Universidade de Brasilia

Instituto de Geociéncias
Programa de P6s-Graduagdao em Geociéncias Aplicadas e Geodinamica

Tese de Doutorado N° 71

DESLOCAMENTO VERTICAL CAUSADO PELA
INFLUENCIA HIDROLOGICA NA BACIA AMAZONICA

LAVOISIANE FERREIRA

BRASILIA-DF
2022



Universidade de Brasilia

Instituto de Geociéncias
Programa de P6s-Graduagdao em Geociéncias Aplicadas e Geodinamica

LAVOISIANE FERREIRA

DESLOCAMENTO VERTICAL CAUSADO PELA
INFLUENCIA HIDROLOGICA NA BACIA AMAZONICA

Tese de Doutorado submetida ao Programa de
Pés-Graduagdo em Geociéncias Aplicadas e
Geodinamica, como parte dos requisitos
necessarios a obtengcdo do grau de Doutor em
Geociéncias Aplicadas e Geodinamica.

Orientador: Prof. Dr. Giuliano Sant’Anna Marotta

BRASILIA-DF
2022



Ficha catalografica elaborada automaticamente,
com os dados fornecidos pelo(a) autor(a)

FF383d

Ferreira, Lavoisiane

Desl ocanmento vertical causado pela influéncia hidrol 6gi ca
na Bacia Amazbnica / Lavoisiane Ferreira; orientador
G uliano Sant’ Anna Marotta. -- Brasilia, 2022.

98 p.

Tese (Doutorado - Doutorado em Geoci énci as Aplicadas) --
Uni ver si dade de Brasilia, 2022.

1. Deslocamento Vertical. 2. Carga Hidrol 6gica. 3.
Gravinmetria. 4. Agua Subterrénea. |. Sant’ Anna Marotta,
Guliano, orient. Il. Titulo.




Universidade de Brasilia

Instituto de Geociéncias
Programa de P6s-Graduagdao em Geociéncias Aplicadas e Geodinamica

LAVOISIANE FERREIRA

DESLOCAMENTO VERTICAL CAUSADO PELA
INFLUENCIA HIDROLOGICA NA BACIA AMAZONICA

BANCA EXAMINADORA

Prof. Dr. Giuliano Sant’Anna Marotta
Universidade de Brasilia

Profa. Dr?. Roberta Mary Vidotti
Universidade de Brasilia

Prof. Dr. Francisco Hilario Bezerra
Universidade Federal do Rio Grande do Norte

Prof. Dr. Carlos Alberto Moreno Chaves
Universidade de Sao Paulo

BRASILIA-DF
2022



«1Te B . . ) A ~
ELS o meu Segredo. E muito SlWl]O’.CSI SO Se ve bem como COV&(;&O.

O essencial é invistvel para os olhos.”

Antoine de Saint-Exupéry

Dedicatéria

A minha mée, Maria F. de A. e a0 meu irmao, Lavousier Ferreira D. de S., por
sempre estar ao meu lado, me apoiar em minhas escolhas e me darem forca para

acreditar que desaﬁos podem ser supevados e que nao devo temé-los.



Agradecimentos

Agradeco, primeiramente, & minha mae, Maria Ferreira, ¢ a0 meu irmao, Lavousier
Ferreira, por me apoiar e me motivar a buscar o meu desenvolvimento com muita

dedicagao e esforco.

Agradego ao orientador, Prof. Dr. Giuliano Sant’Anna Marotta, por ter acreditado

em mim, me motivando a realizar esta pesquisa e por todo apoio.

Agradego a Prof. Dr®. Elizabeth Madden por todos os ensinamentos e sugestdes que

me ajudaram e me motivaram a melhorar os resultados alcangados neste projeto.

Agradego a todos os coautores dos artigos, Prof. Dr. Giuliano Sant’ Anna Marotta,
Prof. Dr*. Elizabeth Hale Madden, Prof. Dr®. Adriana Maria Coimbra Horbe, Prof. Dr.
Roberto Ventura Santos e Prof. Dr. Jos¢é Maria Nogueira da Costa, por toda paciéncia e
sugestdes que me ajudaram a evoluir. Serei eternamente grata pela contribuicdo e por

terem aceitado fazer parte desta pesquisa.

Agradeg¢o ao Prof. Dr. Denizar Blitzkow por disponibilizar o dado gravimétrico

terrestre.

Agrade¢o ao Prof. Dr. Giuliano Sant’Anna Marotta, Profa. Dr". Roberta Mary
Vidotti, Prof. Dr. Francisco Hilario Bezerra e Prof. Dr. Carlos Alberto Moreno por terem

aceitado fazer parte da comissao examinadora.

Agradego ao Observatério Sismologico pela infraestrutura necessaria para a
realizacdo deste trabalho e a toda equipe técnica, professores e amigos que me
acompanharam nessa jornada. Agradeco ao Observatério Sismoldgico, por meio do
contrato com FURNAS, o pagamento do artigo aberto ao publico, ajudando na

disseminag¢ao do conhecimento cientifico.

Agradeco ao Observatorio Nacional (ON) pela bolsa de pesquisa que me
proporcionou a oportunidade de conhecer e comegar este projeto, tendo sido extremamente

importante para me motivar a continua-lo.

O presente trabalho foi realizado com apoio da Coordenagdo de Aperfeicoamento

de Pessoal de Nivel Superior - Brasil (CAPES) - Cédigo de Financiamento 001.



Abstract

Hydrological loading effects are caused, mainly, by water mass movement between
continents and oceans, seasonally modifying the positioning of GNSS stations and the
gravity field. Therefore, several studies have sought to establish the relationship between
gravimetric and positioning signals for the study of hydrological loading at different scales
(global, regional, and local). In this work, a study was carried out at the regional level, in
the Amazon Basin, and at the local level, in Manaus. Studies of these deformations aim,
mainly, to analyze and model the relationship between the variables that influence the
hydrological loading (soil moisture, surface water, groundwater) and the signal of vertical
movement measured on the earth's surface, over time.

In the Amazon River Basin region, this study was carried out with the
aforementioned variables and also with others, such as topography, soil type, and geology,
which can influence both the distribution and the mass movement resulting from the
hydrological cycle and which, in turn, reflect on the displacement/deformation variations
attributed to the action of loading effects. In addition, observations of displacement at
GNSS stations are compared to: a) hydrologic deformation model based on the TWS from
GRACE data; and b) high-resolution hydrologic deformation model based on Land Surface
Discharge Model (LSDM) water mass simulations.

Results of the hydrologic deformation model based on LSDM show how the GNSS
stations can be influenced mainly by local water variations with a high magnitude, such as
rivers, which, it was not possible to observe in the hydrological deformation model based
on the TWS due to the limitation in the resolution data. I show that amplitude variation of
vertical displacement depends on the region's geological nature, i.e., whether it is
dominated by sedimentary or igneous/metamorphic rocks. It influences the vertical
displacement associated with the hydrologic loading, because porous and permeable thick
sedimentary rocks accumulate large volumes of water, leading to extensive seasonal
hydrologic loading and, consequently, play a significant role in vertical crustal
displacement.

In the center of Amazon Basin, I am using microgravimetry, being the first time
applied in Manaus, to obtain more information about the local hydrological cycle, in the
rainy (December-May) and dry (June-November) seasons, during drought (2016), and
flood (2017) years. Gravity changes measured by high precision gravimeters can be used to
monitor changes in water-land distribution in the vicinity of the station. Thus, gravity
meters have been widely used for studies of hydrological effects on the local scale such as
groundwater, soil moisture, rainfall, or snow covering. Studies at the local scale can reveal
more about the behavior of the hydrological cycle and provide a better understanding of
the connections between different components of the water balance in the Amazon basin.

3D model results of the river's influence on the anomalous gravitational field shows
that the Negro river is not influencing the gravity variation measured by the gravimeter, 7
km from the nearest edge of the river. I estimate the groundwater using the gravity data
variation and characterized the behavior of the local hydrological cycle, describing the
relative contributions of fluvial height, soil moisture, precipitation, evapotranspiration and
groundwater and highlighting the connections between these variables. Results show the
connection between groundwater variations and surface water, as rivers.

KEYWORDS: Vertical Displacement, Hydrologic Loading, Gravimetry,
Groundwater.



Resumo

Os efeitos de carga hidrologica sdo causados, principalmente, pelo fluxo de massa
d’agua entre continentes e oceanos, modificando sazonalmente o posicionamento das
estacdes GNSS e o campo gravitacional. Portanto, diversos estudos tém buscado
estabelecer a relagdo entre sinais gravimétricos e de posicionamento para o estudo de carga
hidrologica em diferentes escalas (global, regional e local). Neste trabalho, foi realizado
um estudo em nivel regional, na Bacia Amazonica, ¢ em nivel local, em Manaus. Os
estudos dessas deformagdes visam, principalmente, analisar e modelar a relagdo entre as
variaveis que influenciam a carga hidrologica (umidade do solo, aguas superficiais,
subterraneas) e o sinal de movimento vertical medido na superficie terrestre, ao longo do
tempo.

Na regido da Bacia Hidrografica Amazonica, realizou-se um estudo com a analise
das varidveis citadas acima e também com outras, como a topografia, tipo de solo e
geologia, as quais podem influenciar tanto na distribui¢do quanto no movimento de massa
decorrente do ciclo hidrolégico e que, por sua vez, refletem nas variagdes de
deslocamento/deformacgdo atribuidas a acdo dos efeitos de carga. Além disso, as
observagdoes de deslocamento em estagdes GNSS foram comparadas ao modelo de
deformacado hidrolégica baseado: a) no TWS dos dados GRACE; e b) em simulacdes de
alta resolucao do Land Surface Discharge Model (LSDM).

Os resultados do modelo de deformacao hidrolégica baseado no LSDM mostraram
como as estagdes GNSS podem ser influenciadas principalmente por variagdes locais de
grande magnitude, como rios, o que nao foi possivel observar no modelo de deformagao
hidrologica baseado no TWS, devido a limitagdo na resolu¢ao dos dados. Além disso, os
resultados demonstraram que a varia¢do de amplitude do deslocamento vertical depende da
natureza geologica da regido, ou seja, se ¢ dominada por rochas sedimentares ou
igneas/metamorficas. Entdo, ha sua influéncia no resultado de deslocamento vertical
associado 4 carga hidrologica, pois espessas camadas de rochas sedimentares, porosas e
permedveis acumulam grandes volumes de 4gua, levando a relevante carga hidrologica
sazonal e, conseqiientemente, desempenham um papel significativo no deslocamento
vertical da superficie.

No centro da Bacia Amazonica, foi utilizada a microgravimetria, para obter mais
informacdes sobre o ciclo hidrolégico local, nas estagdes chuvosas (dezembro-maio) e de
seca (junho-novembro), durante um ano de seca (2016) e inundacao (2017). Mudangas de
gravidade medidas por gravimetros de alta precisao podem ser utilizadas para monitorar a
variacdo de dgua numa regido ao redor da estagdo. Assim, os gravimetros tém sido
utilizados para estudos hidrologicos em escala local, para se estudar a variagdo de agua
subterranea, umidade do solo, chuva ou cobertura de neve. Estudos em escala local podem
revelar mais sobre o comportamento do ciclo hidrologico e fornecer um melhor
entendimento sobre as diferentes fontes dos componentes do balango hidrico.

Resultados de modelagem 3D da influéncia gravitacional do rio mostraram que o
rio Negro ndo esta influenciando a variagdo da gravidade medida pelo gravimetro, a 7 km
da borda mais proxima do rio. Estimou-se a 4gua subterranea usando a variagdo dos dados
de gravidade e caracterizou-se o comportamento do ciclo hidrologico local, descrevendo as
contribuicdes relativas & variacao fluvial, umidade do solo, precipitacdo, evapotranspiracao
e dgua subterranea, destacando as conexdes entre essas varidveis. Os resultados mostraram
a conexao entre as variagoes das aguas subterraneas e as aguas superficiais, como rios.

PALAVRAS CHAVE: Deslocamento Vertical, Carga Hidrolégica, Gravimetria,
Agua Subterranea.
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1. Introducao

Ao longo do tempo, efeitos de carga que atuam na litosfera, como mar¢ terrestre
(Agnew, 2007), carga oceanica (Van Dam et al., 1994), carga atmosférica (Van Dam et al.,
1997) e carga hidroldgica (Van Dam et al., 2001; Meurers, 2006; Zou et al., 2015), vém
sendo assunto de grande interesse cientifico. Dentre as diversas implica¢des dos efeitos de
carga, tem-se a contribuicdo em processos geodinamicos. Tal contribui¢do pode ser
caracterizada por deformacdes e esforcos, de origem sazonal, que pode ser modelada a
partir de observacdes geodésicas e geofisicas sobre a litosfera, com base na variacdo
temporal de posicdo e ou do campo de gravidade, registrados de forma continua, e
caracterizados como um sinal.

Dentre os efeitos de carga, a carga hidrologica possui especial atencdo, pois esta
associada ao ciclo hidrolégico e seus processos subjacentes, cujas implicagdes estdo
diretamente associadas a condi¢do de manutengdo da vida na Terra. Porém, para que seja
possivel a realizagdo de estudos de natureza hidrologica envolvendo um sinal
geodésico/geofisico, torna-se necessario a compreensdo do comportamento de cada
fenomeno gerador dos efeitos de carga, para que seja possivel a identificacdo e
individualiza¢do dos mesmos.

Diversos trabalhos tém sido desenvolvidos para entendimento das variagdes
hidrologicas, por meio de observagdes do campo de gravidade e de posicdo varidveis no
tempo e sua correlagdo com nivel da agua, variacdes de umidade do solo, eventos de
precipitagdo e cobertura de neve. Dentre os trabalhos, pode-se citar Lambert ¢ Beaumont
(1977), Bower e Courtier (1998), Van Camp et al. (2006), Kroner et al. (2007) e Kang et
al. (2011) que trabalharam com modelos derivados de observagdes do campo de gravidade.
Nestes trabalhos, o campo de gravidade decorrente da carga hidrologica (entendida como
um sinal no dominio do tempo), dependendo do periodo e da escala de estudo, varia de
alguns nm/s?> a aproximadamente 200 nm/s*> (Kang et al., 2011). Para se atingir tal
resultado, efeitos derivados ou ndo de mar¢, oscilacdes do nuicleo da Terra ou variagdes co-
sismicas (Imanishi et al., 2004) cuja ordem de grandeza ¢ similar ou mesmo menor que a
alcangada pelos trabalhos citados, precisa ser estudada, tratada e retirada do sinal.

Visto que os efeitos de carga contribuem para a variagdo no campo de gravidade e,
consequentemente, na alteragdo do regime de esforcos locais que podem ser observados na
estimativa de deformacdo por métodos geodésicos, diversos estudos também vém

relacionando as deformagdes (calculadas pela variacdo temporal na posi¢ao de pontos) as



alteragdes no ciclo hidrolégico (Wang, 2000; Van dam et al., 2007; ¢ Wang et al., 2013).
Com efeito, os estudos mencionados também estabelecem boa correlagdo entre os
diferentes tipos de observagdes citados.

Diante do exposto, e considerando a dificuldade na modelagem de fenomenos
dependentes de condi¢des climaticas e meteoroldgicas, no contexto do entendimento do
comportamento geodinamico decorrentes de mudangas no ciclo hidrologico, entende-se
que o tema ¢ pendente de compreensdo e, por isto, necessita ser estudado. Portanto, esta
pesquisa busca contribuir para o entendimento da relagao dos esforgos e deformacdes
decorrentes de fontes ciclicas, mais especificamente associadas ao efeito de carga
hidrologica, como subsidio para melhorar o entendimento sobre mudangas climaticas e
sobre fontes causadoras de eventos sismicos. E para a realizacdo da pesquisa, foi definida a
Bacia Amazodnica como area de estudos, por apresentar uma das maiores variagoes de ciclo
hidrologico do planeta (Tapley, 2004) e por contribuir de forma significativa no sistema

climatico global.

1.1 Objetivos

1.1.1 Objetivo Geral

O objetivo geral desta pesquisa consiste em compreender a relacdo entre a
movimentagdo de massa, decorrente do ciclo hidrologico, seus efeitos na variagdo do

campo de gravidade e de posi¢ao estimados por observagdes geodésicas/geofisicas.

1.1.2  Objetivos Especificos

Os objetivos especificos consistem em:

- Correlacionar os dados de posicao, do campo de gravidade terrestre, dos modelos
hidrologicos, de nivel fluvial, de variacdo do freatico e das caracteristicas pedologicas e
geologicas da regido de estudo, com a finalidade de compreender o comportamento da
variagdo do ciclo hidrolégico e de seus efeitos na variagdo do campo de gravidade e de
posicao;

- Modelar a variagdo dos campos de movimentacdo, deformacdo e esforco

associados a movimentacao de massa decorrente do ciclo hidrologico.



1.2 Problema

O principal problema desta pesquisa volta-se a busca do entendimento de: como a

variacao do ciclo hidrologico afeta seu efeito de carga e altera o regime de esforgos locais?

1.3 Hipoteses

As hipoteses afirmativas a serem testadas nesta pesquisa sao:

- E possivel melhorar o entendimento da relagio de causa e efeito, entre variagdo do
ciclo hidrologico e dos campos de gravidade e de posicdo, considerando modelos
hidrolégicos, nivel fluvial, variagdo do freatico e caracteristicas pedoldgicas e geoldgicas

da regido de estudo;

1.4 Estrutura da Tese

Esta tese intitulada “Deslocamento vertical causado pela influéncia hidroldgica na
Bacia Amazonica” subdivide-se em seis capitulos, sendo eles: introdugdo; revisao
bibliografica; os dois artigos que buscam atender aos objetivos desta tese; conclusao final,
e referéncias bibliograficas.

No primeiro capitulo foi apresentada uma introducdo sobre o tema abordando as
justificativas, objetivos, problema e hipoteses. No segundo capitulo foram abordadas as
revisoes bibliograficas de subtemas das diferentes areas de conhecimento que integram o
tema geral, como: o ciclo hidroloégico, na qual ¢ apresentada a base tedrica do
funcionamento do ciclo hidrologico; os efeitos de carga, englobando principalmente a
carga atmosférica, ocednica, maré terrestre e hidrologica; a gravimetria, na qual sdo
apresentados seus conceitos teoricos; € o Sistema de Posicionamento Global (GNSS), na
qual estdo demonstrados seus conceitos.

