 6 will be called Modified Souza Model from this

point forward).
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Figure 5. Vertical wind profile observed and modeled in different experimental sites in the Amazon.

An important question is whether the Souza models (original and modified), which fit
the K34 and ATTO-TT data very well, can be used to represent the vertical wind profile for
other experimental sites in the Amazon. Also, a good test to see if the model represents such

profiles is to compare their performance with that of another model that has already been

tested in other conditions, such as the Yi Model, for example.

We can conclude from this analysis that all models represented fairly well the vertical
profile of the wind velocity for different Amazonian experimental sites (Figure 5), although
there are differences among both the models and simulated and observed wind speed values,
to a greater or lesser degree, for some heights. In Figure 6 (a, b, and c¢) the observed wind
speed values were plotted against the model output to measure the degree to which data points
approach the line with an 45° angular coefficient, and which model better represents the

observations at each point. Among the models, the Yi Model was the one that presented, on
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average, the greatest distance of observed values. The two versions of the Souza models have

similar behavior, but the modified Souza Model has a slightly higher coefficient of correlation
(0.973) compared to the original Souza Model (0.967).
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Figure 6. Wind speed (U) observed versus modeled for the three models used in this study (a, b and c). Part d
shows the modeled minus observed wind speed for different intervals of heights, above and below the forest

canopy.

To verify the ability of each model at different heights, an average of the observed and
simulated wind speed values were calculated at intervals of 8 meters in height and then the
difference between the modeled and observed values was calculated (Figure 6d). The results
show that the Yi Model overestimated the wind velocity values above 48 m in height, with a
greater difference between 72 and 80 m, while at the same time underestimated values below
48 m, with a mean-squared error (MSE) of 0.12 ms™. The Souza Model had its maximum
divergence between 32 and 40 m, with a difference of 0.3 ms™ between the modeled value
and the observed value. The Modified Souza Model was the one that presented the smallest
absolute value at its point of maximum difference between the heights of 8 and 16 m and also
presented the lowest MSE, 0.04 ms™. Again, this shows that a smaller number of fit
parameters in the Souza Model do not change the model's ability to simulate the vertical wind

profile for different sites in the Amazon.
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Each of the three models has satisfactory performance; using one or the other model
depends on each situation. In the Souza Model the constants must be different for other forest
types, after which calculations for a given profile may be extrapolated to others with similar
vegetation structure. Since the Yi Model requires, in addition to other input variables, the

profile drag coefficient, this, in turn, needs to be calculated for the type of vegetation.

4. Conclusions

In this work we examined the vertical wind profile measured at different experimental
sites in Amazonia. Measurements with high resolution below the canopy, performed at the
K34 site, and above the canopy at the ATTO triangular tower, represent the first time that
such data have been compiled in a single work, and have provided a broader view of the wind
vertical profile behavior in the Amazon forest. Under the forest canopy the wind speed values
were very low due to the vegetation structure, while above the canopy wind increases with
height in an approximately logarithmic behavior. Furthermore, with data from the two sites
mentioned above, it was possible to obtain a new formulation for the Souza Model, with a
reduced number of input variables, which facilitates the use of the model for future
applications. Both Souza models (original and modified) and the Yi Model managed to

satisfactorily represent the vertical wind profile for different sites in the Amazon.
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Vertical variability and wind speed effect on the atmospheric turbulence

structure in the Amazon rainforest

Abstract

In this work, the atmospheric turbulence structure in and above the forest canopy area
was analyzed in two experimental sites located in the Amazon region, in order to identify
patterns of turbulent flow and to elucidate questions related to the eddies” penetration in the
canopy and changes of scalars of this region. For this, we used data provided by bi- and three-
dimensional sonic anemometers arranged from near the forest floor to about 80 m in height.
The main variables that describe the behavior of atmospheric turbulence, turbulent sensible
heat flux (H) and the turbulent kinetic energy dissipation rate (&) were analyzed. The behavior
of each mentioned variable was also verified under weak (WW) and strong (SW) wind
conditions. Comparing the results of the two sites studied in this work with two others also
located in Amazonia that were investigated by other authors in published works, these sites
showed significant differences in the efficiency of absorbing momentum of the atmosphere,
probably due to small differences in the structure of each site. The behavior of the turbulence
statistical moments showed that eddy generated above the canopy hardly penetrated the
region below 0.5h, and that depth can be more easily reached during SW, mainly during the
nighttime period. It was also observed that the highest values of H occur during the SW
condition, during both day and nighttime periods. In addition, the H profile is not constant
with height, compromising the validity of Monin-Obukhov's similarity theory. Finally, it was
noted that the behavior of the H diurnal cycle is quite complex at certain times, changing from
positive to negative within the daytime period. The € diurnal cycle shows the same behavior
in each height, influenced by the solar radiation diurnal cycle. The highest ¢ values were also

found during SW, with a maximum close to the top of the forest canopy.

Keywords: Turbulence; Wind; Forest; Amazon;
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1. Introduction

The study of the energy, mass and momentum exchanges between the vegetated
surface and the atmosphere is an essential part of the understanding of the processes
associated with biosphere-atmosphere interactions (Raupach & Thom 1981; Finnigan 2000).
In particular, tropical forest regions, especially the Amazon rainforest, play a key role not
only in these exchanges (Fitzjarrald et al. 1988; Kruijt et al. 2000; Fuentes et al. 2016), but

also in the carbon cycling related to biomass an important carbon stocks (Gloor et al. 2012).

The transport of scalars (such as CO,, H,O, among others) from the forest to the free
atmosphere is performed by turbulent vertical motions. Thermal or mechanical effects
generate these movements. In dense forest regions, such as the Amazon rainforest, little
incident solar radiation can reach the soil (about 1 to 3%, according Shuttleworth et al.
(1984)), The result is that within the forest canopy a statically stable atmospheric layer is
formed, persisting for almost the entire diurnal cycle (Fitzjarrald et al. 1990; Santos et al.
2016; Dias-Junior et al. 2017).

This feature makes a possible coupling (i.e., a time period in which turbulent mixing
occurs between different levels of the atmosphere (Acevedo & Fitzjarrald 2003; Freire et al.
2017)) between the top and bottom of the forest canopy difficult to occur due to turbulence
generated by thermal effects. Thus, the mechanical turbulence generated above the forest, or
even that arising from high levels in the atmosphere (Santana et al. 2015; Gerken et al. 2016;
Dias-Junior et al. 2017), which reach the surface by downward vertical movements, become
important in the energy and mass exchange in dense forest regions. Lu & Fitzjarrald (1994)
showed that during certain time intervals coherent eddies (or coherent structures) have the
ability to penetrate the interior of a deciduous forest canopy in Ontario, Canada. Such eddies
may be directly related to the aerodynamic instability caused by the inflection point in the
vertical wind speed profile (Raupach et al. 1996). Dias-Janior et al. (2013) showed that there
is a direct relationship between the temporal scales of occurrences of the structures consistent

with the inflection point height in the wind profile.

Although previous studies Fitzjarrald et al. (1988), Fitzjarrald et al. (1990), Fitzjarrald
& Moore (1990), Kruijt et al. (2000), Santos et al. (2016), Dias-Junior et al. (2017) have
helped to understand the atmospheric turbulence in and above the Amazon forest canopy,

further analysis is needed to elucidate questions related to the characteristic eddies reaching
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different levels of the forest canopy. Some questions still need to be answered, such as: how
deep can the turbulence penetrate the forest canopy? What is the role of wind speed in the

coupling process between the upper and bottom of the Amazon rainforest canopy?

To try to elucidate these questions, this research evaluates the turbulence structure
above and below the forest canopy of two experimental sites in the Amazon. In each of these
sites, 10 measurement levels, carried out over long term periods, were used. The vertical
variability turbulence statistic was calculated and compared with that of Kruijt et al. (2000)
(hereafter, KJ2000) for moderately unstable atmospheric conditions. These profiles were also
analyzed under weak and strong wind conditions over the forest. Other analyses were also
conducted based on weak and strong wind classes to: evaluate the diurnal cycle of turbulence
statistics, sensible heat flux and turbulent kinetic energy dissipation rate for different levels

within and above the rainforest.