No terceiro capitulo encontra-se o artigo no qual foi realizado um estudo regional
sobre o deslocamento vertical causado pela influéncia hidrolégica na Bacia Amazonica,
intitulado  “Deslocamento vertical causado pela influéncia hidrolégica na Bacia
Amazobnica” (Vertical displacement caused by hydrological influence in the Amazon
Basin). Neste estudo foi analisada a relagdo entre as variaveis que influenciam a carga
hidrologica (umidade do solo, aguas superficiais, subterraneas) e o sinal de movimento

vertical medido na superficie terrestre, ao longo do tempo. Além disso, foram consideradas



também outras variaveis, até entdo ndo consideradas, como topografia, tipo de solo e
geologia, que podem influenciar tanto na distribuicdo quanto no movimento de massa
decorrente do ciclo hidrologico e que, por sua vez, refletem nas variagdes de
deslocamento/deformagdo atribuidas a acdo dos efeitos de carga. Por fim, as observagdes
de deslocamento em estacdes GNSS foram comparadas ao: a) modelo de deformacao
hidrolégica baseado no TWS dos dados GRACE; e b) modelo de deformacao hidrologica
de alta resolu¢do baseado em simulag¢des do Land Surface Discharge Model (LSDM).

No quarto capitulo foi realizado um estudo, em nivel local, intitulado “Influéncia
hidrologica na variagdo de gravidade em Manaus, Amazonas, Brasil” (Hydrological
influence on the variation of the terrestrial gravity field in Manaus, Amazonas, Brazil), na
qual foi utilizada a microgravimetria, para obter mais informagdes sobre o ciclo
hidrologico local, nos periodos chuvoso (dezembro-maio) e seco (junho-novembro),
durante um ano de seca (2016) e inundagao (2017). Mudangas de gravidade medidas por
gravimetros de alta precisdo podem ser utilizadas para monitorar a variagdo de d4gua numa
regido ao redor da estagcdo. Além disso, estudos em escala local podem revelar mais sobre
o comportamento do ciclo hidrologico e fornecer um melhor entendimento das fontes entre
os diferentes componentes do balanco hidrico na bacia amazonica.

No quinto e sexto capitulos sdo apresentadas as conclusdes finais e referéncias

bibliograficas.



2. Revisao Teodrica

2.1 Ciclo Hidrolégico

A 4gua ocupa cerca de 71% da superficie terrestre, sendo entdo considerada o
composto mais abundante em sua superficie. Porém, de acordo Shiklomanov (1998), do
total de fonte de 4gua do planeta, somente 2,5% ¢ agua doce, das quais 68,9% estdo nas
calotas polares e geleiras, 30,8% em aguas subterraneas, restando apenas 0,3% para lagos,

rios, atmosfera, biosfera entre outros.

A agua ¢ a Unica substancia que existe naturalmente nos trés estados (liquido,
solido e gasoso). O estado liquido tem a maior capacidade de calor especifico entre todas
as substancias j& conhecidas e, portanto, a transformacdo de agua no estado liquido para o
gasoso consome grande quantidade da energia solar total absorvida pela superficie terrestre
(Brooks et al., 2013), sendo essencial para o equilibrio térmico do planeta. Além disso,
possui uma importante fungdo bioldgica na transformacdo e movimentagdo de muitos sais
minerais e nutrientes em solucdo de solos e agua subterranea para as plantas, além de, a
partir das forcas fisicas de suas moléculas, ao fluir através da superficie do solo, transportar
materiais soluveis e ndo soliveis para dentro de canais e outros corpos d’agua (Brooks et

al., 2013).

A circulagdo de 4gua na Terra, chamada de ciclo hidrolégico (Figura 2.1), esta
associada a diferentes caminhos pelos quais a dgua evapora da superficie terrestre até a
atmosfera e retorna a superficie por precipitagdo ou condensacdo (Brutsaert, 2005). Apos a
precipitagdo ou condensacdo, parte da dgua tera evapotranspiracdo e temporariamente sera
perdida da bacia hidrogréafica para a atmosfera, mas eventualmente retornara a superficie

terrestre como precipitacao em outros lugares e assim o ciclo continua.

A evapotranspiragdo ¢ a soma da interceptagdo, transpiracdo € evaporagdo
(Brutsaert, 2005). De acordo Brooks et al. (2013), a interceptacao consiste na precipitacao
que ¢ coletada pelas superficies de plantas e que evapora de volta, enquanto que a
transpiragdo ¢ definida como a dgua que ¢ extraida do solo pelas raizes das plantas e que a
deixa a partir de evaporagdo. Também, a evaporagdo ocorre a partir de corpos de agua

localizados em uma bacia hidrografica e da superficie do solo.



A precipitacdo que ndo retorna a atmosfera via evapotranspiracao pode seguir um
fluxo a partir da superficie de solo alcangando os canais e corpos d’agua superficiais ou
infiltrar/percolar no solo. A infiltracdo depende da condicdo da umidade do solo; da
capacidade de controle do solo; e da conexdo e tamanho dos poros da matriz do solo

(Brooks et al., 2013).

De acordo Manoel Filho (2008), a agua infiltrada pode ser dividida em trés fluxos:
a) fluxo ndo saturado, o qual permanece na zona nao saturada, acima do nivel freatico,
onde os vazios do solo estdo parcialmente preenchidos por agua e ar; b) interfluxo
(escoamento sub-superficial), na qual a dgua infiltrada pode fluir rapidamente e
lateralmente ao alcancar uma camada de solo ou rocha dentro de uma permeabilidade
limitada, alcangando depois um canal ou corpo d’agua; e c) através da percolacdo, que
ocorre de forma mais lenta, quando a agua infiltrada em excesso, que consegue ultrapassar

a capacidade de controle do solo, pode fluir para baixo sob a influéncia da gravidade até

alcangar a agua subterranea (Brooks et al., 2013).
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Figura 2.1 — Ciclo Hidrolégico (Ministério do Meio Ambiente, 2007).

De acordo Manoel Filho (2008), a distribui¢ao da agua no subsolo pode ser dividida
em duas zonas horizontais (Figura 2.2), associadas a propor¢cdo do espago poroso

preenchido pela 4gua, denominadas zona saturada e ndo saturada.



Na zona saturada os poros encontram-se completamente preenchidos por agua,
situando-se abaixo da superficie freatica (Freeze e Cherry, 2017), onde se encontra a agua

subterranea.

Na zona nao saturada, também chamada de zona vadosa ou zona de acracdo, os
poros estdo preenchidos tanto por agua quanto por gases (Cleary, 2017; Manoel Filho,
2008). Esta zona, situada entre a superficie do terreno e a superficie freatica, pode ser
dividida em trés camadas, de baixo para cima (Manoel Filho, 2008): a) zona capilar, a qual
se estende da superficie fredtica at¢ o limite de ascencao capilar da agua, sendo que
proximo a superficie fredtica os poros encontram-se saturados e nas partes superiores
somente os poros menores ficam preenchidos, dando a esta zona um limite superior
irregular, chamado de franja capilar, definido como o limite na qual abaixo obtém se um
solo praticamente saturado (75%); b) zona intermediaria, que se encontra entre o limite de
ascencao capilar da dgua e o limite de alcance das raizes das plantas, na qual sua umidade
provém da agua capilar isolada ndo alcancada por raizes e por forgas ndo capilares, como a
agua pelicular; e ¢) zona de agua no solo (zona de evapotranspiragao), que esta situada
entre o limite radicular e a superficie do terreno, cuja espessura pode ser de centimetros

(auséncia de cobertura vegetal) a metros (vegetagao abundante).
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Figura 2.2 — Camadas de distribuicao da agua no subsolo (Manoel Filho, 2008).

De acordo Brooks et al. ( 2013), a polaridade da agua resulta em suas propriedades
de coesdo, adesdao e capilaridade. De acordo com os mesmos autores, a ligagdo do
hidrogénio ajuda a manter as moléculas de adgua juntas, por coesdo, enquanto a ligacdo
polar a outros materiais (adesdo) explica a atracdo de moléculas de dgua a particulas de

solo e células de plantas.



De uma forma geral, conforme a quantidade de agua varia dentro dos poros (Figura
2.3) diferentes forgas sdo atuantes, e além da forca gravitacional, o movimento da agua

também € controlado pelas for¢as moleculares e tensdo superficial.

Quando um solo encontra-se muito seco (Figura 2.3), abaixo do chamado ponto de
murcha, significa que a maioria das plantas ndo pode sobreviver por causa da umidade
limitada no solo (Brooks et al., 2013) e porque a for¢a de succao das raizes das plantas ¢
menor que as forcas atuantes sobre essa agua (Manoel Filho, 2008). Neste caso,
predomina-se a agua adsorvida a superficie dos graos, chamada de dgua higroscopica, e
também, a 4gua que se retine a superficie dos graos e a 4gua higroscopica como uma fina

camada, denominada de agua pelicular (Manoel Filho, 2008).

Conforme a quantidade de umidade aumenta (Figura 2.3), a 4gua passa a ocupar os
espacos antes ocupados por gases. Nesta etapa € possivel observar a capilaridade, na qual a
agua pode se movimentar para cima, contra a forga gravitacional, a partir de suas
propriedades como a coesao entre suas moléculas, que gera uma alta superficie de tensao,
juntamentamente com a adesdo (Brooks et al., 2013). A magnitude da pressdo capilar é o
quanto um meio poroso parcialmente saturado pode succionar a 4gua repelindo o ar. Entdo,
parte da agua infiltrada sera retida pelas plantas, a partir da capilaridade (Brooks et al.,

2013).

Aumentando mais a umidade no solo (Figura 2.3), chega-se a capacidade de campo,
que se refere a quantidade maxima de dgua que um solo pode reter contra a forca
gravitacional. Entdo, uma quantidade de dgua acima da capacidade de campo pode ser
drenada livremente através do solo a menos que essa movimentagdo seja impedida por
alguma camada. Um solo pode ser saturado temporariamente se a taxa de infiltracdo de
chuva ou derretimento de neve dentro do solo exceder a taxa na qual a 4gua se movimenta

a partir da percolagao.



Condigbes geralizadas da umidade do solo
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Figura 2.3 — Diferentes condi¢des da umidade do solo (The COMET Program, 2019).

De acordo Brooks et al. (2013), a taxa de agua que alcanca a agua subterranea
depende das caracteristicas subterraneas dos materias e camadas geoldgicas que
influénciam no caminho preferéncial do fluxo. Algumas d4guas subterraneas tém

interseccdo com canais de rios ou outros corpos de agua, retornando a superficie.

2.2 Efeitos de Carga

Efeitos de cargas que atuam na litosfera a partir da atmosfera e, principalmente pela
hidrosfera, causam oscilacdes em sua superficie, de forma sazonal, devido ao fluxo de
massa entre continente-oceano (Van Dam et al., 2001; Heki, 2001; Blewitt et al., 2001;
Dong et al., 2002; Fritsche et al., 2012). Entre as cargas que devem ser consideradas tem se
as decorrentes de mudancas na pressdao atmosférica, flutuagdes dos niveis d’agua dos

oceanos, e variacdes na distribui¢do de dgua, neve e gelo.

De acordo Mangiarotti et al. (2001), a redistribuicao da massa de ar e agua afeta o
sistema da Terra de diversas formas como: a) mudanga temporal no campo de gravidade; e
b) mudanca de posi¢do ao centro de massa da Terra no sistema de referéncia, causando
uma variagao na rotacdo da Terra. Ainda de acordo com esses autores, em curto espago de
tempo a resposta eldstica da crosta causa a deformacdo elastica na Terra, principalmente

em sua dire¢do radial, sendo possivel detectar estes efeitos em escalas desde 1 a 10 anos.

Farrell (1972) menciona que a andlise de deformagdo da Terra a partir de sua

superficie e o estudo das forgas atuantes e seus efeitos no sistema de massa ¢ um classico



problema do interesse de geodesistas, nos quais os primeiros calculos de deformagao de
maré na Terra foram realizados por Stoneley (1926) e Takeuchi (1950) e os modelos
simples de carga de superficie desenvolvidos por Slichter e Caputo (1960) e Caputo (1961,
1962).

Mangiarotti et al. (2001) apontam que a modelagem de deformagdes elasticas da
Terra a partir da superficie de carga ¢ definida a partir da abordagem cléssica de Farrell
(1972), que calculou a deformagao resultante pela carga de massa na superficie a partir de
modelos da Terra esférica, baseando-se em estudos da época, como os de Longman (1962,
1963) e Alterman et al. (1959). Nessa abordagem ¢ necessario compreender o
comportamento dos diferentes tipos de carga para que se possa separar a contribuicao da
carga hidrologica.

Existem diferentes causas de variagdes sazonais de posicionamento e gravidade,
definidas de acordo Dong et al. (2002) como:

a) Derivada da teoria gravitacional e da forca centrifuga de rotacdo da Terra, a
partir dos efeitos de maré com a contribuicdo principalmente do Sol e da Lua, que estd
relacionada ao deslocamento devido a: movimentagdo polar sazonal, variagdo do tempo
universal corrigido para a movimentacao polar (UT1) e deslocamentos de carga devido a
marés terrestres, marés oceanicas, marés atmosféricas e mar¢é polar;

b) Derivada de teorias hidrodindmicas e termais, que tem as cargas derivadas da:
pressao atmosférica, flutuagdes da superficie do mar nao relacionadas a maré e carga
hidrologica; e

c¢) Derivada de erros, que sdo responsaveis por gerar uma aparente variagdo sazonal,
como os erros dos modelos orbitais dos satélites, dos modelos atmosféricos, dos modelos
de distribui¢do de vapor d’agua, da variacdo dos modelos de centro de fase e

multicaminhamento.

2.2.1 Carga Atmosférica

Darwin (1882) demonstrou que a variacdo de peso gerado pela atmosfera devido a
variagdo de pressdo resulta na chamada carga atmosférica. Mangiarotti et al. (2001) cita
que, na década de 80, muitos estudos investigaram os efeitos de carga atmosférica na
deformacao crustal da Terra e na mudanga da gravidade local (Stolz e Larden, 1979;

Spratt, 1982; Van Dam e Wahr, 1987). Esses estudos resultaram numa carga modelada
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com maior acuracia (Velicogna et al., 2001; Van Dam e¢ Wahr, 1987; Van Dam et al.,
1994). Além disso, tinham como objetivo compreender o comportamento dos oceanos na
resposta barométrica inversa (BI) (Van Dam et al., 1994).

Os oceanos respondem aos efeitos de carga atmosférica como um bardmetro
invertido, ou seja, cada milibar de pressdao que aumenta a superficie ocednica compensa
pela depressdo de 1 cm, causando um equilibrio entre a combinagdo de massa de ar e dgua
total (Van Dam et al., 1994; Wunsch e Stammer, 1997). Nas regides costeiras ainda existe
a contribui¢ao barométrica inversa dos oceanos, considerando que altas e baixas pressdes
sdo correlacionadas sobre centenas de quilometros, mas a 1000 km de distancia dos
oceanos as estagdes nao sao sensiveis a essa contribuigao.

Estudos de deslocamento na superficie terrestre devido a mudangas na carga
atmosférica concluiram que essa carga pode resultar em perturbagdes na gravidade de 3 a 6
nuGal , sendo maior em altas latitudes onde a variagdo de pressao ¢ maior (Van dam et al.,
1994; Fritsche et al., 2012). O pico de deslocamento radial na superficie da Terra, definida
a partir de andlises numéricas, ¢ de 10 a 25 mm com associagdo a um deslocamento
horizontal de 1/3 a 1/10 desta magnitude (Van Dam e Wahr, 1987; Rabbel e Schuh, 1986;
Van Dam et al., 1994).

2.2.2 Carga Oceanica

Entre as cargas oceanicas tem se a carga de maré e a ndo derivada da mar¢.

A carga de maré oceanica esta relacionada a variagcao da coluna d’agua dos oceanos
devido a forca de maré, enquanto que a carga nao derivada da maré surge a partir da
interacdo da forga de superficie que dirige os ventos, pressdo atmosférica, calor, troca de
umidade e efeitos hidrodinamicos (Dong et al., 2002; Van Dam et al., 2007).

A carga oceanica ndo derivada da maré pode ser causada pela variacdo da altura do
nivel do mar e da densidade da coluna d’agua (Dong et al., 2002) e ser responsavel por
induzir mudangas de pressao no assoalho oceanico, que por sua vez deforma o geoide e as
proximidades da crosta, causando uma movimentacdo de 5 mm pico a pico em regides
proximas a costa, com possiveis deslocamentos verticais acima de 10 mm e deslocamentos
horizontais que sdo em média, 1/3 dos verticais (Van Dam et al., 1997). As deformacdes
associadas @ mudanga de gravidade sao da ordem de 2-3 microgal, porém mudancas de

pico a pico de 5 pGal também sdo preditas (Van Dam et al., 1997).
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Modelos de marés oceanicas mostram a variagao de altura dos oceanos devido as
forcas de maré para uma localizacdo e tempo (Urschl, 2005). De acordo Schwiderski
(1980), nos ultimos trés séculos, desde Newton em 1687, muitos cientistas, como
Bernoulli, Maclaurin, Euler, Kelvin, Laplace, Darwin e Doodson, tentaram desenvolver
modelos de marés globais ou oceadnicos por métodos empiricos, tedricos ou
hidrodinamicos. De acordo Thomas et al., (2007), a partir da década de 80, técnicas
geodésicas foram capazes de medir deslocamentos na superficie com acurdcia de
milimetros. De acordo Baker ¢ Bos (2003) os estudos de maré a partir da gravimetria
foram os responsaveis pelo melhoramento dos modelos de carga de maré oceanica, os
quais antes dependiam de modelos da Terra disponibilizados pela sismologia. Entdo,
estudos de maré a partir da gravimetria foram utilizados para se testar os modelos de carga
oceanica (Baker et al., 1996).

A carga de mar¢ oceanica esta associada a deformacao periddica da crosta (Urschl,
2005), na qual pode resultar num deslocamento de até 10 centimetros na vertical e 3
centimetros na horizontal (Monico, 2008), sendo maior em regides costeiras. A partir da
contribuicao de 1 metro de mar¢ a altura do deslocamento devido a carga dentro de um raio
de 10 km ¢ de cerca de 1 mm (Penna et al., 2008). No continente ¢ observada a partir da
propagacdo lateral da deformacgdo causada pela carga ocednica, sendo maior nas areas

costeiras que em seu interior (Mangiarotti et al., 2001).

2.2.3 Maré Terrestre

As marés terrestres sao perturbagdes na Terra Sélida causadas pelas influéncias
gravitacionais de corpos celestes e de seus movimentos no espago (Agnew, 2007), dentre
os quais a lua e o Sol sdo os maiores influenciadores (Dehant et al., 1999). De acordo Wahr
(1995) como a forga gravitacional exercida pela lua (e sol em menor escala) ndo ¢ a mesma
em todos os pontos da Terra, e por esta forca estar associada a variacdo da distancia,

entende-se que a aceleragdo da gravidade também nao ¢ a mesma em todos os pontos.

Marés terrestres foram observadas indiretamente ha mais de cem anos atras (Brush,
1996). De acordo Wahr (1995), a deformagao causada pelo efeito de maré terrestre ¢
modelada, primeiramente, especificando a aceleragdo gravitacional luni-solar, variavel no
tempo e espaco. Para isso, a aceleracdo ¢ quantificada a partir de um escalar de potencial

de mar¢ definido por meio do conhecimento da movimentacao orbital da Terra e da lua. E
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depois a resposta da Terra precisa ser modelada. Portanto, este ¢ um problema geofisico,

no qual, ¢ representado pelos “Numeros Love”.

De acordo Dehant et al. (1999), Love (1926) demonstrou que os efeitos de maré
poderiam ser representados por numeros adimensionais chamados de Numeros Love, os
quais, sdo calculados para um dado modelo da Terra, e seus parametros podem ser
utilizados nas funcdes de Green, tornando o célculo da resposta de carga reduzida a

resolucdo da integral de convolugao (Farrell, 1972).

De acordo Wahr (1995), perturbacdes no campo potencial gravimétrico sdo da
ordem de 100 pGal ou mais e podem ser determinadas a partir de sensores orbitais.
Enquanto que o deslocamento causado na superficie, de algumas dezenas de centimetros
em baixas latitudes, pode ser observado a partir de técnicas geodésicas como GPS, VLBI e

Satellite Laser Ranging (SLR).

De acordo Agnew (2007) com o aumento da precisao das medidas, as corre¢des dos
efeitos de maré se tornaram necessarios, sendo as marés terrestres relativamente mais
faceis de serem modeladas que as oceanicas, porque a dgua ndo ¢ rigida e por causa da

geometria do problema.

2.2.4 Carga Hidrologica

O modelo da carga hidrologica ainda ndo ¢ conhecido em muitas regides do
planeta, mas sua deformacdo ¢ perceptivel nos sinais de posicionamento global e
gravimétrico (Van Dam et al., 2001; Blewitt et al., 2001; Wu et al., 2003; Rajner e Liwosz,
2011). Essa carga esta relacionada a distribuicao de massa d’agua nos continentes, como
umidade do solo, 4gua em subsuperficie, neve e gelo (Van Dam et al., 2007). Entdo, um
sinal anual residual de longo comprimento de onda corrigido dos efeitos de carga
atmosférica, oceanica e maré¢ deveria representar o efeito de carga hidrolégica (Van Dam et
al., 2007). Suas deformagdes sao efeitos de larga escala (Blewitt et al., 2001; Rajner e
Liwosz, 2011, Davis et al., 2004), regional (Heki, 2001; Rajner e Liwosz, 2017) e local
(Wang, 2000; Bevis et al., 2005).

Van Dam et al. (2001) avaliou a relagdo do deslocamento crustal devido a carga
hidrologica numa escala de longos periodos (maior que 100 km) e o sinal de carga

encontrado tinha um sinal de variagdo anual na maior parte das localizagdes (Figura 2.4) e
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nas regides tropicais, como Africa e América do Sul, a variacdo da carga pelo

armazenamento de 4gua proporcionou deslocamento de até¢ 30 mm.

Variacdo de Deslocamento Vertical
causado por dgua/neve (1994-1998)

0 3 6 9 12 15 18 21 24 27 30

Figura 2.4 — Variagdo de deslocamento vertical devido a carga hidrolégica no periodo de
1994-1998 (Van Dam et al., 2001).

De acordo Bevis et al. (2005), em Manaus, a variacdo de deslocamento de um ciclo
anual varia de 50 a 75 mm, sendo 2-3 vezes maior que o esperado para esta regido, e tem
uma correlacdo inversa com a variagdo da altura do rio, de 15 metros a 29 metros (Figura
2.5). De acordo com estes autores, a Terra Solida responde de forma instantanea a variagao
de carga hidrolédgica e, portanto, um melhor conhecimento da estrutura elastica crustal,
além de trazer informacdes acerca das relagdes geodésicas sobre ciclos hidrolégicos, traz

subsidios para implicacdo em atividades sismicas.
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Figura 2.5 — Variagdo da série de altura do rio em Manaus e modelo de predi¢do do
deslocamento (E, N, U) em linha continua e da estacdo de GPS MANA, em
ponto vermelho (Bevis et al., 2005).

Guimaraes et al. (2012) utilizaram séries de estagdes fluviométricas integrada com
dados gravimétricos do Gravity Recovery and Climate Experiment (GRACE) e uma
estacdo de posicionamento com o objetivo de analisar o deslocamento crustal na Bacia
Amazobnica. Obteve um deslocamento vertical do ciclo anual de 80-100 mm com uma alta
correlagdo ¢ uma fase oposta de posicionamento em relagdo as séries hidroldgicas e
gravimétricas, mostrando que a crosta responde instantaneamente ao ciclo de carga
hidrolégica.

Ibanez et al. (2014) utilizaram medidas estruturais de campo nos depdsitos
sedimentares Miocenos-Holocenos expostos na bacia do Rio Amazonas para investigar o
desenvolvimento da Amazonia Central e associaram um pulso extensional com orienta¢ao
NE-SW a carga hidrologica, que teria induzido uma subsidéncia flexural, causando esfor¢o
extensional na crosta superior.

Miguez-macho e Fan (2012a-b) realizaram a modelagem do comportamento do
ciclo hidrologico na Amazdnia e associaram a variacao da coluna d’agua com a topografia
a capacidade de drenagem. Esses autores descreveram essa relacdo da seguinte forma: a) a
coluna de solo com drenagem livre na base pode ser bem descrita para os planaltos (coluna
de solo acima da coluna d’agua), na qual resulta num maior controle e alimentacao da dgua
subterranea; b) a dgua subterranea ¢ a responsavel por acelerar artificialmente a drenagem
nas areas mais baixas, proxima aos vales, a partir do efeito de convergéncia, na qual o
fluxo de 4gua vai das regides mais altas para as mais baixas; c) a partir da contribuicao da

agua subterranea que convergiu as planicies e da baixa profundidade da coluna d’agua,

15



existe um aumento da saturacdo do solo e reducao da capacidade de drenar; e d) a reduzida
perda de drenagem nessas planicies durante as estagdes umidas levam a um maior
armazenamento de agua no solo no comeco da estacdo da seca, o que caracteriza sua

importancia na regulacao do ciclo hidrologico.

Pokhrel et al. (2013) descreveram que, na Amazonia, a maior parte da resposta total
da agua em superficie (Total Water Surface - TWS) € devido ao armazenamento em aguas
subterraneas (71%), zonas de planicies de inundacdo (24%) e canais dos rios (5%).
Também, em estudo realizado pelos mesmos autores, concluiram que na parte noroeste da
regido citada, o armazenamento em subsuperficie (zona vadosa e 4gua subterranea) ¢
saturado e raso durante todo o ano, resultando numa variagdo do armazenamento de agua
total (TWS) controlado por planicies de inundagdo e rios. Por outro lado, a coluna d’agua
de armazenamento em subsuperficie ¢ mais profunda na parte sudeste, que possui um solo
mais insaturado resultando numa grande capacidade de armazenamento antes de alimentar
os canais, sendo o armazenamento de &agua total (TWS) controlado pela agua em

subsuperficie.

2.3 QGravimetria

A gravimetria mede a variacdo do campo de gravidade causada por materiais com
diferentes densidades em subsuperficie. Sua base tedrica deriva da Lei da Gravitagdo
Universal, descrita por Sir Isaac Newton em Principia Mathematica (1687), na qual define
que entre duas particulas de massa (m) existe uma forca (F) diretamente proporcional ao

produto das massas e inversamente proporcional ao quadrado da distancia (1).

A expressao vetorial da Lei da Gravitagdo, a forga de atragao (ﬁ ) entre duas massas

m, e m, separadas pela distancia [ ¢ dada pela eq. 2.1:

F=¢G = (2.1)

onde, [ = \/(x —x)2+ (y—y)2+ (z—2)?; x, y e z sdo as coordenadas da particula
atraida e x’, y’ e z' sdo as coordenada da particula atrativa.

Admitindo-se que o corpo de massa m, ¢ atrativo e pode ser considerado como
composto por volumes elementares dv e o corpo atraido (m,) ¢ definido como uma massa

unitaria, a forga sobre esses volumes elementares (ﬁdv) pode ser definida de acordo a eq.
2.2 (Gemael, 1999):
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w = —G [ff, Fldv 2.2)
Fazendo dm = p dv, sendo p a densidade, a decomposicdo da forca segundo o

sistema de massa continua (F);) decomposta nos eixos cartesianos (x, y ¢ z) pode ser

escrita pela eq. 2.3 (Gemael, 1999):

6 fff,, Cam; £, = —6 fff,, L2 am; £, = —¢ [ff, Eam 23)

O potencial gravitacional de atracdo (), eq. 2.4, formado pela massa m(x’,y’,z")
no ponto P(x,y,z) resulta no potencial V(P) que no caso de distribuicdo de massa
continua pode ser representado pela eq. 2.5, considerando dm = pdv = p dx' dy' dz’'
(Guimaraes e Blitzkow, 2011):

v="=" (2.4)

V(P)=V (x,y,2) =G [ff, £ dv =G [ff,, = =G [[f, =2 25

De acordo Gemael (1999), a propriedade fundamental do potencial de atracao
define que as derivadas do potencial gravitacional segundo os eixos coordenados

correspondem as respectivas forcas de atracdo em relagdo ao mesmo eixo (eq. 2.6):

= av = av = av
F=oiFB=5E=7 (2.6)

O campo potencial gravimétrico ¢ considerado conservativo, ou seja, o trabalho
necessario para se mover uma particula através do campo vetorial F independe do
caminho na qual percorre (Blakely, 1995). Portanto, a partir dessa propriedade, tem-se que
o campo potencial gravimétrico pode ser representado pelo gradiente de uma fungdo

escalar V (eq. 2.7).

F =V (2.7)

O campo potencial de F satisfaz as equagdes de Laplace (eq. 2.8), na qual a soma
das derivadas de segunda ordem, membro a membro, significa que o laplaciano do campo
potencial gravimétrico ndo exerce influéncia fora das massas atrativas (Guimardes e

Blitzkow, 2011). .

Vi =0 (2.8)
Para os pontos interiores ao corpo de massa m, tem-se a equacao de Poisson (eq.

2.9; Gemael, 1999):
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AV = —4nGp (2.9)

2.3.1 Potencial de Gravidade
A gravidade (eq. 2.10) ¢ resultante da forca de atragdo Feda forga centrifuga C:

g=F+C (2.10)
A forca centrifuga vetorial (eq. 2.11) ¢é dada pela a magnitude da velocidade de
rotacdo da Terra (w) e pelo vetor definido pela separagdo entre o ponto e o eixo de rotagao

da Terra (?):

C = wid (2.11)

A forga centrifuga C resulta do potencial centrifugo (Q), eq. 2.12:
Q = swd? (2.12)

O potencial da gravidade W (eq. 2.13) ¢ dado pela soma do potencial gravitacional
com o potencial centrifugo. O gradiente do campo geopotencial resulta na aceleracdo da
gravidade (eq. 2.14), e da equacao de Poisson obtém-se a eq. 2.15. Instrumentos geofisicos
medem a variacdo do campo escalar na vertical do campo vetorial de aceleracao da

gravidade (Blakely, 1995) e seu valor na superficie terrestre ¢ de cerca de 9,8 m/s? (Telford

et al., 1990).

d 1 d 1
W= G[ff, & +; wd = G [ff,, T+ w (x> +y?) (2.13)
g =w (2.14)
AW) = —4nGp + 2w? (2.15)

2.4 Sistema de Navegac¢ao Global por Satélite (GNSS)

O Sistema de Navegacao Global por Satélite (GNSS) representa os principais
sistemas de satélites utilizados para fins de posicionamento, dos quais atualmente pode-se
citar: o Galileo (europeu), GPS (americano), GLONASS (russo) e BeiDou (chinés)
(Monico, 2008).
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Todos os sistemas de satélites de posicionamento existentes trabalham de forma a
emitir dados de navegacdo e observacdo. Sendo os dados de navegacgdo responsaveis por
possibilitar o calculo das coordenadas dos satélites em tempo predeterminado, e os dados

de observacao responsaveis por permitir o calculo de distancias entre satélites e receptor.

Uma vez calculadas as coordenadas dos satélites e as distancias entre satélites e
receptor, torna-se possivel estimar os valores de coordenadas do ponto onde o receptor se
encontra posicionado, pelo processo de trilateracao (Figura 2.6). Porém, para que isto seja
realizado, torna-se necessario a observagdo de dados de no minimo 4 satélites, pois além
das coordenadas tridimensionais, a correcdo do tempo ¢ uma incognita adicional que
também esta presente € que precisa ser estimada um sistema de equagdes lineares.
Portanto, todos os sistemas que fazem parte do GNSS desenvolveram suas constelagdes de
satélites de forma a permitir a observagdo de no minimo 4 satélites a qualquer tempo e em

qualquer lugar da superficie da Terra.

3 g2

Figura 2.6 — Método de trilateragdo, na qual requer pelo menos trés satélites para se
conhecer a localiza¢ao de um ponto (EI-Rabbany, 2002).

Para obtencdo de coordenadas precisas, torna-se necessario o conhecimento das
fontes de erro associadas aos satélites, a propagacdo dos sinais, ao receptor e a estagao.
Estas fontes de erro sdo apresentadas na Tabela 1, segundo Monico (2008), e tais erros
devem ser reduzidos por meio de modelos preestabelecidos e de cuidados no momento do

registro dos dados.
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Tabela 1 — Fontes e erros envolvidos no GNSS (Monico, 2008)

Fontes

Erros

Satélite

Erro da 6rbita

Erro do relogio

Relatividade

Atraso entre as duas portadoras no
hardware do satélite

Centro de fase da antena do satélite

Fase wind-up

Propagacao do sinal

Refragdo troposférica

Refracdo ionosférica

Perdas de ciclos

Multicaminhamento ou sinais
refletidos

Rotacdo da Terra

Receptor/Antena

Erro do relogio

Erro entre os Canais

Atraso entre as duas portadoras no
hardware do receptor

Centro de fase da antena do receptor

Fase wind-up

Estacdo — (alguns erros sdo, na realidade, efeitos
geodinamicos que devem ser corrigidos.)

Erro nas coordenadas

Multicaminhamento ou sinais
refletidos

Marés terrestres

Movimento do pdlo

Carga oceanica

Pressao da atmosfera

O sistema de posicionamento global (GPS), utilizado neste trabalho, consiste na

constelagdo formada por no minimo 24 satélites distanciados a aproximadamente 20000

km de altitude distribuidos em 6 planos orbitais (Figura 2.7) quase circulares, o que

permite observagdes simultdneas de pelo menos 4 satélites num mesmo ponto em qualquer

parte do dia e local do globo (Beutler et al., 1998). E um sistema de caminho tnico no qual

os satélites emitem ondas de radio que se propagam pelo espaco até os receptores na

superficie terrestre, cujos dados registrados permitem o calculo da distancia entre as

antenas dos satélites e receptores. Os dados recebidos constam de mensagens de

observagado, os quais compreendem a sinais e codigos digitais modulados, e mensagens de

navegac¢ao (El-Rabbany, 2002).
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Figura 2.7 — Sistema de posicionamento global (GPS) formada por no minimo 24 satélites
distanciados a aproximadamente 20000 km de altitude distribuidos em 6 planos

orbitais quase circulares (California Institute of Technology, 2010).
As portadoras de fase dos sinais sdo centradas em duas frequéncias de radio micro-
ondas: L1 com 1575,42 Mhz e L2 com 1227,60 Mhz com comprimentos de ondas de 19
cm e 24.4 cm, respectivamente (El-Rabbany, 2002). A distancia entre satélite e receptor ¢
feita a partir da soma total entre o numero de ciclos inteiro e fracionais multiplicado
comprimento de onda da respectiva portadora (El-Rabbany, 2002). Porém o receptor pode
definir somente a parte fracional do ciclo de forma mais acurada (2 mm), pois como todos
0s sinais sao iguais, nao tem como diferenciar um ciclo de outro para determinar o nimero
de ciclos completos ou ambiguidade (N). Entdo, estes ciclos desconhecidos sao chamados
de tendéncia de ambiguidade ou como ambiguidade inicial do ciclo, que ao serem
resolvidas a partir de parametros, tornam possivel o célculo acurado de posicionamento

(El-Rabbany, 2002).

Dois diferentes codigos sdo transmitidos por cada satélite: o C/A e o codigo P. Sdo
sequencias geradas a partir de valores binarios, conhecidos como Pseudorandom Noise
(PRN), que ndo se repetem ate certo intervalo de tempo. O PRN ¢ uma sequéncia binaria
que varia de 0 e 1 ou +1 e -1, a qual ¢ gerada por algoritmos ou hardwares chamados
tapped feedback registers (Langley, 1998). Cada satélite gera c6digos Gnicos para que ndo
haja interferéncias e também sendo facilmente identificado (Monico, 2008). Entdo,
conhecendo-se o instante de tempo de transmissao do satélite, a partir da comparagdo entre
a sequeéncia do sinal recebido e do sinal replicado, independentemente, pelo receptor GPS ¢

possivel a medida do atraso no tempo dos sinais (Langley, 1998).

O codigo CA ¢ uma sequéncia de 1023 digitos binarios na qual sdo repetidos a cada

milissegundo com um comprimento de cerca de 300 metros (Monico, 2008). O codigo P
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possui cerca de 30 metros, com uma transmissao de frequéncia f, de 10,23 Mhz, possui
maior precisdo pois foi criado para propdsitos militares, sendo criptografado (Langley,
1998). O coédigo CA ¢ modulado dentro da L1 utilizado uma técnica chamada quadratura

de fase enquanto o codigo P ¢ transferidona L1 e L2.