2. Material and methods

2.1. Experimental sites and data

The data used in this research were collected at two experimental sites, both located in
the state of Amazonas, Brazil. These sites are areas of dense forest with trees ranging from 30
to 40 meters in height. The first, called K34, is located in the biological reserve of Cuieiras
(54° 58’ O, 2° 51’ S), which is about 60 km northwest of the city of Manaus (Aradjo et al.
2002). The forest had a leaf area index estimated at 6.1 (Marques Filho et al. 2005) and
7.3m?*m™? (Téta et al. 2012). The second site is known as ATTO (Amazon Tall Tower
Observatory) and is located in the city of Sdo Sebastido do Uatumd, within the Sustainable
Development Reserve (2° 8’ 32.42” S, 59° 0’ 3.50” W, (Andreae et al. 2015)). The leaf area
index estimated for this site in September 2013 was 5.7 + 0.37 m?m~?2 (Santana et al. 2017;
Chor et al. 2017).
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Figure 1. Illustrative figure representing the measurement instruments installed in the K34 and ATTO

experimental sites.

At the K34 site, 10 three-dimensional sonic anemometers (model CSAT3, Campbell

128 Scientific Inc., Logan, UT) were arranged from 1.5 to 48.2 m above ground during the

period from April 2014 to January 2015 as part of the GoAmazon project (Fuentes et al. 2016,

see Table and Figure 1 for detailing all measurement heights). The data were collected at the

sampling frequency of 20 Hertz, and included the three wind components (u, v, and w) and

the virtual sonic temperature (7).
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Table 1 - Measurements levels, variables, sampling rate and instruments models used in the
K34 and ATTO experimental sites.

K34
Levels (m) Variables Sampling Instruments
rate (Hz)
1.5,7.0, 135, Virtual temperature and 20 Three-dimensional sonic
18.4,22.1, 245, wind speed components anemometer (CSAT)
31.6, 34.9, 40.4, (vertical, zonal and
48.2 meridional)
ATTO - Triangular Tower
78,41 and 30 Virtual temperature and 10 Three-dimensional sonic
wind speed components anemometer (Gill)
(vertical, zonal and
meridional)
57,60 and 72 Air temperature, humidity, 1 Metpak-automatic weather
pressure and wind speed station coupled to a two-
and direction dimensional sonic
anemometer (Gill)
23, 36, 45 and Wind speed and direction 4 Two-dimensional sonic
50 anemometer (Gill)

The ATTO data were collected from February to April 2012, on a triangular tower of
84 m height, as part of the ATTO-CLAIRE/IOP-1-2012 experiment (Lima 2014). In this
experiment, three-dimensional and two-dimensional sonic anemometers were deployed over
10 different heights on the tower. At some heights two-dimensional sonic anemometers were
coupled to temperature and humidity sensors, and this set is referred to as “metpak”. These
metpaks (MetPak, Gill Instruments Ltd, Lymington, Hampshire, UK.) were installed above
the forest canopy at 57, 62 and 70 m height, with 1 Hz sampling rate. Three-dimensional
sonic anemometers (WindMaster, Gill Instruments Ltd, Lymington, Hampshire, UK) were
installed at 30, 41 and 78 m height and sent data at a 10 Hz sampling rate. In turn, the two-
dimensional sonic anemometers were installed at 23, 36, 45 and 50 m in height, at a sampling
rate of 4 Hz (Table 2).

ATTO data have advantages and disadvantages compared to K34 data. At the ATTO
site, not all instruments are three-dimensional as in K34, which means that vertical velocity
data are not available at all heights. In addition, the low sampling rate of two-dimensional
sonics may not capture all eddies, especially those of smaller length scales. Even so, ATTO
data are relevant as they provide information on heights above the canopy that were not
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considered at the K34 site due to the limitation of the measurement tower, which is only 50 m
high.

2.2. Methodology

To compare the results with those found in the work of KJ2000, we calculated the
variables of the so-called "Family Portraits” of turbulence (Raupach et al. 1996), for each
measurement height. The time interval used to calculate these quantities was 5 minutes for the
nighttime period, in order to minimize the effects of non-turbulent scales, and 30 minutes for
the daytime period (Vickers & Mahrt 1997). The overall horizontal wind speed was obtained

by the equation U = \/uz—-l—v2 where u and v are zonal and meridional wind components.
The u standard deviation was calculated as g, = [W]Uz, with u oriented along with the
mean wind direction. Similarly, the standard deviation of the wind vertical component, w,
was defined as o, = [W]l/z. We also calculated the kinematic momentum flux, —u'w’,
the correlation coefficient between u and w, —r = —u’w’/ (0,0,,), as well as higher order
statistical moments: u e w Skewness (Sk, = (u)3/o2 and Sk,, = (W")3/03); and u and w

Kurtosis (k,, = (u')*/o;f and k,, = (W')*/a}}).

In addition to the Family Portraits variables, the sensible heat flux was also calculated
according to the equation H = pch, wherein p is the air density; c,, is the air specific heat
at constant pressure; and T, is the virtual temperature; as well as the turbulent Kinetic energy
dissipation rate, €. In order to calculate € we used inertial subrange properties of the power
spectra established by Kolmogorov (Kaimal & Finnigan 1994) and the assumption of the

Taylor’s hypothesis validity (Stull 1988). Thus we obtain the following equation:

. 2mf3/25,/
 UaB/?

Where f is the frequency; S,, is the u power spectra; e @ = 0.55 is the Kolmogorov’s
constant (Kaimal et al. 1972; Kaimal & Finnigan 1994). In order to select only values of S,
that were inside the inertial subrange, we used values of the frequency range 1.0 > f < 2.5
Hz, which, according to Bolzan & Vieira (2006), have always been in the part of the desired
spectrum, in a study carried out over a forest area in the Amazon. The same frequency ranges

were used by Dias-Junior et al. (2017) for the same site.
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With the objective of verifying the influence of wind speed variation above the canopy
on the behavior of the previously mentioned variables, four classes of data were defined based
on the quartile analysis of the wind speed measured at the top of the canopy at each
experimental site. To make possible differences more visible and simplify the analyses, only
two of these classes were used, which contain 25% of the data with the lowest wind speeds
and 25% with the highest wind speeds. In addition, the data were also separated into diurnal
and nocturnal datasets. Thus, different wind speed thresholds above the canopy were defined,
for each period of the day (daytime and nighttime) and for each experimental site. These

thresholds are summarized in Table 2.

Table 2. Wind speed thresholds based on the quartile analysis for the daytime and nighttime
periods for the K34 and ATTO sites.

Experimental sites Q1 (m/s) Q2 (m/s) Q3 (m/s)

Daytime K34 1.00 1.44 1.86
ATTO 0.94 1.28 1.70
Nighttime K34 0.57 0.84 1.19
ATTO 0.51 0.70 0.97

3. Results and discussion

3.1. Turbulence statistical moments - comparison with KJ2000

In this section a comparison between the results obtained in this work (for the K34 and
ATTO sites) with the those of KJ2000 (for the C14 and Jaru sites) is made. Initially, the
vertical profiles of some turbulence statistical moments will be compared (Figure 2). KJ2000
calculated such moments for moderately unstable atmospheric conditions in two forest areas
in the Amazon, and compare their results with the "family portraits” summarized by Raupach
et al. (1996). Figure 2 shows the profiles of KJ2000 with those obtained in this research.

It is important to note that comparing these profiles is convenient not only to confirm
some observations made by KJ2000 but also to add new information to the turbulence
statistical moments data using a more complete data set. As an example, the standard profiles
obtained in the ATTO offer information at levels above 1.5 h (h = 35 m). In the work of
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KJ2000, information measured only below 1.5 h was used due to data limitation. In addition,
in this work we could count on more levels of measurements for the K34 site than KJ2000
had.

The normalized wind speed profiles (U/Uy, Figure 2a) were quite similar between the
studied sites, and a strong attenuation in the wind intensity below 0.75 h was observed,
besides a positive gradient above this height. A similar result was found by Santana et al.
(2017), who compared the wind speed profile of different sites in the Amazon (including the
same profiles as ATTO and K34 shown here). This result suggests that U, is a good
normalization parameter, in terms of horizontal variability, for moderately unstable
atmospheric conditions. Furthermore, it was possible to observe that above 1.5 h the U/U,
profile calculated for the ATTO, Uy, behaves as an extension of the profiles obtained for the

other sites studied (Figure 2a).