Para se calcular corretamente a distancia entre os satélites e as antenas receptoras
deve-se saber exatamente a localizacdo do satélite. Para isso cada satélite transmite sua
propria mensagem com sua informacao orbital (efemérides) a serem utilizados no calculo
de posicionamento, deslocamento no tempo do reldégio do sistema de tempo do GPS,
informagdes sobre o funcionamento do satélite e sua precisdo, além do dado almanaque,
que contém informagdes sobre todos os satélites da constelacdo, inclusive a descricdo das

orbitas satelitais com suas localizagdes (Langley, 1998).

As observaveis de pseudodistancia (eq. 2.16) e portadora de fase (eq. 2.17) sdo

definidas como (Langley, 1998):
PD= p+c(dt—dT)+dijpn + deop + € (2.16)
0=p+c(dt—dTl)+ A-N —djpn + dprop t € (2.17)

onde: PD ¢ s observavel de pseudodistancia; 8 ¢ a observavel portadora de fase; p ¢ a
medida geométrica ao satélite; ¢ ¢ a velocidade da luz; dt ¢ a variacao de tempo do reldgio
do satélite no Tempo GPS; dT ¢ a variacdo de tempo do reldégio do receptor no tempo
GPS; A € o comprimento de onda; N ¢ a ambiguidade; d;,,, € 0 atraso na ionosfera; dsqp

¢ o atraso na troposfera; e representa o multicaminhamento e o ruido no receptor.
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Abstract Hydrologic loading studies are related to variables such as soil moisture, precipitation,

and groundwater. These parameters are associated with water mass movements, which may affect the
positioning of the Global Navigation Satellite System (GNSS) stations and the gravitational field in a
seasonal mode. This study addresses the relationship between displacement and deformation variations
observed in the Amazon Basin and local geological and climatic features. It also aims to understand
mechanisms that may influence the water distribution and mass movement during the hydrological

cycle. We have correlated the vertical displacement with soil moisture at different depths in the Amazon
Basin. Our approach takes into consideration topography, soil type, water storage, hydrologic deformation
model used, sediment thickness, and geology. We show that amplitude variation of soil moisture and
water storage parameters depends on the region's geological nature, that is, whether it is dominated by
sedimentary or igneous/metamorphic rocks. In areas dominated by sedimentary rocks, soil moisture
increases with depth, while in regions dominated by igneous and metamorphic rocks, soil moisture
decreases with depth. We conclude that geology and topography influence the vertical displacement
associated with the hydrologic loading. We further show an East-West gradient in the Amazon Basin, in
which the largest amplitudes of vertical displacement occur in the sedimentary basins to the East. A few
stations in the sedimentary basins have less vertical displacement than expected. We argue that these areas
may be associated with thinner and more compact sedimentary rock, or even with intrusive igneous rocks.

1. Introduction

Loading effects related to seasonal mass movement between continental and oceanic areas may modify
the positioning of the GNSS stations and the gravity field (Blewitt et al., 2001; Dong et al., 2002; Fritsche
et al., 2012; Rajner & Liwosz, 2011; Van Dam et al., 2001; Wu et al., 2003). Among the many possible causes
of these effects, previous studies have shown the importance of the role of hydrologic loading associated
with groundwater variations and the accumulation of snow and ice (Van Dam et al., 2001).

Deformation derived from hydrologic loading can be considered at global (Blewitt et al., 2001; Davis
et al., 2004; Van Dam et al., 2001), regional (Heki, 2001; Rajner & Liwosz, 2017), and local scales (Bevis
et al., 2005; Wang, 2000). Studies show that deformation depends on variables related to the hydrologic
loading (soil moisture, precipitation, groundwater, among others) and the temporal variations of vertical
displacement measured at the Earth's surface (Mangiarotti et al., 2001; Wu et al., 2003).

Hydrologic loading is particularly significant in the Amazon Basin due to the considerable seasonal var-
iation of precipitation in the region (Tapley, 2004) and the thicker sedimentary pile that can store large
amounts of groundwater. The area is also under the influence of large-scale climate systems, such as the
Intertropical Convergence Zone (ITCZ) and South Atlantic Convergence Zone (SACZ), which provoke sea-
sonal and spatial variations in precipitation (Espinoza et al., 2015; Espinoza Villar et al., 2009b; Nesbitt &
Anders, 2009; Nobre, 2009; Santos et al., 2015). The Andean orographic barrier associated with the ITCZ
movement leads to seasonal variations in precipitation in the north-south and east-west directions (Espinoza
Villar et al., 2009a; Santos et al., 2015) and, consequently, to seasonal variations in hydrologic loading.

Several studies have addressed the crustal displacement in the region based mainly on Gravity Recovery
and Climate Experiment (GRACE) and Global Navigation Satellite System (GNSS) observations. In general,
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these studies consider spatial variations without considering the relationship with geological and climatic
features, such as sedimentary distribution and thickness, and the spatial variation in precipitation. In the
Amazon Basin, most of the total water storage (TWS) in the Amazon region is in the surface as: ground-
water (71%), on floodplains (24%), and in river channels (5%) (Pokhrel et al., 2013). For instance, Van Dam
et al. (2001) identify a loading signal with a minimum-maximum amplitude of 500-1,000 mm of water stor-
age in the tropical regions of Africa and South America that results in up to 30 mm of crustal displacement.
Davis et al. (2004) suggest a vertical deformation of 13 mm in the region of the Amazon River. Guimaries
et al. (2012), when using time series of hydrological stations at specific sites in the Amazon Basin, obtain a
vertical displacement over the annual cycle of 80-100 mm and an opposite phase correlation between the
data of the GNSS positioning stations, the hydrological stations, and the GRACE data. Almeida et al. (2012),
based on the comparison of GRACE data and local measurements of a river flow, study the water mass
distribution of the Amazon Basin and comment that the correlation could be related to the geology of the
region, as it is higher in the Solimées-Amazonas and Piedmont Andean areas and lower in the Guiana and
Guaporé shield areas. Costa et al. (2012) use GRACE observations to study the hydrologic loading in the
Amazon region and obtain the highest values of 5-7 cm of vertical displacement per year in sedimentary
and flooded areas of the region. In addition, Ibanez et al. (2014) recognize a flexural subsidence with NE-SW
orientation in the upper crust associated with the hydrologic loading in Central Amazonia.

In this paper, we study relations between the displacement and deformation variations observed in the
Amazon Basin with regional geological, soil, relief, and climatic features. We further detail the mechanism
that may influence the distribution and mass movement based on temporal data generated from GNSS sta-
tions in the region. We compare the GNSS data with parameters of the physical environment (e.g., sediment
thickness, soil moisture, TWS), aiming to establish relationships between the displacement/deformation
variations and the hydrologic loading system. We also present a hydrologic deformation model based on the
TWS from GRACE data and a high-resolution hydrologic deformation model based on Land Surface Dis-
charge Model (LSDM) water mass simulations. Available geological data indicate that hydrologic loading in
the sedimentary basin may explain the elastic response. Porous and permeable thick sedimentary rocks may
accumulate large volumes of water, leading to extensive seasonal hydrologic loading and, consequently, a
significant role in vertical crustal displacement.

2. Study Area

The Amazon Basin (Figure 1) occupies an area of 6,110,000 km* between the Andes and the Equatorial
Atlantic. It extends through Brazil (63%), Peru (17%), Bolivia (11%), Colombia (5,8%), Ecuador (2,2%), Ven-
ezuela (0,7%), and Guyana (0,2%) (ANA, 2017).

According to Fisch et al. (1998), the determining factors for the Amazonian climate are the availability of
solar energy, through the energy balance, and the meteorological interactions resulting from the precipi-
tation regime and the cloudiness. The mean air temperature varies between 24° and 26° according to the
Climatological Norms of 1961-1990 (INMET, 1992). In the southern part of the basin, the rainy season
extends from November to March and the dry season from May to September (Nobre et al., 2009). In the
northern part, however, the rainy season extends from May to October and the dry season from December
to February (Nobre et al., 2009). In the northwest portion of the basin's wetter region, there is an increase
in precipitation (March to May) associated with the rise of water vapor convergence; this decreases in the
southeast direction (Espinoza et al., 2009a).

The Amazon sedimentary basin is located in the northern part of the South American Plate. The Andes
and the Brazilian Shield limit the western and southern parts of the basin, respectively, while the Equa-
torial Atlantic margin and the Guiana Shield limit its eastern and northern regions, respectively (Almei-
da, 1978). The basin has two main axes along which various subbasins occur (Figure 1; Caputo, 2014;
Milani & Thomaz Filho, 2000). The N-S subbasins border the Andes and include the Beni, Madre de Dios,
Ucayali, Huallaga, Santiago, and Putumayo Orient Maranon subbasins. The E-W basins include the Acre,
Solimdes, and Amazonas subbasins, which are separated from each other by tectonic structures called
arches (e.g., Iquitos, Purus, Monte Alegre, Gurup4). For instance, the Iquitos Arch separates the Acre basin
(area 40,000 km?, depth 6,000 m (Caputo, 2014)) and the Solimées basin. The Solimées basin has thick sills
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Figure 1. Geology of the Amazon Basin (modified from Schobbenhaus & Bellizia, 2001), tectonic provinces (Schenk et al., 1999), Purus High limits (Munis,
2009) and Fitzcarrald, Iquitos, Purus, Monte Alegre, and Gurupa Arches.

of diabase in the Juru4 area that overloads and may cause isostatic depression in the upper crust (Caputo &
Soares, 2016). The intrusions may also have led to the formation of the Carauari Arch to the west (Caputo
& Soares, 2016). These arches formed two subbasins in the Pennsylvanian (Milani & Thomaz Filho, 2000):
Jandiatuba to the west with up to 3,500 m of sediments, and Jurua to the east with up to 3,800 m of sedi-
ments (ANA, 2015).

The Purus Arch limits the Solimdes and Amazonas basins (Figure 1). This arch is the result of the pressure
that reversed the Cachimbo Graben (Mesoproterozoic) (Caputo & Soares, 2016). In the Carboniferous, sed-
iments covered both sides of Purus Arch, when both the Solimdes and Amazonas basins received the same
kind of sediments (Caputo & Silva, 1991). The Amazonas Basin covers an area of 500,000 km? in which the
maximum sedimentary thickness reaches 5,000 m (Milani & Thomaz Filho, 2000). Dikes and thick sills
intrude the sedimentary rocks on the eastern side of the basin (ANA, 2015). The Gurupa Arch limits its
western border, which is the east side of the Marajo rift. This last subbasin extends for 53,000 km” and has
maximum sedimentary thickness above 16,000 m (Zalan & Matsuda, 2007). Available studies indicate that
this basin is an aulacogen (aborted rift) covered by a sag-type basin (Zalan & Matsuda, 2007).
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Figure 2. Soil map of the study area provided by the International Soil Reference and Information Centre (ISRIC) and distribution of the rivers provided by

Geonetwork/FAO.

The basins of Solimdes, Amazonas and Marajo have as substrate pre-Cambrian rocks represented by the
Amazonian Craton (Almeida, 1978), subdivided into the Guyana Shield to the north and the Brazilian
Shield to the south.

Figure 2 shows a soil map of the region. In the study area, acrisols, ferrasols, plinthosols, podzols, gleysols,
cambisols, leptosols, and regosols predominate. The gleysols occur near to the drainage areas, while cam-
bisols and acrisols are more frequent in the Solimdes Basin. In the Amazonas Basin, there are acrisols,
plinthosols, and ferrasols. In the Andean region, where igneous and metamorphic rocks prevail, the most
common soils are leptosols and regosols.

The Amazon River and its tributaries constitute the largest source of fresh water on land (Tourain
etal., 2018). The river basin releases approximately 209,000 m® s~ (20% of the global discharge) of fresh wa-
ter to the ocean (Marengo, 2005; Molinier et al., 1997). Figure 2 shows the main tributaries rivers provided
by Geonetwork/Food and Agriculture Organization (FAO). The major tributaries have their sources in the
Andes (Solimdes, Ica, Japura, and Madeira rivers), in the subAndean trough (Jurud and Purus rivers), in
the Guyana Shield (Negro and Trombetas rivers) or drain the Brazilian Shield (Tapajos and Xingt1) (Seyler
& Boaventura, 2003). According to Latrubesse et al. (2005, 2017), 20 of the 34 largest tropical rivers are Am-
azonian tributaries and four of the 10 largest rives in the world are in the Amazon Basin (the Amazonas,
Negro, Madeira, and Japura rivers).

3. Methodology

To study the relationships between displacement and deformation variations and effects related to the hy-
drologic loading system between 2015 and 2018, we use several data types. We use daily positioning data
from 35 GNSS stations (Figure 3), processed, and made available by the Nevada Geodetic Laboratory (NGL)
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Figure 3. Distribution of GNSS stations and relief variation from DEM/GTOPO30.

and Blewitt et al. (2018). The geology (Munis, 2009; Schenk et al., 1999; Schobbenhaus & Bellizia, 2001) is
shown in Figure 1. Soil type provided by ISRIC (Batjes, 2005; Dijkshoorn et al., 2005) is shown in Figure 2.
Soil moisture data, with 3 h sampling rate and 0.25° spatial resolution, is from the Global Land Data As-
similation System (GLDAS) NOAH and made available by National Aeronautics and Space Administration
(NASA)/Goddard Space Flight Center (GSFC). We also use a Digital Elevation Model (DEM) from the Glob-
al 30-Arc-Second Elevation (GTOPO30) data set (Smith & Sandwell, 1997) and take sediment thickness
at 1° spatial resolution from the Global Crustal Model—CRUST1.0 (Laske et al., 2013), provided by the
Institute of Geophysics and Planetary Physics (IGPP). Alter do Chao Aquifer limit provided by ANA (2016).
Total Water Storage (TWS) is estimated using daily GRACE solutions data (Kvas et al., 2019; Mayer-Glirr
et al., 2018) up to degree and order 40, provided by the Institute of Geodesy at Graz University of Technolo-
gy (ITSG). The hydrologic deformation model based on TWS data is computed using the routine by Chanard
et al. (2014). The hydrologic deformation model based on the Land Surface Discharge Model (LSDM) (Dill
& Dobslaw, 2013) is available from the German Research Centre for Geosciences (GFZ).

We present a high-resolution hydrologic loading model based on LSDM because GRACE, due to its limited
spatial resolution, can only sense a long-wavelength average of the load in narrow structures with high
loads, like at the main rivers in the Amazon Basin (Fu et al., 2013). The high-resolution model provides
more realistic results at stations near large rivers (Dill et al., 2018). Moreira et al. (2016) used this model in
the 18 stations in Amazon Basin and find that the hydrologic loading can affect the vertical displacement at
up to 10 cm in the center of Amazon Basin.

The time interval (2015-2018) used in this research considers the activity of a large number of GNSS sta-
tions in the region, as well as the availability of data from the GRACE mission.
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3.1. GNSS Positioning Data

The daily positioning data from 35 GNSS stations (Figure 3) were computed according to Blewitt et al.
(2018), using the Precise Point Positioning (PPP) technique and the GIPSY/OASIS-II software, version 6.1.1,
developed by Jet Propulsion Laboratory (JPL). For a final solution, the coordinates were associated with the
1GS08 reference frame. The following parameters were applied to the data processing: orbits, clocks and
phase centers of the antennas made available by JPL, mapping function of the troposphere based on the
Global Mapping Function (GMF), model of correction of the first-order effect of the ionosphere from the
combinations of LC and PC, and correction of the impact of the Solid Earth tide, pole, and ocean tide load-
ing according to International Earth Rotation and Reference Systems Service (IERS) 2010 Convention. Also,
the surface displacement was computed in relation to the center of mass, and no corrections were applied
to atmospheric pressure and hydrologic loading.

This research uses only the daily vertical positioning (displacement) data (Ugyss)-

3.2. GLDAS Data

The GLDAS hydrologic model integrates satellite and surface data using land surface assimilation and mod-
eling techniques. Based on the model, we obtain the flows and states acting on the terrestrial surface (Rodell
et al., 2004). The GLDAS data have a spatial resolution of 0.25°, a 3-h sampling rate, and are composed of
36 parameters. We use soil moisture from 0 to 10 cm (SM1), from 10 to 40 cm (SM2), from 40 to 100 cm
(SM3), and from 100 to 200 cm (SM4). The soil moisture from 0 to 200 cm (SM) was calculated as the sum
of SM1 to SM4.

According to the Land Data Assimilation System (LDAS, 2018), the data has the following information. The
soil distribution is taken from the global database of Reynolds et al. (2000), which includes fractions of sand,
silt, clay, porosity, among others, as well as from a global database with more than 1,300 soil samples added
to the global FAO Soil Map, of the United Nations Educational, Scientific and Cultural Organization (UNE-
SCO). Database information of vegetation cover, developed using sensor data Moderate Resolution Imaging
Spectroradiometer (MODIS), with 30 arc-second of spatial resolution, is classified according to International
Geosphere-Biosphere Programme (IGBP). Elevation information is extracted from GTOPO30. Weather infor-
mation (temperature, pressure, humidity, and long-term radiation) are adjusted for the different elevations of
the model and additional information is obtained from products derived from various orbital sensors.

In order to analyze the relationship between different types of data in this research, soil moisture data
are resampled daily. This process was performed using least squares adjustment with a weighted moving
window.

3.3. Total Water Storage (TWS)

To compute TWS, we use the daily gravity field variation of GRACE data calculated by the difference be-
tween the coefficients of spherical harmonics (Equation 1). Also, we used a Gaussian filter with a radius of
300 km (Wabhr et al., 1998), aiming to obtain the hydrologic response related to the maximum resolution of
GRACE:

TWS(60,4) :p—;RQ g % % P (cos@)(Aanm sinmA + AS,, cos mﬂ.) (1)
n=0 n m=0

Perepresents the mean density of the Earth (5,540 kg/m3); R, is the radius of Earth; k', is the load love num-
bers; P,,, is computed by Legendre Functions; AC,,, and AS,,, are the spherical harmonics coefficients; &
and A are latitude and longitude; n and m are degree and order, respectively.

3.4. Hydrologic Deformation Model Based on TWS (Unrs,

After computing TWS, the hydrologic deformation modeling is performed according to the routine
provided by Chanard et al. (2014), aiming to calculate the elastic deformation of the Earth by the sur-
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face load (Equation 2). These authors use the formalism of classical approach (Farrell, 1972) and the
numerical method of Guo et al. (2004). They use Green's Functions computed for a spherical perfectly
elastic Earth model based on load Love numbers calculated for Preliminary Reference Earth Model
(PREM) (Dziewonski & Anderson, 1981). First, they consider a time-varying, distributed surface load
expressed in terms of seasonal equivalent water hy(l,t) with density (o), where t refers to time and [ to
the site located at the surface. The vertical displacement Uﬁ‘iﬁil(,-) (L,t) at a point L is obtained by con-
volving the load distribution over a surface S with the Green's functions G;(L) (Chanard et al., 2014;
Farrell, 1972):

U;?dsel(i)(L,t) = plhy(Lt)G, (L —1)dl @

Here, G, refers to the ith component of vertical displacement at point L and at the surface point load, a Dirac
function, at the origin.