In addition to the U/U,, profile, the o, /u.,s, 0y /Us,s € —(U'W')/(u,45)? profiles also
rapidly decay to as they move towards the inside of the canopy (Figures 2 b, ¢ and d,
respectively). However, it is possible to observe some differences between the profiles
investigated for each site, mainly for the last two profiles. The main differences are the
following: i) The value of ¢, /u,,, in the region just above the canopy, was much higher in
the Jaru site when compared to the value of a,, /u,,¢ found for the other sites analyzed (Figure
2c¢, a profile with this behavior was found for the K34 site, for the daytime period under weak
wind conditions, details will be discussed in the next section); ii) The —(u'w’)/(u,,s)? profile
found for the K34 and C14 sites have maximum values at height h. Although there are few
levels of measurements for the momentum flux, such behavior does not appear to occur for
the ATTO site, since a profile of approximately constant values in the region above h was
observed. For Jaru, it is not possible to say anything about a maximum in z = h, because of
the lack of data at this site (Figure 2d).
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C14 and Jaru sites. Table 3 provides a summary of the heights at which the u,,; measurements were performed.
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An important property of the roughness sublayer above the forest is that the
turbulence characteristics depend directly on the arrangement of trees (Kaimal & Finnigan
1994; Poggi et al. 2004). In other words, forest heterogeneity influences the canopy efficiency
to absorb momentum from the atmospheric flow. The —r,,, profile (Figure 2e) shows that
even forests with a certain degree of similarity (all the forests studied here are dense
rainforests) may be more or less efficient in absorbing momentum from the atmospheric flow.
With this in mind, it was possible to observe that at z = h, the ATTO and C14 sites had the
highest —rw values as compared to the K34 and Jaru sites. Unlike the other sites, Jaru
presented the —m,, maximum value at 0.65 h. According to KJ2000, this behavior is
explained by the Jaru leaf area density whose maximum values are observed close to this
height.

In addition to —ry,,,, the ratio U,/ u,,s can also be understood as a measure of canopy
efficiency in absorbing momentum of the atmospheric flow. The values of this ratio obtained
in this work and those calculated by KJ2000 are summarized in Table 3. One site is more
efficient than the other as the U, /u,,¢value is lower, so, according to the values in Table 3,

the C14 and K34 sites were the most and least efficient, respectively.

Another issue concerns the penetration of vortices inside the forest canopy. Vertical
profiles of turbulent statistical moments of higher order, such as skewness and kurtosis may
help to understand this process. It is important to keep in mind that the u and w skewness, i.e.,
Sk, and Sk,,, respectively, are related to the degree of asymmetry of the u and w probability
distribution around their mean values (Baldocchi & Meyers 1988). The values of such
variables provide useful information about vertical transport at the forest-atmosphere
interface. Nonzero values of Sk, and Sk, are related to typical manifestations of the
existence of heterogeneous turbulence (Lumiley & Panosky 1964), as it exists in the Amazon

roughness sublayer.

KJ2000 found that the vertical profiles of Sk, and Sk, for the C14 and Jaru sites
exhibit marked differences when compared to the Raupach et al. (1996) ‘family portraits'
profiles. According to Raupach et al. (1996), Sk, shows values of 0.5 to 1 and Sk,, values of
—0.5 to —1 at the region below the canopy, typically. For the sites studied in this work, Sk,
values were close to zero in the region between the soil and 0.5 h (Figure 2f). From this
height to about 0.75 h there is a rapid increase in Sk, values with increasing height until
reaching a maximum value, then there is a gradual decay with height and a tendency for Sk,

values to approach zero again. Although fewer Sk, observations have been performed above



49

the canopy, the same trend of values approaching gradually to zero can be inferred. In
addition, an overall minimum value is observed around 0.75 h. Below this height, the values
tend to approach zero, except for the K34 site, where a secondary minimum value appears
near the forest floor in the Sk,, vertical profile.

The results of the Sk,, and Sk,, vertical profiles suggest that turbulence in the region
between 0.5h > z < h is highly dominated by sweeps, with "excess" of negative w and
positive u (Antonia 1981; Raupach et al. 1996; Katul et al. 1997). On the other hand, due to
the high density and heterogeneity of the Amazon forest, little turbulence is able to penetrate
the region z < 0.5h. This result differs from others performed in wind tunnels with dense
crowns (Poggi et al. 2004) or in more homogeneous canopies (Sylvain Dupont & Patton
2012; Chamecki 2013; Launiainen et al. 2007), where values of Sk,, around 0.5 and Sk,, of
approximately —0.5 were verified even below 0.5h. It also differs from the results of Dias-
Junior et al. (2015), who used LES (Larger Eddy Simulation) models to represent the
turbulent flow above and within the forest canopy at the Jaru site. The main differences
between the results found here and the results found by these authors refer to the values of
SK, and SK,, for the interior of the canopy. These differences may be related to the fact that

their model cannot account for all the heterogeneity of the Amazon forest.

The u and w kurtosis provide an idea of turbulence intermittence (Lumiley & Panosky
1964). If the values of these variables are greater than 3, the u and w probability distribution is
higher (tapered) and more concentrated than the normal distribution, indicating that during
short periods the turbulence was more intense than its average behavior at a given level
(Baldocchi & Meyers 1988). KJ2000 highlighted the differences in the K, and K, vertical
profiles between the C14 and Jaru sites, with more emphasis on the K., profile. The additional
information provided by the ATTO and K34 sites shows a certain pattern in the K, profile,
with maximum values in the range of 4 to 6 occurring between 0.5 and 0.75h at each site. A
clear pattern is not observed in the K,, profile. The C14 site has a maximum in the region
between 0.5 and 0.75 h and at the K34 site an atypical maximum occurs at z = 0.2h. This
maximum may be related to the wake generation due to advection in the forest subcanopy
(Tota et al. 2008; Tota et al. 2012; Santos et al. 2013)

Table 3. u,,s measurement height, U,/u,,s Wwith standard error for different sites.
The u,,; measurements heights for the K34 and ATTO sites were chosen because they are
closest to those used by KJ2000.
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u,,s measurement height (m) U, /u,,, Standard error

K34 48.2 5.4 36

ATTO 41 3.8 0.57
C14 (KJ2000) 46.5 25 0.19
Jaru (KJ2000) 50 45 0.45

3.2. Wind speed effect on the turbulence statistical moments

In the previous section it was shown that there are differences of efficiency in the
atmosphere momentum absorption by the forest cover of the different experimental sites
studied. Figure 3 shows that such efficiency also varies according to wind speed. The U,/
u,,svalues were low for U, < 0.25 m/s for both ATTO and K34 sites. The Uy /u,,s, peaks,
I.e., the points where the canopy is less efficient in absorbing momentum, occur at U, = 0.5
and U, = 0.8 m/s for the ATTO and K34 sites, respectively. From these peaks the canopy

efficiency tends to increase with the increase in Uj,. .

1 4 T T T T T T
—e— K34
- —a— ATTO
12 11T .
10 |——F 1 T 1

*zs

Uh/u

0 0.5 1 1.5 2 25 3 3.5

Wind Speed,U (m™"

Figure 3. Relationship between wind speed at h height and U}, /u,,, ratio for both K34 ATTO site. The standard

deviation is shown as error bars.
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Figure 4. Vertical profiles in (a) U/Uy; (b) 0, /t.zs; (€) Oy /Uszs; (d) —(u'W')/(u, )% (€) —r = —u'w'/
(0uow); (1) Sky = W)3/0d, (9) Sky, = W)3/03); (h) ky = W)*/0y; e (i) ky, = (W)*/oy), for K34 and
ATTO sites. The heights at which the u,,, measures were performed are summarized in Table 3. Daytime period

under weak wind (WW, blue color) and strong wind (SW, red color).
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In addition to the efficiency of momentum absorption being different for different
wind speeds, the vertical profiles of the turbulence statistical moments, shown in Figure 2,
also vary for different wind speed values above the canopy. Figures 4 and 5 show these
profiles for daytime and nighttime periods, respectively, under weak wind (WW) and strong
wind (SW) conditions.