The surface Green's function (Equation 2) (Chanard et al., 2014; Farrell, 1972; Kusche & Schrama, 2005) for
vertical displacement induced by a unit mass point is given by:

R "zw h,P, (cos¢) 3)

M¢ = 2
¢ n=0

R, and M, are the radius and the mass of Earth, respectively; #’, is the harmonic coefficient for vertical
displacement; P, (cos ¢) are the Legendre polynomials of nth degree; and ¢ is the angular distance between

force application point and observation point (Chanard et al., 2014).

3.5. Hydrologic Deformation Model Based on LSDM Water Mass Simulations (Uypoy

In general, to calculate a hydrologic deformation model, a large area around every station has to be taken into
account, since mass variation induces deformation fields of principally global extent (Dill & Dobslaw, 2013).
However, loading extremes along river channels are not resolvable by GRACE due their small-scale variabil-
ity (Dill et al., 2018; Dill & Dobslaw, 2013; Fu et al., 2013; Karegar et al., 2018).

Dill and Dobslaw (2013) provide the hydrologic loading due the terrestrial water storage given by hydrologic
model LSDM (Dill, 2008) on a 0.5° global regular grid with daily temporal resolution. Because locally strong
signals with exceptionally high amplitudes occur along the major river channels, they consider that only
high-resolution loading calculations of mass water anomalies stored along river can improve the modeled
amplitudes in the surrounding area (up to 100 km distance). In order to reconcile the river mass with its
location, they first model the river in the high-resolution 0.125° GIS-based river network and then they add
this model to the global grid of 0.5° (Dill et al., 2018).

According to Dill and Dobslaw (2013), the loading deformations are numerically integrated in the spatial
domain based on Green's function (Farrell, 1972; Kusche & Schrama, 2005). Thus, they generate globally
gridded deformations suitable for extracting deformation time series at arbitrary locations by interpolation
in space. They attempt to separate the calculation of the globally gridded deformation field into contribu-
tions from a 2.0° X 2.0° low-resolution far-field grid and a 0.125° x 0.125° high-resolution near-field grid,
thereby exploiting the very smooth behavior of the Green's Function weights for large spherical distances.
They map the low-resolution far-field effect to a higher resolution and substitute the high-resolution near-
field effect only for a limited distance of up to few degrees.

The LSDM (Dill, 2008) is based on the Hydrological Discharge Model and the Simplified Land Surface
Scheme (Hagemann & Diimenil, 1998). The LSDM includes the water in soil moisture, snow, ice, and
beyond as runoff and drainage; these are considered in the model river network as overland flow, base
flow, and river flow (Dill & Dobslaw, 2013). Thus, the model enables interaction between land surface
and river routing in both directions. Deep groundwater variations are not included in the LSDM (Dill &
Dobslaw, 2013).
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3.6. Vertical Displacement Variations due to the Seasonal Effect in the Amazon Basin

We analyze variations in vertical displacement, Ugnss, in time and space. The temporal analysis includes

detection of the delay time (Ar) using cross-correlation between the Ugyss time-series and the parameters

SM, TWS, Umdse, and Ubf,lgé\f . Estimation of the correlation coefficients (R values) between Ugyss and these

same parameters is performed after the A correction.

The spatial analysis includes comparison between the R values and the maximum amplitudes of SM and TWS

(ASM and ATWS) for each station, aiming to highlight the characteristics of the hydrological cycle associated

with the hydrologic loading. We also compare the maximum amplitudes of Ugnss, TWS, U&Y,Jdil and Uhi?g[

(AUgnss, ATWS, AU{,&SE, and AU]](,ESX ), to soil type, sediment thickness and geology, aiming to improve un-

derstanding of how Ugyss is associated with the storage and/or transportation of water mass in the study area.

4. Results

Figure 4 shows the cross-correlation between the Ugnss time-series and the parameters SM, TWS, U]\T,[‘stel and
U&iﬁé\l‘. Table 1 shows the estimated R values for each station and reveals that there are significant differenc-

es in Az and R for each station. We identify stations with better R values as those with R < —0.6 for SM, TWS

and R > 0.6 for U&?dsel and Uﬁi’igf and with worse R values as those with R > —0.6 for SM, TWS and R < 0.6

W :
for Ugvs | and Upoy in Table 1.

Among the 35 stations studied, 25 (71%) have R values between Ugyss and SM lower than —0.6. Three others
showed a positive correlation (LCUZ, TEN1, and RIOP). In terms of the relationship between Ugyss and
TWS, 30 (86%) have R values below —0.6 (Table 1). These same stations, have R values for the correlation
between Ugnss and Umdsel above 0.6. 28 stations (80%) have R values for the correlation between Ugyss and

LSDM
Upiogel Of 0.6 or above.

Figure 5 exhibits the time-series data of the stations with the best R values. A good correlation between
Ugnss and the parameters SM and TWS indicates a response of vertical displacement to mass changes relat-
ed to seasonal water storage. It is possible to observe distinct behavior at those stations with better correla-
tions. There is a Az between different parameters at the same station and at different stations for the same
parameter. This shows that the correlation between these variables at each station is not homogeneous and,
therefore, is dependent on the location.

The strong correlation between Ugnss and parameters related to seasonal water storage indicate that the
hydrological cycle has a vital role in the fluctuation of the vertical displacement. As shown in Figures 4 and
5, At varies with the hydrological cycle, suggesting that appropriate geological conditions to store water in
sediments are also essential to explain the fluctuations.

Figure 6 shows the results of the spatial analysis. R values between Ugyss and SM (from 0 to 200 cm) and
TWS are shown, as are geological features and relief.

As shown in Figure 6, ASM in the shallow parts of the soil displays narrower ranges, since these areas are
more controlled by heat effects and exchange of water with the atmosphere. In contrast, in the deeper soil,
there is larger contrast among the sites. Sedimentary areas display higher ASM values, while crystalline ter-
rains display much lower values. Furthermore, SM increases with depth in regions with sedimentary rocks,
but decreases with depth in areas with igneous and metamorphic rocks (e.g., Andes region, Guyana Shield,
Brazilian Shield, north and south of the Solim&es Basin).

ATWS in the Amazon Basin has a strong E-W gradient. It ranges from 118 mm on the western side of the
basin to 1,291 mm in the central-eastern side. The higher values (1,291 mm) occur in the Amazonas Basin,
and the eastern portion of the Solimdes Basin, near to Alter do Chao aquifer. Figure 6 and Table 1 show that
the R values of TWS are consistently higher than that of SM, indicating its stronger correlation with Ugyss.
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Figure 4. Cross-correlation between the time series of vertical displacement, Ugnss, and SM (a) (soil moisture from: 0
to 10 cm, 10 to 40 cm, 40 to 100 cm, 100 to 200 cm and 0 to 200 cm), TWS (b), Uy (¢), and Uy (). The red lines

show the range of A7 (maximum and minimum values) across all 35 stations.

To evaluate the relationship between Ugyss and storage and/or transportation of water mass, we compare the
maximum amplitude values of Ugyss (AUGNSS ) for each station with soil data (Figure 7), geology, maximum

amplitude values of U, ;ml and U, higg' (A Umasel and AU, D'f,'ggfl), sediment thickness, and ATWS (Figure 8).

Figure 7 shows spatial relationships between AUgyss and soil characteristics: clay content (Figure 7a), bulk
density (Figure 7b), soil class (Figure 7c) and drainage capacity (Figure 7d). There is no spatial correspond-
ence between this different soils information and AUgygs.

Figure 8a shows a stronger relationship between AUgyss and the geology of the station site. AUypnay (Fig-
ure 8b and 8c) is the vertical displacement resulting from the hydrologic deformation model based on TWS
calculated using GRACE data. This shows the influence of water at the surface and soil moisture at different
depths, down to the deepest aquifers (Dill et al., 2018). The highest values of AU;&Z coincide to the area
of the extensive floodplains, and geologically, to the depocenter of the Solimdes/Amazonas subbasins. On
the other hand, vertical displacement from the high-resolution LSDM model (AU@EX ; Figure 8d and 8e),
shows the influence of soil moisture, shallow groundwater and surface water (rivers, lakes, wetlands; Zhang
et al., 2017). This shows the important local contribution of the main river channels, due to their high mag-
nitudes of hydrologic loading.
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Table 1
Correlation Coefficients, R, Between Time Series of Ugnss and SM, TWS, Uﬂ:‘,’,}gg, and U, ,ﬁff}ﬁ,‘
Station | SM1 | SM2 | SM3 | SM4 | SMT | TWS | ULYs,, |ULPH
AMCO | -0,71| -0,72| -0,74| -0,74| -0,76| -0,89| 0,89 0,82
AMHA | -0.84| -0,86| -0.87| -0.84| -0,86| -0,93| 0,92 0,88
AMPR | -0,79| -0,80| -0,80| -0,70| -0,77| -0,96| 0,96 0,94
AMTA | -0,70| -0,74| -0,77| -0,78| -0,78 | -0,82| 0,81 0,87
AMTE | -0,75] -0,78| -0,81| -0,82| -0,83| -0,95| 0,94 0,90
AMUA | -0,83| -0,87| -0,89| -0,90| -0,91| -0,95| 0,95 0,95
APL) | -0,69| -0,72| -0,70| -0,63| -0,68| -0,85| 0,84 0,79
BOAV | -0,70| -0,74| -0,76| -0,73| -0,76 | -0.82| 0,82 0,82
COAM | -0,69| -0,72| -0,73| -0,75| -0,75| -0,96| 0,96 0,91
1QUI -0,57] -0,59| -0,61| -0,61| -0,62| -0,85| 0,83 0,80
ITAM | -0,77] -0,78| -0.81| -0,76| -0,79| -0,97| 0,96 0,91
MAPA | -0,66| -0,65| -0,65| -0,57| -0,62| -0,68| 0,70 0,68
MTCO | -0,80| -0,82| -0,83| -0,79| -0,83| -0,88| 0,89 0,88
MTJI | -0,80| -0,81| -0,82| -0,74| -0,82| -0.88| 0,88 0,87
MTSR | -0,80| -0,82| -0,83| -0,73| -0,82| -0,85| 0,86 0,79
MTVB | -0,69| -0,71| -0,68| -0,72| -0,69| -0,75| 0,76 0,73
PAAT | -0,76| -0,80| -0.84| -0,77| -0,82| -0,87| 0,86 0,80
PAIT | -0,67| -0,68| -0,61| -0,43| -0,54| -0,92| 0,92 0,88
PASM | -0,59| -0,60| -0,60| -0,64| -0,63| -0,91| 0,90 | 0,86
POVE | -0,79| -0,81| -0,82| -0,81| -0,82| -0.91 0,91 0,88
RIOB | -0,73| -0,76| -0,76| -0,72| -0,74| -0,79| 0,82 0,76
ROCD | -0,75| -0,78| -0,78| -0,75| 0,79 | -0,85| 0.86 | 0.82
ROGM | -0,73| -0,76 | -0,81| -0,78| -0,79| -0,84| 0,83 0,80
ROIJI -0,79| -0,81| -0,79| -0,65| -0,79| -0,86| 0,87 0,84
AMBC | -0,49| -0,50| -0,49| -0,47| -0,48| -0,84| 0,82 0,84
AMMU | -049]| -0,55| -0,63| -0,47| -0,57| -0,95| 0,96 0,92
ASEC | -0,37| -0,39| -041| -0,44| -043| -0,61| 0,65 0,38
CONE | 0,28 -0,30| -0,32| -0,33| -0,33| -0,46| 0,55 0,01
CRUZ | -029| -0,29| -0,25| -0,10| -0,17| -0,67| 0,68 0,58
MTCN | -057| -0,52| -0,43| -031| -043| -0,74| 0,77 0,64
SAGA | -040| -044| -0,51| -0,53| -0,53| -0,75| 0.73 0,68
SCRI | -036| -0,40| -0,40| -0,29| -0,35| -0,54| 0,58 0,39
LCUZ | -0,08| -0,05| 0,00| 0,17| 0,05| -0,30| 0,37 0,19
RIOP 0,63| 0,67| 0,74| 0,73| 0,73| -0,31 0,35 -0,12
TENI 045| 049| 0,51| 0,50| 0,50| -0,43 0,47 0,24
Note: SM1 represents soil moisture from 0 to 10 cm, SM2 soil moisture from 10 to 40 cm, SM3 soil
moisture from 40 to 100 cm, SM4 soil moisture from 100 to 200 cm, and SMT soil moisture from 0 to 200 cm.
Dark grey shading shows better correlations with R < —0.6 for SM, TWS and R > 0.6 for Up"s,, and
ULSPM . Light grey shading shows worse correlations with R > —0.6 for SM, TWS and R < 0.6 for Up¥s,,
and ULSBM  White shading shows positive correlations for SM, which are not expected.
The AU{,&SE, varies from 0.009 m to 0.047 m (Figure 8b; Table 2). Figure 8b shows that the highest AUmSel
values are located in the Solimdes/Amazonas subbasin, where the thickest sediments in Eastern Ama-
zon occur. The following stations have the highest values: AMUA (0.047 m), COAM (0.046 m), and ITAM
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33



I ¥eld

Bebied Journal of Geophysical Research: Solid Earth 10.1029/2020JB020691
(a)o i Vertical Displacement ] (F) - Soil Moisture (0 - 10 cm)
E T £
=
-0.05| . | | | ]
(b) - )
400 ISOIl M0|§ture (0 |200 cm)l (g)

< 200
£
2 ofs

(kg/m?)

(kg/m?)

Hydrologic Deformation Model

-100 :

(d) based on TWS (i)
0.02f . \ 200F
—_ ; NE
E o 5 0
=
-0.02¢ : : , i i | , | .
(e) Hydrologic Deformation Model 20155 2016 20165 2017
0.05 based on LSDM Time (Years)
£
-0.05 1

20155 2016  2016.5 2017

Figure 5. Time series of data from the
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stations with better R values, lower than —0.6 for SM (b, f, g, h, i) and TWS (c), and higher than 0.6 for Ug,[mil (d)and

(0.046 m). Here, the Ica and Alter do Chéo aquifers have larger seasonal amplitudes of groundwater storage
(>450 mm) (Frappart et al., 2019). On the other hand, in the Andes mountainous regions (Figures 3 and
8b), the smallest values of AU,},}mse, occur.

Considering the ratio between AUy and AUgyss, We observe that the results of AUnpa, account for 18%-

66 % of the vertical displacement given by AUgyss (Figure 8c; Table 2). In these results, eight stations (22%)
have a contribution between 66% and 51%, 20 stations (57%) have a contribution between 50% and 36%,
seven stations (20%) have a contribution between 35% and 18%. In the sedimentary basin, which has higher
ATWS values (Figure 8c), AU, ;‘3{,531 may account for only 18%-32% of the AUgygs. We analyze this further in
the Discussion. The following stations have the highest values: AMCO (66%), AMBC (60%), and ROJI (59%).
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Figure 7. AUgyss and soil information: clay content (a); bulk density (b); types of soils (c); drainage capacity (d).

AULM Varies from 0.01 m to 0.104 m (Figure 8d; Table 2). Figure 8c shows that the highest AUypoy values

are located in stations near to the main river channel, which receives the water of the rivers of the entire
basin by tributary channels. This can be explained by a water flux in basins from upstream to downstream,
as water flows from the hills, into the headwater, to the valleys, into the floodplains, until finally reaching
the ocean. The following stations, listed in downstream direction, are near encounters between the main
tributaries of the Amazonas River and see the highest values: AMTE in Tefé, near of the encounter of the
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Figure 8. (a) Geology of the Amazon Basin (modified of Schobbenhaus & Bellizia, 2001), tectonic provinces (Schenk et al., 1999), and AUgyss. (b) Sediment

thickness (Laske et al., 2013) and AU&S‘,J. (c) the ratio between AU, mﬁsel and AUgyss. (d) Digital elevation model (DEM/GTOPO30), localization of stations,

distribution of the rivers (Geonetwork/FAO) and AUxnon. (€) the ratio between AUspoy and AUgyss-
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Table 2

The Maximum Amplitudes of Ugyss, U;,‘de, and UAL,}SUZZ (AUgnss AU,\ml and AU]\]Z?‘?X) and the ratios ofAUg,[msel o AUgnss and ofAUﬁigi‘{' to AUgnss

. AU, AUTWS AULSDM AUTWS
Station | Ty |y | my | ha)
AMUA 0,112 0,048 0,099 42,67
COAM 0,105 0,047 0,060 4473
ITAM 0,103 0,047 0,104 45,33
AMPR 0,093 0,044 0,086 47,66
AMMU 0,090 0,046 0,056 50,64
AMTE 0,087 0,043 0,078 48,73
1QUI 0,084 0,020 0,042 23,43
AMTA 0,084 0,027 0,052 32,54
AMHA 0,080 0,041 0,054 50,79
PASM 0,080 0,040 0,093 50,22
POVE 0,071 0,037 0,052 51,98
PAIT 0,071 0,042 0,059 58,71
PAAT 0,071 0,034 0,056 47,68
SAGA 0,068 0,029 0,033 42,23 48,30
MTCO 0,067 0,031 0,040 46,05 60,17
RIOB 0,066 0,028 0,037 43,13 56,00
AMBC 0,065 0,039 0,030 60,54 46,45
ROCD 0,065 0,028 0,034 43,62
ROGM 0,064 0,031 0,045 47,75
BOAV 0,063 0,027 0,030 42,07
AMCO 0,063 0,042 0,046 66,05
MTSR 0,062 0,029 0,039 47,19
MTCN 0,059 0,026 0,040 45,12
MTVB 0,058 0,024 0,026 41,60
APLJ 0,056 0,033 0,059 58,98
ROIJI 0,055 0,033 0,038 59,80
MTII 0,054 0,031 0,038 57,24
RIOP 0,051 0,009 0,018 18,72
MAPA 0,048 0,027 0,055 56,60
LCUZ 0,047 0,015 0,021 32,06 43,69
TEN1 0,046 0,011 0,019 22,71 40,56
CONE 0,046 0,009 0,017 20,48 37,29
ASEC 0,045 0,010 0,017 21,58 37,88
CRUZ 0,045 0,021 0,028 47,77 63,56
SCR1 0,038 0,016 0,022 41,75 YT

Note: Stations are in order from the highest to lowest value of AU yss. Shading from dark to light blue is
according to the following ratios: above 87%; 86% to 67%, 66% to 51%, 50% to 36% and 35% to 18%.
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Tefé and Solimdes rivers; AMUA in Manaus, about 4 km from the Negro River and 14 km from the encoun-
ter of the Solimdes and Negro rivers (note: after this encounter, it is called the Amazonas River); ITAM in
Itacoatiara, about 40 km from the encounter of the Madeira and Amazonas rivers; and PASM in Santarém,
about 3 km from the encounter of the Tapajés and Amazonas rivers. The highest values of AU{;&?:{I are at
the following stations: ITAM (0.104 m), AMUA (0.099 m), PASM (0.093 m), AMPR (0.086 m), and AMTE

(0.077 m).