The main characteristics observed for the daytime period are: i) among the normalized
profiles, the U/U,, 0,,/u.,s and —(u'w’)/(u,,s)? profiles (Figures 4 a, b and d, respectively)
were the ones that presented the highest similarity between the profiles calculated for both
WW and SW conditions. This indicates that the normalizations are apparently adequate for
these profiles; ii) In Figure 3c it is possible to observe that above the canopy the o, /u.,
profile for the Jaru site there is a much larger gradient than at the other study sites since the
ow/U.zs Value was approximately 2 for the highest measurement height. The same behavior
was observed for the K34 site in WW conditions during the daytime (Figure 4c). A possible
explanation for such behavior is that the variance of w is being created by forced turbulence
by buoyancy, at the same time as the K34 canopy is inefficient in absorbing momentum for
certain wind speed ranges (values between 0.5 and 1 m/s, for example); iii) the —r,,,, values
at their maximum point (—r,,,,(h)) were lower at the K34 than ATTO site under similar wind
conditions. Furthermore, for each the difference between the calculated values —r,,, (h)
during SW and WW site are also higher at the K34 site, indicating that this site is more
susceptible to efficiency of change in absorbing momentum due to wind speed variation; iv)
in the SK,, and K,, profiles the maximum values were more pronounced for SW than WW for
both sites. For Sk, and K,, profiles the behavior is practically the same for both WW and SW
conditions, except at z = 0.2h, where more pronounced peaks appear during SW. This result
reinforces the idea that turbulence is being generated due to advection in the forest subcanopy
(Téta et al. 2008; Tota et al. 2012; Santos et al. 2013).
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Nighttime period under weak wind (WW, blue color) and strong wind (SW, red color).
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For the nocturnal period some behaviors call attention such as: i) unlike the daytime
period, the normalizations in U, gy, 0,, and —(u'w') profiles fail completely in both above
and below the forest canopy (Figures 5 a, b, ¢ and d, respectively); ii) in WW conditions, the
O /[ Uszs aNd —(u'w’)/(u,,)? profiles showed a maximum at z = h at the site of K34, that
does not occur in WW conditions. Santos et al. (2016) also found a maximum at z = h in the
o /U.s Profile for the K34 site, averaging for the nighttime period, for same data used in this
work; iii) even in SW conditions the efficiency of the canopy to absorb momentum is low for
this site. The ATTO site showed a different behavior, the —r,,,, values were close to values
observed during the daytime in the SW condition (Figure e); iv) The peaks observed at 0.75h
in the Sk, and K,, profiles were much less pronounced than those calculated during the
daytime period (Figures f and h, respectively). For the Sk, and K,, profiles, such peaks exist

only during SW (Figures g and i, respectively).

3.3. Sensible heat flux

There are many studies that have evaluated the sensible heat flux above forested
regions. In the Amazonian forest, measures of this variable have been made since the end of
the 1980's (Fitzjarrald et al. 1990; Malhi et al. 2002; Von Randow et al. 2008; Shuttleworth et
al. 1984a). However, information about vertical profiles in the landscapes is still scarce, even
for extratropical regions (Santos et al. 2016; Dupont & Patton 2012; Thomas & Foken 2007).
Santos et al. (2016) studied the sensitive heat kinematic flux profile at the K34 site during the
nighttime, using the same data set of this work.. However, these authors did not analyze the H
profile for the different conditions of weak and strong winds, as realized here. Santos et al.
(2016) found that on average the H values were positive above 0.75 h and negative below this
height.

Figure 6d shows the H profiles for WW and SW conditions. In WW conditions the H
values above 0.75h were approximately constant with the height, around —1.7 W /m?. On the
other hand, under SW conditions the vertical H profile presents a maximum value of the
—15W/m? at z = h and a negative gradient above this height. The finding that the wind
speed influences directly the H during the nighttime period is consistent with the result found
by Fitzjarrald & Moore (1990) at the Ducke Reserve site in the Amazon, where these
researchers observed H values 10 times greater in strong wind conditions, when compared

with the average for the whole period. Dias-Junior et al. (2017), also during the nighttime
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period, observed that during higher turbulence regimes, associated with strong winds, about

72% of all H observed occurs in the Jaru site.
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Figure 6. Diurnal cycle of the sensible heat flux for different heights for both inside and above and the canopy
forest for the K34 site in a and c. Sensible heat flux profile for weak (WW) and strong (SW) wind conditions for
daytime (b) and nighttime (d) periods.

During the daytime the H profiles under WW and SW conditions are quite similar
below 0.75h and different above this height (Figure 6b). In both profiles a maximum occurs
at z = h, but much more pronounced in the H profile under SW conditions. In addition, above
the canopy it was also possible to observe that H presented higher values and a more marked
negative gradient during SW when compared to the WW condition (Figure 6b).

An important observation about H profiles is related to general flux gradient
formulations, such as Monin-Obukhov Similarity Theory (MOST). One of the assumptions of
this theory is that the H is constant with the height, a condition that is not verified in the
profiles shown in Figure 6, especially under WW conditions. This result corroborates that
observed by Sun et al. (2012) who studied turbulence in the nocturnal boundary layer (NBL).
These authors classified the turbulence in the NBL in three different regimes, which present
different relations between turbulence intensity and wind speed. In regime 2 they observed

that the turbulence intensity increases systematically with the turbulent Kkinetic energy



56

increase and with the wind speed increase. Sun et al. (2012) suggest that in regime 2 the
turbulence generation occurs mainly by the vertical wind shear coming from the entire
atmospheric boundary layer, and therefore, in this regime it would be expected that MOST

will fail.

In addition to the H profiles evaluation, the sensible heat flux behavior in different
levels above and below the forest crown (Figure 6 a e c), would yield useful information
because with this it will be possible to better understand the processes of heat exchanges and
even of other scales in different layers above and within the forest canopy. Figure 6a shows
that H values between 31.6 to 48.2 m heights were approximately equal and follow the daily
cycle of radiation. At the 24.5 m height the H diurnal cycle still shows a behavior following
that of the upper heights, but the increase in H starts only near 8 am (local time), an hour later
than the upper heights, besides declining to close zero values earlier (around 4 pm). Such
behavior may be related to the fact that the vertical temperature profile minimum\maximum at
the canopy top at night\day, i.e., is a consequence of the radiation budget. Clearly, there is a
net loss of energy in the trees’ crown region through radiative processes, in which the
outgoing longwave radiation component is not completely balanced by the incoming

longwave radiation component.

Molion (1987) in analysis of the energy budget’s diurnal variability at Ducke reserve
(central Amazonia region), showed that the budget had a diurnal deficit due to longwave
radiation that is on the order of 40 W /m? at all times of a typical day. With this information
it is possible to state that the upper canopy will emit heat during the day to the lower canopy
levels, and will receive heat during the night from these same levels. Therefore, it is expected
that in the early morning when the sunshine begins, the canopy top will warm up and only
after some time the canopy inside will receive heat from the top, in the late afternoon the

process is reversed.

The downward H cycle during the daytime period at the height of 22.1m shows a very
irregular behavior compared to the H cycle above the canopy. It is possible to observe that at
this height the H values alternate between positive and negative values (Figure 6 c). This
behavior evidences the complexity of the exchange mechanisms that occur between the forest
and the atmosphere, even during the day, when the atmospheric turbulence is quite developed,
a certain level inside the canopy can change scales with its lower part and an instant of time
later with the atmosphere above. It is worth mentioning here the results of Shuttleworth et al.
(1984a), one of the pioneers in the analysis of turbulent time series above and within the



57

Amazon forest. According to them the lower 2/3 of the forest canopy is almost always
decoupled from the higher levels. This decoupling between the two air layers above and
within the canopy intensifies when there is a decrease in turbulent activity above the canopy
and consequently the radiative processes in the lower layer near the forest floor and between

the inner layers of the vegetation are responsible for the equilibrium of the thermal balance.

3.4. Turbulent kinetic energy dissipation rate

The momentum absorption by the forest canopy occurs due to the impact of the flow
against the vegetation structure, thus generating turbulent mats and consequently converting
turbulent kinetic energy (TKE) into heat. Therefore, with the TKE loss rate, i.e., the TKE
dissipation rate (g) can be calculated for different levels inside and above the forest canopy

and for different atmospheric stability conditions (daytime and nighttime, Figure 7).
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Figure 7. e diurnal cycle in a and c. Vertical ¢ profile for weak and strong wind conditions during daytime (b)

and nighttime (d) periods.

The ¢ diurnal cycle is strongly affected by the solar radiation diurnal cycle (Figures 7 a
and c) with the peak, at each height, occurring in the period of greatest sunshine. Such peaks

occur even at heights where little direct solar radiation is able to penetrate, although the ¢
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magnitude drops drastically at heights below 0.5h (Figures 7a and ¢). During SW conditions &
values tend to be higher than when WW occur, mainly above 0.5h and 0.75h for both
daytime and nighttime periods, respectively (Figures 7 b and d). This result corroborates
previous findings (Dias-Junior et al. 2017) that indicated & values change in a magnitude of at
least an order of magnitude higher during nighttime periods when the wind speed exceeded
3.0 m/s (turbulent regime 2), compared to periods where the wind was below this threshold

(turbulent regime 1).

The vertical ¢ profiles for SW conditions have a rather pronounced maximum a little
below at z = h during the daytime and at z = h during the nighttime period (Figures 7b and
d, respectively). On flat surfaces the TKE dissipation rate is often larger near the surface and
then decreases with the height at the surface layer (Stull 1988). As previously mentioned, due
to the vegetation structure, little turbulence can penetrate the forest canopy, so the higher &
values were observed near the canopy top. In addition, according to (Stull 1988) the higher

dissipation rates are often found where the TKE production is also higher.

4. Conclusions

The turbulence structure of two experimental sites in the Amazon was studied in this
work. The most important turbulence statistics of these sites were compared with those
obtained by KJ2000 for two other sites. The new data added more information from these
statistics from below and above the forest crown. The studied sites presented significant
differences in the efficiency of absorbing momentum from atmospheric flow, probably due to
small differences in the vegetation structure of each site. The mentioned efficiency is higher
during strong winds and the turbulence reaches deeper layers of the canopy in this condition.
It was verified that the turbulence generated above the canopy hardly penetrates the region
below 0.5h and between 0.5h > z < h the turbulence is quite intermittent and dominated by

sweeps.

The sensible heat flux is not constant with the height, especially under strong wind
conditions, which affects the assumptions of the Monin-Obukhov similarity theory and
reinforces the indication of previous works that such a theory does not apply to the roughness
sublayer above the Amazon rainforest. The highest H values were also observed during strong
wind conditions for both daytime and nighttime periods. The H diurnal cycle at different

heights below the canopy is quite variable, and at some times the flow passes from positive to
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negative even during the day, evidencing the complexity of the scalar exchange between the

forest and atmosphere.

Using turbulence power spectrum properties the diurnal cycle at different heights and
the TKE dissipation rate the profile was calculated. The behavior of this variable follows the
diurnal radiation cycle, with maximum values at each height close to the periods of greatest
sunshine. Under strong wind conditions, the € profile presents a maximum near the top of the
canopy. This result reflects the observation that higher dissipation rates are often found where

TKE production values are also higher.
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Comparing the air turbulence above smooth and rough surfaces in the

Amazon

Abstract

The goal of this work is to compare the main air turbulence characteristics of two common
areas in the Amazonian landscape: a dense forest (rough surface) and a water surface (smooth
surface). Using wind components data collected at high frequency by sonic anemometers
located just above these surfaces turbulence intensity, temporal and length scales of the
largest eddies, turbulence power spectra, as well as the main terms of the TKE budget (TKE =
turbulent kinetic energy) were evaluated for each surface type. The results showed that in
general the air turbulence intensity above the forest was higher than above the lake during the
daytime, due to the high efficiency of the forest in absorbing momentum of the turbulent
flow. During the nighttime the situation was reversed, with greater air turbulence intensity
above the lake, except in some periods in which intermittent turbulence bursts occur above the
forest. The horizontal (A,) and vertical (A,,) eddies scales calculated during the daytime
period were higher above forest than above the lake, and the vertical length scale (L,,) was
also larger over the forest, but the horizontal length scale (L,) was higher above lake. The
composites of the vertical velocity power spectra obtained for the daytime and nighttime
periods for each site showed canonical behavior, with a well-defined inertial subdomain
region, except in the nighttime period above the forest. Finally, shear production was the
dominant term of the TKE budget equation during the daytime period at both sites. All terms
calculated in this work at night showed values close to zero on the lake, indicating that the
terms that could not be calculated, such as the TKE advection, may have contributed to

maintenance of turbulence overnight at this site.

Keywords: Turbulence; Forest; Lake.
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1. Introduction

The Amazon region is known worldwide for its water resources and the great diversity
of its ecosystems, such as dense forest lands, flooded forests, floodplains, igapds, and open
and closed fields. The region, during the high water period (May - June), has a flooded area of
350,000 km?, or about 20% of the volume of the mainstream (Richey et al. 2002). Between
August 2015 and July 2016, the Amazon lost 7,989 km? of forest, the highest rate since 2008,
according to a survey by the Amazon Environmental Research Institute (IPAM, Azevedo et
al. (2017)).

Turbulence processes in the atmospheric surface layer play a major role in the
transport of momentum, sensible and latent heat in the atmosphere (Arya 2001), particularly
in the surface layer where the turbulent fluxes are essential for mediating atmosphere-surface
interactions. The behavior of turbulence above the Amazon rainforest has been intensively
studied (Fitzjarrald et al. 1990; Fitzjarrald & Moore 1990; Kruijt et al. 2000; Santos et al.
2016; Dias-Junior et al. 2017; Chor et al. 2017; Freire et al. 2017) more than on the surface of
water (Sheppard et al. 1972; Garratt 1972; Fairall et al. 1996; Edson & Fairall 1998; Marques
Filho et al. 2008), and therefore the surface layer turbulent structures on horizontally
homogeneous surfaces are yet well known (Kaimal & Wyngaard 1990).

However, few observational studies of the turbulent spectra above the canopy in forest
environments have been published, especially in the tropical rainforest (Moraes et al. 2008),
and there are fewer still that have been conducted studying the air turbulence over lakes. The
spectra at the top of the canopy differs from the spectra found for flat surfaces due to wake
and wave effects over the canopy (Kaimal & Finnigan 1994). Studies show that the spectral
curves are more peaked, a possible indication that some variance is being lost due to the
interaction of the wind flow with the canopy for frequencies in the inertial subrange
(Anderson et al. 1986; Lee 1996; Moraes et al. 2008). Fitzjarrald et al. (1990) observed the

—2/3 inertial subrange above and within the Amazon forest canopy.

Most of these studies have been conducted over land, and only occasional spectra and
cospectra from eddy-covariance measurements of greenhouse gases measurements over sea
have been presented (Ohtaki et al. 1989; McGillis et al. 2001; Sahlée et al. 2008). Studies of
Sahlée et al. (2014) taken at a Swedish lake show that the turbulence structure was highly
influenced by the surrounding land during daytime and the variance spectra of both horizontal

velocity and scalars during both unstable and stable stratification displayed a low frequency
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peak. Turbulence spectra obtained from water side measurements from ADV (Acoustic
Doppler Velocimeter) in a shallow estuary followed the general shape of the Kaimal et al.
(1972) curves and turbulent power laws; however, the curves were all shifted toward higher

frequencies and spectral lags effects (Walter et al. 2011).

The goal of this work is to compare the main characteristics of the air turbulence of
two common areas in the Amazonian landscape: a dense forest (rough surface) and a water
surface (smooth surface). Using data from the wind components collected at high frequency,
turbulence intensity, temporal and length scales of the largest vortices, turbulence power
spectra, as well as the main terms of the turbulent kinetic energy budget were evaluated for
each surface type. These areas contribute significantly to the total energy, mass and
momentum budget in this region. The differences highlighted in this study are very useful for

modeling processes concerning parameterizations above surfaces with different roughness.

2. Material and Methods

2.1. Study area

The data were collected in two sites located in the Brazilian Amazon. The first site
was K34 located in the Cuieiras Biological Reserve - Manaus (AM) and the second at the
Curua-Una Hydroelectric Power Plant located in Santarém (PA) (Figure 1). The Cuieiras
Biological Reserve is located in the Rio Negro Environmental Preservation Area - Setor Sul -
Rio Cuieiras is approximately 80 km north of Manaus and comprises about 10 thousand ha
(02°36'33 "'S and 60°12'33" W) (Araujo et al. 2002). It is an undisturbed area with primary
lowland vegetation and is in the Igarapé Asu watershed. This area is reserved for ecological,
botanical and meteorological surveys. The Curud-Una dam (‘Dark River' in Tupi-Guarani) is
located in the Lower Amazon River Basin (41.531,51 km?) in the Curua-Una River, at the
waterfall Palhdo (2°50" S and 54°18' W), 70 km southeast of Santarém, in Para State. The
Curua-Una hydropower plant was the second to be built in the Amazon and the reservoir was
filled in 1977, occupying an area of 72 km? at the operational level, has 30.3 MW capacity,
and is 68 m above sea level (Fearnside 2005). Eletronorte is working on a plan to expand the

generation capacity of the Curua-Una Hydropower Plant up to 40.3 MW,
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Figura 1. Map with the location of two study sites: Cuieiras (dense forest) near Manaus (AM) and Curua-Una

(lake) near Santarém (PA), both located in the Amazon region.