In general, the vertical displacement increases from the Andes to the sedimentary Amazonas Basin. Stations
at the eastern border of the Amazonas Basin (APLJ and MAPA) have lower values of AUI\LﬁEX compared
to stations near river encounters in the sedimentary Amazonas Basin. These stations are in the Marajé
rift (limited by the Gurupa Arch) and their lower values may be related to the distribution of the water in
estuary and delta channels before it flows to the ocean.

Considering the ratio between AUproy and AUgygs (Figure 8e; Table 2), we observe that the results of

AU account for 36%-116% of AUgyss. AUnmnny captures above 87% of AUgyss at seven stations (20%).
Nine stations (25%) contribute 67%-86%, and another nine stations (25%) have a contribution 51%—66%,
and 10 stations (28%) contribute 36%-50%. Three stations exceed AUgyss and produce rations over 100%:
PASM (116%), MAPA (115%), APLJ (106%), and ITAM (101%). According to Dill and Dobslaw (2013), over-
estimates in the water storage variations in the LSDM may be related to the large precipitation rates in the
ECMWEF forcing data.

The ratio between AU, ;ﬁ‘gg‘,‘ and AUgyss show the highest contribution is at the AMTE station, at the west-

ern border of the Purus Arch, and after the Purus Arch, at stations between the main rivers encounter in the
sedimentary Amazonas basin and estuary-delta channels before the water discharges into the ocean. The
following stations have the highest values: PASM (116%), MAPA (115%), APLJ (106%), ITAM (101%), AMPR
(92%), AMTE (88%), and AMUA (88%).

Considering the results of Figure 8 and Table 2, it is possible to observe that AUgygs increases from the cra-
tonic area toward the sedimentary basins (Figure 8a). Moreover, in the sedimentary basin, AUgygs increases
from regions with thinner to thicker sedimentary pile (Figure 8a and 8b). Figures 3 and 8a also indicate
that AUgyss increases from the Andes to the Amazon lowland areas. Within the lowland areas, AUgyss in-
creases from regions with thin or no sedimentary cover to regions with a thick accumulation of sediments.

A few stations in sedimentary rocks (e.g., CRUZ and AMCO) display very low AUgyss (Figures 3 and 8a).
We argue that these areas have rocks with low porosity and permeability below the groundwater flow re-
gion. Therefore, these rocks' physical properties affect the state of the stress by increasing resistance to
deformation and displacement caused by the hydrologic loading.

The presence of crystalline rocks may explain the smaller AUgyss values observed at some of the stations.

For instance, the CRUZ station (Figures 3, 8a, 8b, and 8d), placed in the north of the Acre Basin and near

the Fitzcarrald Arch, shows less displacement than expected, when AU, ;mil, A Uﬁﬁ,‘j@‘,‘ ~and AUgygs there are

compared to other stations in the same region. Compared to other sites of the Amazon Basin, this area has
a thinner layer of young sedimentary rocks because of the proximity of the Fitzcarrald Arch, which repre-
sents a topographic high related to the subduction of the Nazca ridge (Espurt et al., 2010).

The AMCO station, near the Tefé River and Purus High western border (Figures 3, 8a, 8b, and 8d), also has a
low displacement amplitude. Here, the low amplitude may also be related to the presence of deep intrusive
igneous rocks, identified in the region by Munis (2009). Nearby stations with similar values of AUmsel and
AUI\L,E,ES{I display higher amplitudes of AUgyss, since they are not in the presence of these intrusive rocks.
The AMTE station, near to AMCO station, lies in the Purus High western border, above these intrusive igne-
ous rocks, and near to the Tefé River (Figures 3, 8a, 8b, and 8d). This station has 0.087 m of AUgyss, 0.043 m

of AUI\TAmSel and 0.078 m of AU{;SEX . On other hand, COAM, near to the AMTE station, displays a higher

value of AUgyss (0.105, 0.018 m higher than AMTE), even though it has a similar value of AU]’{,[?dsel (0.047 m,

only 0.004 m higher than AMTE) and a lower value of AU@EX (0.060, 0.018 m lower than AMTE). While

the AMTE station is affected by the presence of igneous rock, resulting in low values of AUgygs, COAM
does not have these features and exhibits higher AUgyss, even though it has a lower value of AU;;,&EQ{I . We

analyze this further in the Discussion.
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The same behavior can be observed in the stations on the Brazilian Shield, ROJI and MTJI, which achieve,

respectively, 0.055 and 0.054 m of AUgyss, 0.033 and 0.031 m of AU,&‘;GSCL and 0.038 and 0.38 m of AUhigi\f.

Comparing both stations with ROCD, which lies on a different type of rock, we find similar values of AUTWS

Model
(0.028 m) and AUypo (0.034 m), but a higher value of AUgyss (0.065 m).

5. Discussion

A previous study by Argus et al. (2017) defined two different response with vertical displacement associated
to change in hydrologic loading. They find an ascent in the vertical displacement is caused by the porous
response, when water fills the pores between the silt, sand and gravel, and rises to the surface. This porous
response is the opposite of an elastic response to hydrologic loading. An elastic response is the decrease in
vertical displacement due to an increase in water mass. While the GPS sites reach their maximum height
at the end of summer due to the elastic response, the maximum height of GPS at aquifers sites is at the end
of fall due to the porous response. Argus et al. (2017) postulate that at the top of aquifers there is an elastic
response, but it is, in most places, 10 to 100 times smaller than the porous response. Argus et al. (2017) find
that 10% of the stations display a porous response.

One of the biggest Brazilian aquifers in the Amazon Basin is called Alter do Chao. The Alter do Chao ag-
uifer lies in the Amazon Sedimentary Basin in north-central Para and eastern Amazonas states, occupying
312.574 km® (ANA, 2005). However, we observe only inverse correlations (negative R values) between ver-
tical displacement and TWS in this analysis, suggesting that all stations have an elastic response. That is,
lower values of vertical displacement are associated with higher values of TWS.

The strong correlation between Ugyss and parameters related to seasonal water storage (Table 1) indicate
that the hydrological cycle has a vital role in the fluctuation of the vertical displacement. Moreover, the ana-
lyzed data for each station is not homogeneous and, therefore, is dependent on the location (Figure 5). This
suggests that it is associated with the behavior of the Amazonian hydrological cycle. In addition, as shown
in Figures 4 and 5, Az varies with the hydrological cycle, suggesting that appropriate geological conditions
to store water in sediments are also essential to explain the fluctuations. In this regard, we argue that Ugyss
is strongly related to geology, and particularly to the thickness of sediments in the Amazon Basin. Accord-
ing to Miguez-Macho and Fan (2012a, 2012b), At may be associated with the water column variation cycle,
which is responsible for feeding the drought period and maintaining the temperature balance.

Figure 6 shows that ASM increases with depth in regions with sedimentary rocks, but decreases with depth
in areas with igneous and metamorphic rocks (e.g., Andes region, Guyana Shield, Brazilian Shield, north
and south of the Solimdes Basin). Furthermore, ATWS in the Amazon Basin has a strong E-W gradient. The
higher values (1,291 mm) occur in the Amazonas Basin and the eastern portion of the Solimdes Basin, near
the Alter do Chao aquifer.

The variations in SM and TWS data in the Amazon region (Figure 6) resemble groundwater behavior de-
scribed by Miguez-Macho and Fan (2012a, 2012b). These authors suggest that groundwater is controlled
by topography and depth of the water column. According to them, in elevated regions, the water column is
deeper and probably associated with higher drainage capacity. In the transition areas between valley and
plateau, the water column is shallower and more accessible to plant roots, minimizing drainage capacity. In
the extensive floodplains and in river valleys, which occupy a large part of the Amazon region (20%-40%),
water column is even shallower, and drainage capacity is even lower (Miguez-Macho & Fan, 2012a, 2012b).
In these areas, SM and evapotranspiration are higher.

The lowest values (18%-32%) of the ratio between AUypay and AUgyss are observed in the area with the

highest ATWS values. Since the main rivers of Amazon Basin in this area lie, the contribution from AU,T,[‘:E[
is underestimated, in accordance of studies of Fu et al. (2013) and Dill and Dobslaw (2013). In narrow
structures with highest load, GRACE can only sense a long-wavelength average of the load (Dill & Dob-
slaw, 2013; Fu et al., 2013). This effect produces a broader but lower amplitude vertical deformation field
(Fu et al., 2013), and, in some cases, leads to only a third of deformation amplitude (Dill & Dobslaw, 2013).
Thus, since AUgygs is sensitive to short-wavelength loading changes from local effects (Dill et al., 2018)
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and AUml underestimates local features because of the limited spatial resolution from GRACE, the ratio
between AU;\[,IY,%SSI and AUgygs is lower than is realistic.

According to Dill et al. (2018), it is very difficult to separate the water store in the rivers from the total
GRACE observations, which include water at the surface and soil moisture to different depths, down to
the deepest aquifers. Thus, the hybrid method taking model hydrographs, TWS and a high-resolution river
map into account together might to improve correlation between observed and modeled hydrology-induced
crustal displacements (Dill et al., 2018). Karegar et al. (2018) invoke a hybrid method, using GRACE data
with a limited resolution for the far-field and a hydrologic model with more detailed spatial resolution for
the near-field. They find that this hybrid approach improves fits to GPS measured vertical displacement
by 25% and 35% on average, relative to Grace-only or high-resolution only hydrologic model. These results
show the importance of using a hybrid method.

Considering a uniaxial state of vertical stress in the earth, the relationship between stress, strain and dis-
placement depends on the modulus of elasticity E (Young's modulus) (Fitts, 2015). The lower E values of
sedimentary rocks (between 0.1 and 0.6 X 10" Pa) implies that crystalline terrains (E values between 0.6
and 1.1 x 10" Pa) or regions with a thinner layer of sedimentary rocks would have a smaller displacement
compared to areas with thick sedimentary rock layers. Also, igneous or metamorphic rocks, either under-
neath or intruded into sedimentary rocks, would resist to deformation and vertical displacement induced
by hydrologic loading.

The influence of E can be observed in Figures 8a, 8b, and 8d in which AUgyss increases from the cratonic
area toward the sedimentary basin. Moreover, in the sedimentary basin, AUgyss increases from regions
with thinner to thicker sedimentary pile (Figures 8a and 8b). We argue that the high porosity of these
sedimentary rocks allows a large seasonal variation of groundwater storage and, consequently, of AUgyss
. Beyond that, the smaller values of E for terrigenous sedimentary rocks control their lower resistance to
deformation. Moreover, at some of the stations inside sedimentary basins, smaller AUgyss values are ob-
served. However, we find that these stations lie near crystalline rocks, which are underneath or intruded
into sedimentary rocks, or in places with a thinner sedimentary column. We argue that these areas have
rocks with low porosity and permeability below the groundwater flow region. Therefore, these rocks’ physi-
cal properties affect the state of the stress by increasing resistance to deformation and displacement induced
by the hydrologic loading.

6. Conclusions

In this research, the vertical displacement time series generated from 35 GNSS stations distributed through-
out the Amazon Basin are compared with regional geological, soil, relief and parameters of the physical
environment (sediment thickness, soil moisture, total water storage (TWS), and hydrologic deformation
models based on TWS and LSDM). We focus on the temporal and spatial relationships between displace-
ment and deformation variations and the effects related to the hydrologic loading system.

Analyzing the time series in vertical displacement and soil moisture from 0 m to 2 m in depth at all 35
stations, we find that soil moisture and the hydrological cycle vary spatially and have time delays (phase
differences) in relation to vertical displacement. Therefore, we suggest that the delay time is associated
with water column variation controlled by the Amazonian hydrological cycle. Thus, appropriate geological
conditions to store water in sediments are essential to explain the fluctuations. We argue that the vertical
displacement caused by hydrologic loading is strongly related to geology and, particularly, to the thickness
of sediments in the Amazon Basin.

After correcting for time delays between vertical displacement and soil moisture, TWS and the hydrologic
deformation models based on TWS and based on LSDM, the correlation coefficients are estimated for all
35 stations. Twenty five stations (71%) show a correlation between vertical displacement and soil moisture
variables below —0.6, and several stations (LCUZ, TEN1, and RIOP) show a positive correlation. On the
other hand, 30 stations (86%) showed a correlation between vertical displacement and total water storage
below —0.6, and none of the stations show a positive correlation. Since only inverse correlations are found,
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including in the aquifer regions, such as the large Alter do Chao aquifer, we conclude that all stations show
an elastic response caused by hydrologic loading. These same stations, which have a good correlation be-

tween Ugnss and TWS, have the correlation R values between Ugygs and U, ;‘fdil above 0.6 (86%). The correla-

tion between Ugyss and U]I\‘,[i]gg resulted in 28 stations (80%) with R values above 0.6.

In the spatial analysis of soil moisture at different levels, we observe that the shallower layers of soil repre-
sent maximum variations of amplitude that are more homogeneous, probably because the shallower layers
are more affected by the exchange of heat and matter with the atmosphere. On the other hand, in deeper
soil, there is a larger contrast between sites. Sedimentary areas display higher ASM values, while crystalline
terrains display much lower values. Furthermore, SM increases with depth in regions with sedimentary
rocks, but decreases with depth in areas with igneous and metamorphic rocks (e.g., Andes region, Guyana
Shield, Brazilian Shield, north and south of the Solimdes Basin).

Analyzing the vertical displacement with the information of soil, geology and topography, we find that the
vertical displacement associated with the hydrologic loading is influenced by the geology and topography,
since there is a gradient from west to east, in which the largest amplitude of vertical displacement occurs to-
ward the sedimentary basins and the plains. In the sedimentary basins, there are stations where the vertical
displacement is smaller than expected, and this may be associated with the thinning and/or compaction of
the sedimentary rock layer and/or the presence of intrusive igneous or metamorphic rocks.

We observe that the regional results from the hydrologic deformation model based on TWS represent 18%—
66% of the amplitude of vertical displacement variation, AUgygs. In the region of the maximum ampli-
tude variation of TWS (ATWS), the sedimentary basin of the eastern Alter do Chao aquifer, the difference
between the results from the hydrologic deformation model and the local vertical displacement is more
evident. Here, the results from the hydrologic deformation model represent just 18%-32% of the amplitude,
because the main rivers of Amazon Basin lie in this region. As a result, the contribution of AUn s, to the
AUgyss is underestimated. This is due the limited spatial resolution from GRACE, which is not sensitive
to short-wavelength loading caused by the narrow structures with high loads. Thus, it creates a long-wave-
length average of the load, which produces a broader but lower amplitude vertical deformation field, and,
in some cases, leading to deformation amplitudes much lower than observed.

We find that the results from a high resolution hydrologic deformation model based on LSDM account for
36%-116% of the amplitude of vertical displacement variation in the GNSS station. Maximum amplitude
variations lie in the stations near to the Amazon River and near the encounter between the main tributaries,
reinforcing the important contribution of the hydrologic loading from rivers. We further observe that the
amplitude of vertical displacement variation increases from the Andes to the sedimentary Amazonas Basin.
Stations a t the eastern border of Amazon Basin, limited by Gurupa Arch, have lower values in the maxi-
mum amplitude variation than do stations at river encounters in the sedimentary Amazonas Basin. This can
be due the distribution of the water in estuary and delta channels before it flows to the ocean.

Finally, we find that, in addition to the contribution of the surface water and groundwater to the vertical dis-
placement, the geology contributes to the amplitude variation of the displacements observed in the GNSS
stations.
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Abstract

The influence of groundwater on the hydrological cycle has been studied at large-
scale across the Amazon Basin, one of the largest freshwater reservoirs in the world.
Considering this Basin’s importance in the global hydrological cycle, local studies also are
critical. Here, we focus on the local hydrological cycle in Manaus, at the center of the
Amazon Basin. We observed the variability of local gravity, fluvial height, soil moisture,
precipitation, evapotranspiration and groundwater in the rainy (December-May) and dry
(June-November) seasons, during drought (2016) and flood (2017) years. In general, when
the first rains start, gravity, fluvial height and soil moisture are at minimum values. Soil
moisture is instantaneously influenced by the first precipitation. After the first rains, an
increase in gravity coincides with an increase in soil moisture. The soil becomes saturated
and the variation in soil moisture achieves maximum values, which are sustained until the
end of rainy season. Due the relationship of soil moisture with precipitation, the maximum
variation in gravity is delayed relative to these data by similar amounts, nearly 3 months in
2016 and 5 months in 2017. After soil saturation by infiltration, the groundwater starts to
be fed by percolation and the water table starts to rise. Thus, variation in local gravity
reflects mainly variations in groundwater level. After, the soil loses moisture (soil moisture
values decrease), while the gravity signal maintains high values, representing the sustained
behavior of the groundwater. 3D modeling shows that the Negro River height variation
does not influence the gravity signal. However, we observe high similarity between fluvial
behavior and the gravity signal. Thus, since the gravity signal represents mainly the
groundwater, this demonstrates a connection between groundwater variations and surface

water, such as rivers.

KEYWORDS: Microgravity, Groundwater Estimation, 3D Modeling, Hydrological
cycle, Negro River.
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4.1 Introduction

Studies of surface water and groundwater and their roles in the hydrological cycle
are performed in many parts of the world in different scales. At the regional scale, the
Gravity Recovery and Climate Experiment (GRACE) data is used in hydrological studies
(Tapley, 2004), since the time gravity variations obtained by differencing the GRACE
gravity fields provide information about changes in the distribution of mass within the
Earth and at its surface (Swenson et al., 2003). Thus, the total water storage (TWS)
provided by GRACE data is composed of water on vegetations surfaces, of groundwater,
snow, surface water in rivers, wetlands, natural lakes, man-made reservoirs (Guntner et
al., 2007). At the local scale, there are not many studies, but water balance studies in
Amazonian micro-scale basins have shown that a significant proportion of total discharge
is contributed by the groundwater system (Lesack, 1993; Tomassela et al., 2008). Thus,
according to Frappart et al. (2019), though surface water storage behavior is widely
described (Marengo et al., 2008-2011; Frappart et al, 2012), knowledge about
groundwater is lacking. Studies at the local scale can bring more information about the
behavior of the hydrological cycle and a better understanding of the connections between
different components of the water balance in the Amazon basin (Tomassela et al., 2008).

Gravity changes measured by high precision gravimeters can be used for to monitor
changes in water-land distribution in the vicinity of the station (Kazama et al., 2012; Van
Camp et al., 2017). Thus, gravity meters have been widely used for studies of hydrological
effects on the local scale such as groundwater, soil moisture, rainfall, or snow covering
(Hokkanen et al., 1994; Imanishi et al., 2006; Meurers, 2006; Van Camp et al., 2006;
Kroner et al., 2007; Neumeyer et al., 2008; Kang et al., 2011). Signals ranging from a few
thousands of nm/s? to less than 1 nm/s? reveal hydrogeological effects at spatial resolutions
of up to 1 km? (Van Camp et al., 2017). Continuous ground gravity measurements provide
valuable information to evaluate the water mass balance in the saturated and unsaturated
zone at the mesoscale (Llubes et al., 2004). However, it is a challenge to discriminate
between the gravitational effect of water storage change on the unsaturated zone and
aquifer (Van Camp et al., 2017).

Hokkanen et al. (1994) investigate the hydrological effects that influence the
gravity field at a local scale, analyzing the relationships between the time-varying gravity
data and the amount of water variation at the surface and in the subsurface after rains.

Meurers (2006) suggest that small rainfall events correspond to variations in gravity
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signals, which can be explained from the Newtonian effect of vertical mass redistribution
(vertical variation of density without change in mass pressure). Kroner et al. (2007) study
the effects of the hydrological cycle on the gravity signal, showing that the variation can be
from a few nm/s? to tens of nm/s?. Considering the Bouguer approximation, an infinite
horizontal layer of water that is 1 cm thick produces a gravity change of about 4.2 nm/s?
(Van Camp et al., 2017).

Despite these studies indicating the importance of local studies to understand the
hydrological cycle, few local studies have been performed in the Amazon Basin.
Considering the large international importance of the Amazon region, which represents one
of the largest freshwater reservoirs in the world and, according to Tapley (2004), which has
one of the largest hydrological cycles on the planet, it is necessary to understand the
hydrological processes at the local level here.

We present a local study near the city of Manaus, at the center of the Amazon
Basin. To improve understanding of gravity variations and how these variations relate to
the hydrological cycle, local data from a relative gravity meter (gPhone) is compared to
data on fluvial height, soil moisture, precipitation, evapotranspiration, and groundwater
level. In addition, we model the influence of river height variation on gravity variation at

the gPhone station location and estimate the groundwater variation using the gravity data.

4.2 Materials and Methods

The city of Manaus, located in the Amazon Basin, is close to the junction of the
Negro River with the Solimdes River. After joining, the river is called the Amazon River.
Geologically, the city of Manaus is located on in the Cretaceous sedimentary formation
Alter do Chao, composed mainly of sandstone, claystone, and clayey sandstone (Faria et
al., 2004). The predominant soil types in the region are gleysols and ferrasols, with bulk
density varying from 1.02 g/cm? to 1.44 g/cm? (Batjes, 2005; Dijkshoorn et al., 2005).

In Manaus, the mean precipitation from 1986 to 2015 is 2339.3 mm/yr (D’avila
Junior and Vieira, 2019). Precipitation is highest between December and May (Fisch,
1990), with maximum values in March (Mascarenhas Junior et al., 2009), and lowest
between June and November (Fisch, 1990), with minimum values in August (Mascarenhas
Junior et al., 2009). According to Mascarenhas Junior et al. (2009), the extreme variation
in precipitation can be due to events at different scales: influence from the El Nifio

(droughts) and La Nina (floods); instability lines formed in the northeast of Para state and
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flow to Manaus; and, at the local scale, by the increase of waterproofed areas and
greenhouse gases.

According Tomassela et al. (2008), the annual behavior of groundwater shows a
maximum in July, before of the peak of dry season in August, and a minimum between
December and February. Thus, it is estimated that the aquifer beneath the plateau recharges
in 4 months (Tomassela et al., 2008). In Manaus, the Alter do Chao Aquifer System has an
average thickness of 200 m, a water table variation of 3.5 m and an average depth of 25 m
with main stream direction of NE to SW, in the direction of Negro River (Aguiar, 2012).
Based on water table measurements, physical-chemical parameters in-situ in wells, and
isotopic analyses of groundwater, Pita et al. (2018) find a partitioning of the aquifer to the
west of Manaus: one aquifer is present down to 130 m depth and another is present below
130 m. In the upper aquifer, the recharge is made by meteoric water, and the water is less
mineralized, while in the bottom aquifer, there are more mineralization due the residence
time of the water and interactions water-rock (Pita et al., 2018). However, more studies are
necessary for to bring more information about the depth and behavior of groundwater in
Manaus.

Aiming to improve the understanding of the relationship between local gravity and
the hydrological cycle and between the connections of different components of the
hydrological cycle, we compare variations in gravity, water table level, fluvial height, soil
moisture and precipitation. We estimate the groundwater variation (AGW and
AGWSOILGLDASY yi5ing the variation in gravity data (4g) at the station in Figure 4.1. Ag is
measured with a Micro-g LaCoste gPhone gravimeter operating at a 1 s sample rate for 646
days from January 26, 2016 to November 1, 2017. Water table level variation (4 WT) at the
Taruma well (#1300006065) (Figure 4.1) is from the Company of Research and Mineral
Resources (CPRM). Fluvial height data (4F) at a sample rate of 15 min at the fluvial
station #14990000 (Figure 4.1) is from the National Water Agency (ANA). Soil moisture
data (4SM““P*5) up to 2 m depth is available at a sampling rate of 3 hr (Rodell et al., 2004)
from the National Aeronautics and Space Administration/Goddard Space Flight Center.

Local precipitation in daily (APihiE") and monthly (AP™*T) resolution and monthly

evapotranspiration (4E™MET

is from the meteorological station of INMET (National
Institute of Meteorology). The Ag, AF, ASM“**S data have different time sampling rates.
Therefore, after acquired and/or processed, they all are converted to a 1-day sample rate
using a Least Squares Method (LSM) applied to a moving window, in order to minimize

the discrepancies in the resampled value estimation.
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The gravimeter evaluates the water mass distribution in some hundred meters
around the station (Van Camp et al., 2017), so it is necessary to keep in mind that all
variables could vary within the study area. The Taruma well (Figures 4.1 and 4.2) lies 2.5
km from the Negro river border and 4 km from the gravity station. The gravimeter and the
well are at similar topographic heights (81 m and 82 m for the well and gravity station,
respectively) and the entire city of Manaus lies in the same geological formation (Alter do
Chao). The fluvial station, at the Negro river border, lies 13 km from the gravity station.
Soil moisture from the hydrological model GLDAS has 0.25° of spatial resolution. The
INMET meteorological station lies 9 km from the gravity station, but this does not affect

the general analysis. .
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Figure 4.1 — (a) Location of the gravity station, Taruma well, and fluvial and
meteorological stations. The red square is the area used in the modeling of the
river influence at the gravity station. The blue square is the area used in (b) and
(c); (b) elevation and (c) the vegetation and urban zone around the gravity
station. The purple circle limits 200 meters around the gravity station.
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Figure 4.2 — Taruma well. Source: Adapted from CPRM.

4.2.1 Ag Processing

In processing the local variation in gravity data (4g), for the extraction of
information related to the hydrologic loading, we consider the corrections due to
atmospheric loading, pole movement, solid Earth tide, and oceanic loading. The
atmospheric loading correction considers the variations of external pressure recorded by
the gravimeter to determine a calibration factor that is applied to the time series (Spratt,
1982; Crossley et al., 1995; gMonitor User's Manual, 2012). The pole movement
correction considers parameters provided by the International Earth Rotation and
Reference Systems Service (IERS) and the formulation defined in the Absolute
Observations Data Processing Standards (1992), specified in International Absolute
Gravity Base station Network (IAGBN), which, according to Van Camp and Vauterin
(2005), considers the location of the gravimetric station and the position of the pole at the
time of observation. The corrections of earth tide and oceanic loading follow
recommendations and formulations presented in technical note no. 36 of the IERS. For
oceanic loading, we use parameters from the FES2004 model (Lyard et al., 2006), with
0.125° resolution. The correction of the nontidal oceanic loading was not considered in this
study since, according to Zhou (2008) and Kang et al. (2011), it has amplitudes lower than

10 nm/s2.
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We also correct the data for instrumental and natural (seismic event) effects. These
corrections involve the variation of instrument level, instrumental drift and effects on the
observed time series, such as steps caused by equipment interruption and spurious data
caused by abrupt variation of the observed value due to instrumental or natural effects. We
apply the Least Squares Method (LSM) to correct for the effect of steps and instrumental

drift, using the functional model presented in Eq. 4.1:

F(t)=a+bt+ ct? + Y-, dH(t) 4.1)

where: a representes the mean of the variation in values of the observed gravity
field, to reduce it to zero, bt + ct? represents the instrumental drift correction factor as a
function of time (t), and Y;{L, dH(t) is the factor associated with the step correction, where

H(x); represents the step function.

4.2.2 The river influence at the gravity station

Using a SG sensor, Meurers (2006) shows that, more than a few hundreds of meters
from the station, there is no significant contribution to the gravity field, since the gravity
damps by square of the distance. In addition, a variation in water height of 5 m in the
nearby river, which is farther than this distance away, causes a low amplitude variation of
less than 3 nm/s* (Meurers, 2006). Volgyesi and Toth (2004) model the gravity gradient
due water mass variation (5 m) in the Danube River and compare with measured changes
in two gravimeters, which the gravity gradients damps by cube of the distance.. They find
the gravitational change to be very sensitive to the actual distance of the station from the
river bank. Maximum gravity changes are exactly above the edge of water mass, and the
change decreases strongly as a function of distance from the water reservoir (Volgyesi and
Toth, 2004). In addition, Volgyesi and Toth (2004) find good agreement between
measured gravity variation and gravity variation modeled with Mod3D, interactive
software for 3D gravity and magnetic modeling (Cerovsky et al, 2004). Thus, considering
the high amount of water mass of the Negro River, we use Mod3D to calculate the Negro
River influence on the anomalous gravitational field at the gravity station. The Negro River
varies approximately 12 m in height and its width varies 3-9 km close to the station. The

station is located 7 km from the nearest edge of the Negro River.
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According to Van Camp et al. (2017), gravity changes measured at nm/s* are an
appropriate tool to estimate the groundwater balance when the gravity variation is caused
by a process homogeneously distributed in the vicinity of the station, thus, when the
problem can be simplified as a Bouguer Plate Effect (BPE). Thus, 90% of the BPE comes
from a volume represented by a cone with base radius equal to about 10 times its height
(Van Camp et al., 2017). This is mean that 90% of the BPE, when its center is vertical to
the gravimeter, can be related to the vertical component of the gravitational attraction of a

horizontal thin disc (Van Camp et al., 2017).

4.2.3 AGW Estimation

After correcting the local gravity data (4g), it is possible to estimate the
groundwater variation (AGW) as follows. Eq. 4.2 considers a Bouguer plate with
unsaturated and saturated zones, where Ag is the change in gravitational potential in pGal
and G is the Universal Gravitational Constant (6.673 x 10! m’kg's %). Taking the density
contrast between water and rock (Apyy ), and edges tending to infinity for a given thickness

(Ah) of the plate (Koth and Long, 2012), 4g is:
Ag = 2nGAp,Ah 4.2)
Now considering that the change in density (Apy,) occurs as a function of the water

storage variation (Carmichael and Henry Jr, 1977; Koth and Long, 2012; Saibi, 2018), it
can be calculated as the porosity (¢) multiplied by the water density (pyater):

Aprw = @Pwater (4.3)

Since we do not have a local measure to correct for the change in water in the
unsaturated zone, we first assume that this change is zero and that Ah is equal to AGW,

which is defined as (Koth and Long, 2012):

AGW = Ag/2nGpyater® (4.4)
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We use an effective porosity (¢) of 18%, defined for the aquifer Alter do Chao by
Aguiar (2012) and a water density of 1 g/cm?.

Since the gravity station detects the unsaturated plus groundwater variation, the
influence of unsaturated zone will result in an overestimation of AGW by this first method.
This may influence our estimated time delay between maximum AGW and other data.

LDAS a5 the unsaturated zone

Thus, we consider a second methodology, considering 4S.
and find AGWSOIL-GLDAS By this method, before calculating AGWSO!L-GLDAS by Eq. 4.4,
we assume a gravity influence from ASM““?*S of 4.2 nm/s? per cm (Van Camp et al., 2017)
and subtract this from 4g. By this method, there is the risk of not representing the real soil
moisture behavior in the area within a few hundred meters around the station, which

influences the signal.

4.2.4 Study of the hydrological cycle response in the observed data

After processing and resampling these data, we analyze the different components of
the hydrological cycle. Thus, to improve the analysis of signal correlation on time-series
data, we estimate the time delay difference values finding the maximum and minimum
values in a window separating the different seasons and years. In addition, we estimate the
correlation index between them performing a cross-correlation. To achieve the best result,
we normalize all series and interpreted the signals, aiming to bring more information about

the influence of each variable in the hydrological cycle.

4.3 Results

We used a 3D model to study the river influence at the gravity station (Figure 4.3f),
in order to be sure about the main contributors to the gravity signal variation (4g). The
results show the river influence at the gravity station of 9.9 nm/s* (Figure 4.3b-e).
However, considering that 90% of the Bouguer Plate Effect (BPE) is composed by the
vertical component, which is 0 (Figure 4.3a-c), we can confirm that the river is not
influencing signal of the gravity station, despite the magnitude of the water variation.
Beyond that, we can observe that, as concluded by Volgyesi and Toth (2004), the gravity
signal decreases strongly due the distance to the river bank. Here, the gravity influence was

more sensitive until around 2-3 km from river border (cyan color limits in Figure 4.3¢).
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Figure 4.3 — Results of the Negro River gravity influence due to water variation: a) Profile
of the modeled vertical gravity (Gz); b) Profile of the modeled total gravity
(GT); c¢) Digital Elevation Model and river height variation used in the model;
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Considering the variability of the rainy (December-May) and dry (June-November)
seasons in Figure 4.4 and Table 4.1, we observe that our study interval for 4g from January
26, 2016 to November 1, 2017 contains the maximum precipitation values from 2016 and
2017. In 2016, maxima in monthly precipitation occurred in April (303.9 mm) and
December (518 mm), near the start of 2017. Therefore, we consider the 2016 year starting
in the rainy season in December 2015 and finishing in November 2016, and the 2017 year

from December 2016 until November 2017. 4g data is available from January 26, 2016 to
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November 30, 2016 and we consider a 2017 data range from December 1, 2016 to
November 1, 2017.

In Brazil, the El Nino Southern Oscillation (ENSO) influence in 2015 and 2016 was
strong, according to the Oceanic Nino Index (INMET, 2016), which can reduce rainfall
during El Nino event (Marengo, 2004). The available monthly precipitation data from
INMET (4P™*7) for 2015 provides information about the precipitation behavior in year
preceding our study. From December, 2014 to November, 2015, the maximum
precipitation was in March (373.7 mm) and the total of precipitation was 1791.8 mm. As
was 2015, 2016 (December, 2015 to November, 2016) was a drought year, with a total
annual rainfall of 1916.3 mm. Maximum monthly precipitation in 2016 occurred in April
(303.9 mm), and the minimum occurred in August (49.8 mm). In contrast, 2017
(December/2016 to November/2017) was a flood year, with a total annual precipitation of
2655 mm. In this year, there is a higher amplitude variation and a temporal shift in the
maximum and minimum values of precipitation from 2016. The maximum occurred in
December, 2016 (518.8 mm), while the minimum occurred in August (20.1 mm).

E™ETy in 2016 occurred in November

Maximum monthly evapotranspiration (4
(191.2 mm), and the minimum occurred in August (60.6 mm). The total annual
evapotranspiration in 2016 (December, 2015 to November, 2016) was 1638.2 mm. In
2017, the same pattern occurred with the maximum values in November (176.7 mm) and
the minimum in August (34.3 mm). The total annual evapotranspiration in 2017
(December, 2016 to November, 2017) was 1660.8 mm.

In Figure 4.4, we present all data used in this research. Maximum variations in
2016 and 2017, respectively, are (Table 4.1): 297 and 375 nm/s* for 4g, 9.9 and 11.66 m
for AF, 26 and 33 cm for ASM“P*5) 1.13 and 3.89 m for AWT (there is a gap in the
maximum value interval in the 2016 year), 3.93 and 4.96 m for AGW, and 3.96 and 4.23 m

for A GWsOIL_GLDAS )
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Figure 4.4 — Terrestrial gravity (4g - cyan), fluvial height (4F - magenta), soil moisture
(ASM P~ yellow), water table variation (AWT - purple), groundwater
variation by gravity data (AGW - blue and AGWSOIL-GLDAS _ red) precipitation

(AP4ahy " and AP™*" - green) and evapotranspiration (4E™"*" — orange).

From Table 4.1, over the same time interval as the local gravimeter data recorded
with the gPhone, the observed delay between Ag and AF, ASMEEPAS , AWT, AGW,
AGWSOILGLDAS and APYIT quantifies how these variables are related in the hydrological
cycle. ASM®*P4S is influenced instantaneously by the first precipitation of the rainy season.
When ASM%?*5 achieves a maximum value, this represents soil saturation and this value is

LD4S signal in Figure

sustained until the end of rainy season (note the plateau in the A4S
4.4 and 4.5), when the rain starts to decrease. In 2016, soil saturation was sustained for 53
days (7 weeks) from March 21st to May, 13th. In 2017, soil saturation was sustained for

137 days (19 weeks) from December 28th to May 14th.
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LDAS

The first maximum in 4S. precedes the maximum in Ag by 83 days (11

weeks) in 2016 and 139 days (19 weeks) in 2017. Considering that ASM““?*S is related

PINMET

daily - the delay in Ag relative to 4 pINMET |

instantaneously to 4 daity 18 of similar length to the

delay in Ag relative to ASMEP* in both 2016 and 2017. These delays are approximately 3
months in 2016 and 5 months in 2017.