2.2. Data

At the K34 site, 10 three-dimensional sonic anemometers (CSAT3 model, Campbell
128 Scientific Inc., Logan, UT) were arranged from 1.5 to 48.2 m above ground during the
period from April 2014 to January 2015, as part of the GoAmazon project (Fuentes et al.,
2016). The data used in this work corresponds to the three highest sonic anemometers, one at
the canopy height (35 m) and two others installed at 40.4 and 48.2 m above the forest floor.

The wind components and the virtual sonic temperature data were collected at a rate of 20 Hz.

Data from the Curua-Una (CU) site were collected from a fluctuating
micrometeorological platform with shape of a regular pentagon, four anchor points, and a
nearby floating power supply platform (Vale (2016)). The floating micrometeorological
platform is equipped with high and low frequency sensors for both water and air
measurements. In this study we used data from the high frequency system (10 Hz) to measure
the flux (open path EC 150 — Campbell Scientific, Inc.). The system consists of a gas analyzer
that measures the absolute densities of CO, and H,O, a sonic anemometer (CSAT3A -
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Campbell Scientific, Inc), which measures the orthogonal components of the wind, and a
thermometer, which determines the air temperature sonically. The system is 3 m above the
surface of the water. Complementarily, data from two two-dimensional sonics (WindSonic,
Gill Instruments Ltd, UK), which provide wind speed and direction at 4 Hz rate, were used.

These sonics were installed in 1.5 and 4.5 m on the floating buoy structure.

2.3. Metodology

In order to minimize the effects of rain on measures of turbulence, measurements were
conducted in the month of September, the month which presents the lowest rainfall values for
the region. Four days of data were used in each experimental site (September 13 to 16, 2014
for the K34 site and September 15 to 18, 2015 for the CU site). The days were chosen based

on the continuity of measurements at each site.

To describe the atmospheric turbulent flow at the K34 and CU sites, data were
calculated in intervals of 30 minutes, and the following equations were used: the wind speed
U = vu? + v?, where u and v are the zonal and meridional wind components, respectively;

the wvertical velocity (w) standard deviation, o, =./(w’)?; friction velocity, u, =

J@w)? + (v'w")?; the drag coefficient, Cp =$—i (Mahrt et al. 2000; Fitzjarrald et al.

1988); and local free convection velocity scale, w,; = [(g/0y).w'6y. z|/3.

The horizontal (A,) and vertical (A,,) integral scales of the largest eddies were also
calculated, based on the u and w correlograms, respectively. Figure 2 shows an example of
how such scales were obtained. After obtaining the autocorrelation according to the equation:

() = TFETD)

Ox

where x = u,w; & is the time lag with respect to time, the values of the integral scales will be
numerically equal to the area under the curve in the interval between ¢ = 0 and t for the first
r root, i.e., where the curve touches the abscissa axis for the first time (Kaimal & Finnigan
1994, Kundu and Cohen, 2002).

Therefore,
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Ay = fo (0 dt

Using the Taylor hypothesis we obtained the length scales of the largest eddies,
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Figure 2. Correlogram of the vertical velocity. Each curve refers to 30 minutes data from both sites. The circles
represent the A,, values for both CU (red) and K34 (blue) sites. Such values are numerically equal to the areas

formed under the curves of each site.

Using the fast fourier transform (FFT) the w power spectra of the wind vertical (S,,)
and horizontal (S,,) velocities were obtained. From S,, and assuming the applicability of the
Taylor’s hypothesis as well as the spectral properties established by Kolmogorov, the

turbulent kinetic energy (TKE) dissipation rate was calculated according to the equation:

. = 27rf5/253/2
- Ua3/?

Where f is the frequency; S, is the u power spectra; e a« = 0.55 is Kolmogorov’s
constant (Kaimal et al. 1972; Kaimal & Finnigan 1994). In order to select only values of S,
that were inside the inertial subrange, we used values of the frequency range 1.0 > f < 2.5
Hz (Dias-Junior et al. 2016).
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In addition to &, two other TKE budget equation terms were calculated: buoyancy,

(g/0y) 6,w', where g is the acceleration of gravity and 6, virtual potential temperature, and

wind shear production, u’w’Z—U where z is the height.

’
z

3. Results and Discussion

In general the turbulence intensity in the atmospheric boundary layer (ABL) presents
its highest values close to the surface (Stull 1988), since momentum is extracted from the
flow at this surface. The results presented in Figure 3 show that the way the flow interacts
with the surface differs greatly between the rough surface, above the K34 forest canopy, and
the smooth surface, above the CU lake.

The wind regime showed strong differences during the four days of observation at
each site. The behavior of the diurnal cycle of the expected wind speed in CLA is that it
presents low values during the night, due to the negative net radiation, and increases gradually
during the day following the radiation diurnal cycle. The U cycles were quite regular on the
lake during the studied period, different from those observed over the forest canopy. In
addition, the wind velocity values observed during the daytime were higher above lake than
above the forest (Figure 3), even though the measurement height of this variable on the lake
was closer to the surface (3 m in CU and 5 m above in the K34 canopy), and considering that
the wind is expected to increase with increasing height in the surface layer (Kaimal &
Finnigan 1994; Yi 2008; Santana et al. 2017).

Figures 3d and 3e show the g, and u, time series, respectively. The behavior of these
variables shows that although the wind speed is higher above the lake during the day, the
turbulence intensity is much higher over the forest in this period. The g,, values close to
midday were about twice those over the forest than over the lake. This behavior reflects the
ability of each surface to absorb momentum from the atmospheric flow. During the night the
situation is reversed, although the turbulence intensity above the lake is weak, it is greater
than above the forest, except in moments of intermittent turbulence bursts (Oliveira et al.
2013; Santos et al. 2016; Dias-Junior et al. 2017; Freire et al. 2017), which are apparently
more frequent above the forest. Far from these moments of intermittent events the o, values

were very close to zero above the forest during the nighttime period.
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Figure 3. Time series of the w wind component (a and b), mean wind (c), w standard deviation (d) and friction
velocity (e) for K34 (blue) and CU (red) sites.

Many parametrizations of atmospheric models or questions involving the turbulence
closure make it necessary to know the time and length scales of the largest eddies in the ABL.
Table 1 lists these scales calculated during the daytime period on the of K34 and CU sites,
since the turbulence is more developed during this period at both sites. One variable that is
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used precisely to quantify drag at a surface in a fluid environment is the drag coefficient. This
variable presented values eight times higher above the forest than above the lake. The integral
scales of the horizontal (A,) and vertical (A,,) wind components, which can be understood in
this case (measured at a single point during a certain period of time), as the time in these
series needed to maintain a significant correlation with itself (Lumiley & Panosky 1964;
Shaw et al. 1995). The integral scales presented higher values at the forest than those
observed at the lake; however, such difference is more expressive in A,,, considering that the

variability A, at the lake was great.

The limiting condition of u, — 0 for the unstable ABL is usually referred to as free
convection, where all turbulent energy is generated by buoyancy forces and where the mean
horizontal wind vanishes (Businger 1973). Because the ABL vertical structure data were not
available for both sites, and direct measurements of the ABL height have not been performed,
we chose to use a local free convection velocity scale (w,r) instead of a convective velocity
scale (w,) (Table 1). Furthermore, turbulence in the surface layer might be influenced by the
ground more than the influence of the capping inversion, therefore, z; is not a relevant
parameter, but z is (Stull 1988). These conditions may be considered local free convection
(Tennekes 1970; Wyngaard et al. 1971; Businger 1973).