The estimated AGW in 2016, determined by our first method assuming zero change
in water in the unsaturated zone, is 3.93 m. AWT is 1.13 m. The apparently large difference
in these values is difficult to resolve, given the gap AWT data in 2016 (see Figure 4). The
difference between AGW (4.96 m) and AWT (3.89 m) is smaller in 2017, but AGW likely is
overestimated, due the way that the unsaturated zone is treated.

AGWSOILGLDAS a5qumes the correction of the unsaturated zone from ASMP4S
beyond of a gravity influence of 4.2 nm/s> per cm. In 2016, the estimated AGWS91L-GLDAS
(3.96 m) is similar to AGW (3.93 m), which shows that during the drought years, we can
consider the unsaturated zone as zero. As for AGW, the difference between AGWSOL-GLDAS
and AWT (1.13 m) is again difficult to resolve because of the gap in data. In 2017,
AGWSOILGLDAS (4 23 m) is much closer to AWT (3.89 m) than AGW (4.96 m), suggesting
that AGWSOIL-GLDAS method performs better than AGW mainly during the flood years.

Analyzing the delays between Ag and the estimated AGW and AGWSOIL-GLDAS ' yye
observe that there is no time delay between 4g and AGW, since it was estimated using
constants parameters directly beyond of 4g. On the other hand, we find the minimum of ~5
days of delay in Ag relative to AGWSOL-6LDAS 1 2016, and ~2 weeks in 2017. We cannot
determine the delays of AGW and AGWSOIL-GLDAS telative to AWT in 2016 due to the gap
in data. In 2017, AGW has a delay of ~1 month relative to AWT, while AGWSO1L-GLDAS hag
a delay of ~6 weeks relative to AWT. The maxima in 4g and AGW precede the maximum
in AF by the minimum of 2 days in 2016, and ~2 weeks in 2017. On the other hand,
AGW SOIL_GLDAS

and AF has a similar signal behavior with a short delay of ~3 days in both
2016 and 2017 years.
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Table 4.1 — Maximum and minimum variation amplitudes and dates for each variable in
2016 and 2017.
Variations Ag (nm/s?)  AF (m)  ASM®P*S(ecm)  AWT (m)  AGW (m) AGWSOIL-GLDAS

Max 113 27.19 85.2-85.6 -31.93 1.49 1.32-1.38

14-Junto 21-Mar to 17-Jun to
Date  12-Jun . oonte svarto 12-
Jote ate 00 13-May Jun 19-Jul
Min  -184 172 59.6 33.06 243 2.57
Date 27-Oct  13-Dec 27-Aug 18-Dec  27-Oct 18-Dec
Amp 297 9.9 26.0 1.13 3.93 3.96
Max 185 29 82.8-874 2855 244 225
28-Dec t
Date  16May 03-Jun l\‘j[‘;yo 13-Apr  16-May  31-May
0 Nfn 90 1734 542 3244 252 11.98
Date - 06-Oct 12-Sep 07-Dec - -
Amp 375 11.66 33.0 3.89 4.96 423

To determine how much these variables are related to one another, we perform a

cross correlation analysis using Ag as reference. With the exception of AP} "*"(29%) and

AWT (66%), the variables have a correlation coefficient (R) higher than 85%, at 96% for
AF and 86% for ASMP%,

Starting the hydrological cycle with precipitation, water will be distributed in the
forms of evapotranspiration, soil moisture, groundwater, and surface water. First,
analyzing the monthly precipitation and evapotranspiration, we can observe that the
evapotranspiration has the same pattern during drought (2016) and flood (2017) years
(Figure 4.4). The total annual evapotranspiration in 2016 was 1638.2 mm and in 2017 was
1660.8 mm. In addition, we can observe that during the rainy season, the
evapotranspiration is constant (observe the plateau in the signal of the Figure 4.4),
achieving approximately 145 mm per month, which represents 50% or more of the
precipitation (which it achieves different maximum values during the drought and flood
years — Figure 4.4). The total annual precipitation in 2016 was 1916.3 mm and in 2017 was
2655 mm.

In the rainy season, around the gravity station, the water of precipitation not
subtracted by the constant evapotranspiration will be distributed as soil moisture, and
groundwater. During the dry season the evapotranspiration represents approximately the
total or more of the precipitation. Thus, to obtain an understanding of the observed data

and its relation with the hydrological cycle, after data processing we normalize the
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amplitudes of each time series (Figure 4.5). From Figure 4.5, we interpret the behavior of
the hydrological cycle in rainy and dry season.

1.DA .
5 are at minimum values.

In general, when the first rains start, Ag, AF, and A4S
After the first rains, the increase in Ag coincides with an increase in ASM%?*°. The soil
moisture is instantaneously influenced by the starting of rainy season with the first
precipitation. The soil becomes saturated to the end of rainy season and we note that
ASMCP4S achieves a maximum value before Ag. The saturation was sustained for 53 days
in 2016 and 137 days in 2017. Due to the relationship of ASM"* with APNMET, their

maxima have similar delays relative to the maximum in 4g, preceding the maximum in 4g
by nearly 3 months in 2016 and 5 months in 2017.

After soil saturation by infiltration, the groundwater starts to be fed by percolation
rising the AWT and Ag tracks with AF and AGWSOIL-GLDAS Between soil moisture and the
groundwater, the groundwater comprises the majority of the water in the Alter do Chao
Aquifer under the gravity station used in this study. Thus, Ag reflects mainly changes in
the groundwater level. Before Ag, AF and AGWSOIL-GLDASteach their peaks, the soil loses

'LDAS

moisture (4S. values decrease). Ag values remain high, reflecting the sustained

groundwater levels.

AGWSOILGLDAS and AF, we can

Observing the similar behavior between Ag,
observe that there is a connection between the groundwater variation and surface water as

rivers. We analyze this alongside the previous results in the discussion section.
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Figure 4.5 — Normalized data and temporal analysis of 4g and AGW (cyan), AF (magenta),
ASMPP* (yellow), AWT (dark purple), AGWSOIL-GLDAS (red) pINMET

(green). Time delays can be observed. 4g and AGW have exactly the same
signal, since AGW was estimated using constants directly from of 4g.

4.4 Discussion

According to INMET (2016), in Brazil, the El Nino influence in 2015/2016 was
strong, the only years with stronger influences being 1997/1998 and 1982/1983. During the
summer and autumn of 2016, the El Nino influence waned and the temperature of the sea
surface in the Pacific Equatorial gradually decreased (INMET, 2016). This cooling
occurred mainly in May, due to negative surface temperatures in the Central Pacific
Equatorial. A neutral condition was sustained in June to December. In December 2017, the
monthly precipitation in Manaus was 512.8 mm, which is the highest accumulated rain
since December 1961 in the region and more than twice the climatological mean for the
same month (219.6 mm) (INMET, 2017). This is similar to the high value of December,
2016, which we identify as the beginning of the 2017 rainy season (see Section 4.3).

For the evapotranspiration, we need to highlight that the vicinity of meteorological
station is lied in the urban zone, while the gravity station is lied in the border of the urban
zone (Figure 1c). Thus, the local evapotranspiration around the gravity station can have
some different magnitude variation of the values considered in this work. Our analysis of

evapotranspiration in dry and rainy season is in agreement to Marengo (2005), which
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affirms that the ratio between evapotranspiration and precipitation of the dry season is
higher than for rainy season, and to Rocha et al. (2009), which concluded that the
evapotranspiration is constant during the rainy station, varying 2.8 to 3.6 mm/day, and, it
gradually increases during the drier station until 4 mm/day, being dominated by over
radiation and deficit in vapour pressure.

Maximum 4g in 2016 occurs in June, 2 months before the driest month (August)
and 2 months after the rainiest month (April). Minimum 4g occurs at the end of October, 1
month before the rainiest month (December) and 3 months after the driest month (August).
The maximum was achieved again only in May 2017, 5 months after the rainiest month
(December 2016) and 3 months before the driest month (August 2017). Thus, we estimate
an aquifer recharge period of nearby 2 months in 2016 and 5 months in 2017.

During drought years, the groundwater is responsible for sustaining the surface
waters, due the deficit in water storage in the surface water, as rivers, and in the soil. The
higher interval recharge in 2017 shows the hydrological system trying to retrieve the water
lost in the preceding drought years. Soil moisture observations suggest that drier rainy
seasons, which do not fully replenish the soil water profile, cause a ‘carry over’ of the soil
moisture deficit and reduced groundwater recharge in the subsequent wet season (Hodnett
et al., 1996).

Ag and AGW demonstrate similar behavior, as AGW was estimated using constants
parameters directly beyond of Ag. Since Ag is being influenced by the unsaturated zone
plus, as we find, by the groundwater, estimates of AGW are a result of these combined
processes and the delay of AGW is an approximation and not an exact determination of this
time delay. Since the maximum of unsaturated zone occurs before the maximum
groundwater variation, the combined gravity signal between them results in a shifted
signal, anticipating the result of delay from the estimated groundwater. The maximum of
the Ag, which reflects mainly the groundwater, precedes the maximum in AF and it is
shorter during drought years (as few days) than in flood years (~two weeks).

On the other hand, AGWSOIL-GLDAS " \which has the unsaturated zone correction,
achieves its maximum and minimum in the same period as AF and there is a similar
behavior between them. Thus, if modeling the river influence at a gravity station suggests
that the river is not influencing Ag, the similar behavior between AGWSOIL-GLPAS and AF
shows that they are instantaneously connected and influenced by the water variation. We
highlight that to correct the unsaturated zone from the gravity signal (limited to some

hundred meters of resolution around the gravimeter) using the GLDAS data (with 0.25°
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resolution) is not the most appropriate approach (Van Camp et al., 2017). However, we
decided to use the model, since the gravity station was not accompanied by local soil
moisture measurements, piezometers and meteorological data as suggested by many
authors (Meurers, 2006; Hinderer et al., 2007; Kazama et al., 2012; Van Camp et al.,
2017). We hope that this research could motivate more studies with more controlled
parameters that clarify and improve knowledge about groundwater behavior.

The shorter delay between maximum variations in groundwater and AF during
droughts is in agreement with the results of Pfeffer et al. (2014) who used satellite radar
altimetry data during droughts to find the groundwater level, considering the groundwater
connection with surface waters.

The delay and amplitude difference between AWT and groundwater estimation can
be related to the partitioning of the aquifer in different depths as mentioned by Pita et al.
(2018). To the west of Manaus, they suggest one aquifer until 130 m depth, with recharge
made mainly by meteoric water, and another below 130 m, with a higher residence time of
the water (Pita et al., 2018). Another possibility for the delay difference is the distance to
the gravity station and the proximity to the river of Taruma well.

With these results, we can now consider the local hydrological cycle at Manaus,
following the hydrological cycle stages for the Amazon Basin presented by Miguez-Macho
and Fan (2012a-b). There is exchange between the vadose zone and the water table in the
different periods (floods and droughts). With the first rains of the year, the unsaturated soil
begins to accumulate water rapidly, which influences 4g. As the soil saturates, maximum
ASMCP4S occurs, 3 and 5 months before maximum values of AF and Ag in 2016 and 2017,
respectively. After some weeks, soil water reaches greater depths, percolates to the water
table and, consequently, increases the water table level. This is when the maximum values
of Ag occur, suggesting that the variation in groundwater is the main contributor to the
variation of the gravity field. After some days or weeks, AF achieves its maximum, since
the surface-intermediate flows and the increased water table level feed the flows of the
channels. We observe that there is a connection between the groundwater variation and

surface water as rivers.

4.5 Conclusions
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This work provides new insight into the local hydrologic cycle near Manaus. We
observe the variability of the rainy (December-May) and dry (June-November) season,
during drought (2016) and flood (2017) years. In general, when the first rains start, the
gravity, fluvial and soil moisture signals are at minimum values. The soil moisture is
instantaneously influenced by the start of rainy season, with the first precipitation. After
the first rains, the increase in gravity coincides with an increase in soil moisture. The soil
becomes saturated and its signal achieves maximum values, which are sustained until the
end of rainy season. Due to the relationship of soil moisture with precipitation, they have
similar values of delay with the gravity variation, nearly 3 months (2016) and 5 months
(2017).

After soil saturation by infiltration, the groundwater starts to be fed by percolation
and the water table start to increase. Thus, gravity is reflecting the groundwater. After, the
soil loses moisture (soil moisture values decrease), while gravity values are sustained,
reflecting the sustained behavior of groundwater. We estimate the period of aquifer
recharge of 2 and 5 months for 2016 and 2017, respectively. The higher interval recharge
in 2017 shows the hydrological system trying to retrieve the water lost in the preceding
drought years, due the deficit in water storage in the surface water, as rivers, and in the
soil.

There is no time delay between gravity signal and the estimated groundwater level
when water in the unsaturated zone is not taken into account. The gravity signal is
influenced by the unsaturated zone and the groundwater, thus the signal is a result of these
combined processes, and the delay of estimated groundwater is an approximation only. The
maximum in gravity variation, reflecting mainly the groundwater, precedes the maximum
in fluvial variation.

On the other hand, the estimated groundwater with the unsaturated zone correction
achieves the maximum and minimum in the approximately same period of the fluvial
variation. Thus, if modeling shows that the river is not influencing the gravity signal, and
the gravity signal is representing mainly the groundwater, the similar behavior between
these variables shows the connection between groundwater variations and surface water, as
rivers. In view of these observations and analyses at Manaus, in the center of the Amazon
Basin, we can observe the connection between the groundwater variation and surface

water, as rivers.
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5. ConclusOes Finais

No estudo regional (Capitulo 3) observou-se que o deslocamento vertical associado
a carga hidrologica ¢ influenciado pela geologia, na qual a maior amplitude de
deslocamento vertical ocorre em dire¢do as bacias sedimentares e as planicies. Assim,
condicdes geoldgicas adequadas para armazenar agua nos sedimentos, associado a
propriedades fisicas, além da espessura das camadas sedimentares na Bacia Amazdnica sao
essenciais para explicar as variagdes no deslocamento vertical. Nas bacias sedimentares,
existem esta¢des onde o deslocamento vertical ¢ menor do que o esperado, e isto pode estar
associado ao adelgagamento e/ou compactacdo da camada de rocha sedimentar e/ou
presenca de rochas igneas intrusivas.

Os resultados regionais da modelagem de deformagao hidrologica baseada no TWS
representaram 18 a 66% da amplitude da varia¢do do deslocamento vertical. Na regido da
variagdo maxima da amplitude do TWS, onde se localiza a por¢do oriental do aquifero
Alter do Chao, a diferenca entre os resultados do modelo de deformacao hidroldgica e o
deslocamento vertical local foram mais evidentes. Aqui, os resultados do modelo de
deformagdo hidrologica representaram apenas 18-32% da amplitude, porque os principais
rios da Bacia Amazonica estdo nesta regido. Como resultado, a contribuicdo desta
modelagem ¢ subestimada devido a limitada resolugao espacial do TWS, obtido a partir da
missdo GRACE.

Por outro lado, os resultados de um modelo de deformacdo hidrologica de alta
resolucdo baseado no modelo LSDM resultaram em 36% a 116% da amplitude da variagdo
do deslocamento vertical. As variagdes maximas de amplitude foram identificadas nas
estacdes proximas ao rio Amazonas e proximas ao encontro entre os principais afluentes,
reforgando a importante contribuicao da carga hidrologica dos rios. Além disso, a variagao
de amplitude do deslocamento vertical aumenta da Cordilheira dos Andes até a Bacia
sedimentar do Amazonas. As estagdes na borda leste da Bacia do Amazonas, delimitadas
pelo Arco Gurupa, apresentaram valores mais baixos na variacao de amplitude maxima do
que as estagdes em encontros fluviais na bacia sedimentar do Amazonas. Isso pode estar
associado a distribui¢do da agua nos canais do estudrio e do delta antes de fluir para o
oceano.

No estudo local (Capitulo 4), observou-se que em geral, quando comegam as
primeiras chuvas, o sinal gravitacional, fluvial e de umidade do solo esta em valores

minimos. A umidade do solo ¢ instantaneamente influenciada pelo inicio da estacdo
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chuvosa, com a primeira precipitacdo. Ap6s as primeiras chuvas, o aumento da gravidade
coincide com o aumento da umidade do solo. O solo fica saturado e seu sinal atinge
valores méaximos, que se sustentam até o final do periodo chuvoso. Devido a relagdo
instantanea da umidade do solo com a precipitagdo, ambos apresentaram semelhantes
valores de atraso em relacdo a variagdo de gravidade, quase 3 meses (2016) e 5 meses
(2017). Entao, estimou-se o periodo de recarga do aquifero de 2 e 5 meses para 2016 e
2017, respectivamente. O maior intervalo de recarga em 2017 mostrou o sistema
hidrologico tentando recuperar a agua perdida nos anos de seca anteriores, devido ao
déficit no armazenamento de dgua nas dguas superficiais, como rios, € no solo.

Apos a saturagdo do solo por infiltracdo, o lengol fredtico passa a ser alimentado
por percolacdo e comeca a aumentar. Assim, a gravidade esta refletindo, principalmente, as
aguas subterraneas. Depois, o solo perde umidade (os valores da umidade do solo
diminuem), enquanto os valores da gravidade sdo sustentados, refletindo o comportamento
sustentado das dguas subterraneas.

Considerando que o sinal de gravidade ¢ influenciado pela zona ndo saturada e pela
agua subterranea, o sinal representa o resultado desses processos combinados, € o atraso do
resultado da estimativa da dgua subterranea sem a correcao da zona ndo saturada ¢ apenas
uma aproximacao. Nessa estimativa, o maximo na variacdo da gravidade, refletindo
principalmente as dguas subterraneas, precedeu o maximo na variagdo fluvial e foi mais
curto durante os anos de seca (alguns dias) do que nos anos de cheia (~ duas semanas). Por
outro lado, a estimativa da agua subterranea com a corre¢ao da zona nao saturada atingiu o
maximo e o minimo em aproximadamente no mesmo periodo da variacdo fluvial. Assim,
se a modelagem mostrou que o rio ndo esta influenciando o sinal de gravidade, e o sinal de
gravidade estd representando principalmente as aguas subterrdneas, o comportamento
semelhante entre essas varidveis mostrou a conexao entre as variagdes das aguas

subterraneas e as aguas superficiais, como os rios.
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