The value of w;r during the day (night) was higher (lower) for K34 (Table 1).
However, when the daytime and nighttime periods are compared for the same site, the value
of w,r for K34 shows an inversion in its magnitude, while CU has practically the same

magnitude. The inversion of w; in K34 occurs due to the radiative cooling at the forest
canopy and consequently w'8,’ < 0. On CU, the daily temperature gradient is less than 1 °

(while in K34 it is 9.5 °), presenting w'8,,’ > 0, even for the nighttime (Vale, 2016).

From the values of the time scales the length scales of the largest eddies were obtained
assuming the validity of Taylor’s hypothesis, with the recognition that such hypothesis is not
always valid for forest areas, where, for the standard deviation of the mean wind velocity (o),
the relation a; < 0.5U is rarely observed (Shaw et al. 1995). The L,, and L,, values obtained
for the forest were comparable to those found by Kruijt et al. (2000) for forest canopy in the
Amazon. Taking the average height of the forest canopy at K34 (35 m) (Fuentes et al., 2016),
the values of these length scales fit the pattern observed by Raupach et al. (1996), who
observed L, =~ he L, = h/3, studying different canopies. The L,, value above the lake was

lower than over the forest, but the same result does not happen with L., which is greater
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above the lake. Measurements of these variables on lakes are scarce, considering the difficulty
of making measurements using the eddy covariance technique over this surface (Vesala et al.
2012).

Table 1. Time and length scales of the turbulent flow in the atmospheric boundary layer for
the K34 and CU site. The variables are: drag coefficient (Cp), integral scale of the horizontal
(A,) and vertical (A,,) component of the wind, scale length of turbulent vortices for horizontal

(L) and vertical wind component (L,,) and local free convection velocity scale for day

(wrp) and night (wypy).

K34 cu

o 0.08 + 0.03 0.01 + 0.005
A (S) 18.3 + 15.6 16.6 + 20.9
A, (S) 6.0 + 2.7 3.5 + 2.4
L,(m) 35.2 + 28.2 48.0 + 60.8
L,(m) 11.1+3.2 9.3 + 5.4
wep(M/s) | 0.0068 +0.0039 | 0.0006 + 0.00031
wyen(M/s) | —0.00015 + 0.00029 | 0.00073 + 0.00021

The time and length scales calculated above refer to the scales of the largest vortices
(Lumiley & Panosky 1964; Kaimal & Finnigan 1994). However, the turbulent flow in the
ABL encompasses different sized eddies, which distinctly contribute to total kinetic energy of
the flow (Stull 1988), and the power spectrum in function of the frequency is a variable which
describes such characteristics (Stull 1988). In Figure 4 shows composites of the w power
spectra for the K34 and CU sites obtained during the daytime and nighttime periods at each
site. The behavior of these spectra present considerable differences between the sites and even
between the periods studied in a given site.

It is well documented and consolidated in the literature that the spectra of the wind
velocity components when plotted as a function of frequency have a linear decay region with
a coefficient of —5/3, called Kolmogorov's five-third law of spectrums (Kundu & Cohen
2002). In this region, called inertial subrange, energy is neither produced or dissipated but
handed down to smaller and smaller scales (Kaimal & Finnigan 1994). At the K34 site this

region is well defined during the daytime and starts at f = 107 = 0.013 Hz, thus
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continuing to higher frequencies (Figure 4a). On the other hand, during the night period said
decay only appears from f > 1 Hz (Figure 4b)
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Figure 4. Power spectra of the vertical wind component to the K34 (4a and 4b) and CU (4c and 4d) sites for the

daytime and nighttime, respectively.

Moraes et al. (2008) studying the turbulence spectra and cospectra in two areas in the
Amazon (one with forest and another deforested) observed that many of these spectra
obtained in wind conditions lower than 1 m/s during the nighttime did not show the decay of
—5/3 in the inertial subrange. Kruijt et al. (2000) found relative deficit of power at mid-
frequencies and an excess at the highest frequencies under conditions of atmospheric stability
above the canopy of two forest sites in the Amazon. During the 4 days of data chosen for the
analyses of the present study, 50% of the time the wind speed was below 1 m/s during the
nocturnal period (Figure 3c). As the result shown in Figure 4b is a composite with all periods

of the night, the decay of —5/3 still appears in a region of high frequencies, due to the
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contribution to the spectrum of periods in which wind speed exceeded 1 m/s. According to
Moraes et al. (2008), in this condition the turbulence spectra presented the canonical behavior,
with the decay of —5/3.

Unlike the forest, the spectra calculated above the lake showed the decay region in
both day and nighttime. Moreover, the inertial subrange of the night spectrum seems clearer
than the daytime spectrum (Figures 4c and d). The behavior of these two spectra differs subtly
in the region of low frequencies of the spectrum, evidencing the presence of larger vortices
during the daytime period compared to the nocturnal period above the lake. The fact that the
nighttime w spectrum above the lake resembles canonical behavior indicates that turbulence
is well developed in this period, which does not occur in the forest in at least 50% of the
nighttime period. An important fact, which may help to explain this turbulence above the lake,
is that the atmosphere is almost always over unstable conditions or close to neutrality over the

CU lake, favoring the vertical mixing of the atmosphere above (Vale 2016).
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Figure 5. Diurnal cycle of the terms of the TKE budget for K34 (a) and CU (b) sites.
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An important question about the air turbulence on the surfaces studied in this work
(smooth and rough) is to know how the terms of the turbulent kinetic energy budget equation
vary during their diurnal cycle. Figure 5 shows the cycles of buoyancy, shear production and
TKE dissipation rate (g) for k34 (Figure 5a) and CU (Figure 5b) sites. For both forest and
lake, shear production was greater than buoyancy during the daytime, a result expected for
measurements very close to the surface. However, the possible explanation for the difference
between these two terms at each site should be different. As previously seen, wind speed
above the lake is higher than above the forest during the daytime, but as the surface is
inefficient in absorbing momentum from the atmosphere flow this does not translate into
greater turbulence intensity (Figure 3). Even so, shear production dominates during the day
due to the lake's great thermal inertia. In the forest this occurs due to the high efficiency in

absorbing momentum from the atmosphere.

Comparing the shear production with ¢ also during the diurnal period at each site, the
curves of these variables are closer to each other in the forest than in the lake. This result
shows that a surface that is efficient in “generating"” turbulence is also efficient in dissipating
it (Stull 1988). At the k34 site the shear production and € curves were coincident in almost
every daily cycle, but there is a prominent peak in shear production that occurs at 19:00 (local
time). Such a peak is a result of intermittent turbulence bursts which, curiously, occurred

preferentially early in the night at the K34 site.

As previously shown, air turbulence above the lake is well developed during the
nighttime period (Figures 3 and 4d). However, the results show that all terms of the TKE
balance equation are very close to zero. Even though buoyancy was slightly positive during
this period (i.e., producing turbulence), the values seem too low to maintain nighttime
turbulence above the lake. A possible explanation for the maintenance of this turbulence may
be associated with the advection term of the TKE budget equation (Stull 1988; Sahlée et al.
2014)

4. Conclusions

In this work the characteristics of the atmospheric turbulence on a smooth surface
(lake) and a rough surface (forest) were compared. At each site turbulence intensity, temporal
and length scales of the largest eddies, turbulence power spectra, as well as the main terms of

the TKE budget (TKE = turbulent kinetic energy) were measured.
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During the daytime the turbulence intensity above the forest was greater than above
the lake. The a,, values calculated for the forest were approximately twice as high as those
calculated for the lake, close to mid-day. In the nighttime period the situation was reversed,
and the turbulence above the lake was practically continuous, with higher values of g,, than
the forest, except for periods in which intermittent turbulence bursts occur in K34. These

bursts occurred primarily in the early evening on the days studied here.

The time and length scale of the largest eddies in the horizontal and vertical directions
were calculated. The values obtained for the forest were close to those found in the literature
for this surface, for example, the values of L, and L, were related to canopy height (L, =
35.2, L,, = 11.1 and h = 35 m), as indicated by Raupach et al. (1996). The scales obtained
for the lake were probably the first on this surface in tropical regions. These scales had lower

values than at the forest, except for the horizontal length scale (L,, = 48.0 m, above the lake).

The composites of the w power spectra showed a very similar behavior to the
canonical ones above the lake. The region of the inertial subdomain with decay of —5/3
appears in both in day and nighttime periods above this surface. Above the forest this
spectrum is well defined only during the daytime. In the nighttime period spectrums obtained
during the performance of weak winds, below 1 m/s, contributed to the deformation of the

spectrum in the region of medium frequency.

The buoyancy, shear production and TKE dissipation rate (¢), which are terms of the
TKE budget equation, were calculated. Shear production was the term that most contributed
to the generation of turbulence on both surfaces during the daytime. In the forest the
buoyancy values were comparable to those of shear production from 12 to 16 hour (local
time). On the other hand, in the lake, the buoyancy values were very close to zero during the
whole diurnal cycle. The behavior of € follows the same trend as shear production. All terms
calculated in this work had values very close to zero on the lake at night, indicating that other
terms that could not be calculated, such as TKE advection, may have contributed to the

turbulence overnight at this site.
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SINTESE E CONSIDERACOES FINAIS

Neste trabalho foi estudado o escoamento turbulento do ar, dentro e acima do dossel
florestal, de diferentes sitios experimentais localizados na floresta amazénica. Além disso, as
caracteristicas deste escoamento sobre um dos sitios de floresta foi comparada com ao
escoamento turbulento observado sobre um lago, também localizado na regido amazonica. As
seguintes andlises foram realizadas: observacdo e modelagem do perfil vertical de velocidade
do vento (medidas realizadas em seis torres de observacdo espalhadas pela Amazénia); estudo
dos perfis verticais da estatistica da turbuléncia, fluxo de calor sensivel e taxa de dissipacao
da ECT (energia cinética turbulenta) em sitios de floresta; comparagdo das caracteristicas da

turbuléncia do ar sobre floresta (superficie rugosa) e lago (superficie lisa).

Pela primeira vez as medidas do perfil vertical de velocidade do vento realizadas na
floresta amazonica foram compiladas em um Unico trabalho, tais medidas forneceram uma
visdo mais ampla do comportamento do referido perfil sobre esta regido. Abaixo do dossel da
floresta os valores de velocidade do vento foram muito baixos, devido a atenuacdo pela
estrutura da vegetacdo. Acima do dossel o vento aumenta com a altura em um comportamento
logaritmico, levemente modificado devido a presenca da subcamada rugosa. Os modelos
utilizados para simular o perfil vertical de velocidade do vento conseguiram capturar suas
caracteristicas tanto acima quanto abaixo do dossel da floresta. A simplificacdo na formulacao

de um destes modelos ndo alterou sua habilidade em representar o este perfil na Amazonia.

Os sitios de floresta estudados apresentaram diferencas significativas na eficiéncia em
absorver momentum da atmosfera, provavelmente devido a pequenas diferencas na estrutura
da vegetacdo de cada sitio. Esta eficiéncia é funcdo também da velocidade do vento,
tipicamente, a eficiéncia aumenta com o aumento da velocidade do vento. A partir da analise
das estatisticas da turbuléncia nos diferentes sitios, pode-se dizer que existe um padrdo na
profundidade que a turbuléncia gerada acima da floresta consegue penetrar o seu dossel.
Dificilmente esta turbuléncia penetra a regido abaixo de 0.5h, sendo esta altura mais

facilmente alcancada em condicGes de vento forte.

O fluxo de calor sensivel ndo é constante com a altura acima da floresta,
principalmente sob condi¢des de ventos fortes, fato que afeta os pressupostos da teoria de
similaridade de Monin-Obukhov e reforca a indicacdo de trabalhos anteriores de que tal teoria

ndo se aplica na subcamada rugosa acima da floresta amazonica. Os maiores valores de H
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foram também observados durante a atuacdo de ventos fortes nos dois periodos estudados,
diurno e noturno. O ciclo diario de H em diferentes alturas abaixo dossel é bastante variavel,
em algumas alturas o fluxo passa de positivo para negativo, mesmo durante o dia, evidenciado

a complexidade das trocas de escares entre a floresta a atmosfera.

Utilizando propriedades do espectro de potencia da turbuléncia, o ciclo diario em
diferentes alturas e o perfil da taxa de dissipacdo de ECT pode ser calculado. O
comportamento desta variavel obedece o ciclo diario de radiagcdo, com valores maximos, em
cada altura, proximos aos periodos de maior insolacdo. Em condicdes de ventos fortes, o
perfil de & apresenta um maximo proximo ao topo do dossel. Resultado que reflete a
observacao de que maiores taxas dissipacdo sdo frequentemente encontradas onde os valores

de producédo de ECT também sdo maiores.

Comparado as caracteristica da turbuléncia atmosférica sobre a floresta e o lago,
observou-se que durante o dia a intensidade da turbuléncia sobre a floresta foi maior do que
sobre o lago. Os valores de a,, calculados para a floresta foram aproximadamente duas vezes
maiores do que aqueles calculados para o lago, proximo ao meio dia. No periodo noturno a
situacdo € invertida, a turbuléncia sobre o lago foi praticamente continua, com maiores
valores de g,, do que a floresta, com excecdo de periodos em que rajadas de turbuléncia
intermitente ocorrem na floresta. Estas rajadas ocorreram prioritariamente no inicio da noite

nos dias estudados aqui.

As escalas de tempo e comprimento dos maiores vortices nas diregdes horizontal e
vertical foram calculadas. Os valores obtidos para a floresta ficaram préximos aos
encontrados na literatura para esta superficie, como exemplo, os valores de L, e L,, foram da
ordem da atura do dossel (L,, = 35.2, L,, = 11.1 e h = 35m), como indicado por Raupach
et al. (1996). As escalas obtidas para o lago foram, provavelmente, os primeiros sobre esta
superficie, em regides tropicais. Estas escalas tiveram valores menores do que sobre a

floresta, com excecdo da escala de comprimento horizontal (L,, = 48.0 m, sobre o lago).

Os compositos dos espectros de potencia de w mostraram um comportamento bastante
semelhante ao canbnico sobre o lago. A regido do subdominio inercial com decaimento de
—5/3 aparece tanto no periodo diurno quanto a noite, sobre esta superficie. Sobre a floresta
este espectros sdo bem definidos apenas durante o dia. No periodo noturno os espectro
obtidos durante a atuacao de ventos fracos, abaixo de 1 m/s, contribuiram para a deformagéo

do espectro na regido de médias frequéncia.
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A flutuabilidade, a producdo por cisalhamento e a taxa de dissipacdo de ECT (¢),

todos termos da equacdo do balango de energia cinética turbulenta, foram calculados para a

floresta e para o lago. A producgéo por cisalhamento foi termo que mais contribuiu para a

geracdo de turbuléncia sobre ambas as superficies durante o dia. Na floresta os valores de

flutuabilidade foram comparaveis aos da producdo por cisalhamento das 12 as 16, hora local.

Por lado, no lago esta variavel apresentou valores muito proximos de zero durante todo o

ciclo diario. O comportamento de & segue 0 a mesma tendéncia da producdo por

cisalhamento. Todos os termos calculados neste trabalho apresentaram valores muito

préximos de zero sobre o lago durante a noite, indicando que outros termos que ndo puderam

ser calculados, como a advec¢do de ECT, podem ter contribuido para manter a turbuléncia

durante a noite neste sitio.

Como sugestéao para trabalhos futuros seguem os seguintes tépicos:

Aplicar o modelo de Souza apresentado no Capitulo | desta tese em areas de
floresta de outros tipos, como apresentado por Yi (2008).

Estudar as estatisticas da turbuléncia em uma maior resolucdo, ou seja, sem
utilizar valores médios, capturando sua variabilidade, a fim de investigar
possiveis momentos em que a turbuléncia gerada acima do dossel consegue
ultrapassar a regido abaixo de h/2.

Investigar o fluxo de outro escalares, como CO,, por exemplo, nos momentos
em que escoamento acima do dossel é acoplado e ndo-acoplado com a regido
abaixo do dossel.

Estudar a ocorréncia de rajadas de turbuléncia intermitente sobre a floresta e o
lago durante o periodo noturno, identificando horarios de preferéncia destes
eventos e tentar relacioné-los a fenémenos de escalas maiores, como Jatos de
Baixos Niveis, Brisa de rio, tempestades, entre outros.

Verificar o efeito da adveccdo da turbuléncia sobre as medidas sobre o lago,
utilizando medidas em mais de um ponto, modelagem numérica e propriedade

dos espectros de potencia.
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