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RESUMO

O presenteestudoteve como objetivavaliaros efeitos isoladosas ecalasde variabilidade
oceanica interanual e decemas componentes do balanco de agua na bacia Amazbnica
utilizando oBrazilian Global Atnespheric Mode(BAM) do Instituto Nacional de Pesquisas
Espaciais (CPTEC/INPE)Inicialmente, avaliouse o desempenho do modelo BAM na
representacdood componentes do balanco de 4gua na bacia Amazodnica utilizando dados de
reandlises do Eflmterim (ECMWF)para o periodo de 197215. De modo gerab BAM
conseguiu simular as caracteristicas climatolégicascdogonentes do balanco de agua na
bacia AmazoénicaEntretanto, o0 BAM apresentaieficiéncia em reproduzir espacialmente a
intensidade da convergénai@ umidade sobre a regido Amazobnica. O comportamento de
sumidouro de umidade na bacia Amazoénica foi beptucado peloBAM (P >E). O néo
fechamento do balanco de agua (52%) na Amazdnia mostra a deficiéncia das parametrizacées
fisicas dos modelos na repeestacdo principalmente da conveccdo (precipitacdo) e
convergéncia de umidadiestecaso, jwamente o cud tempo de integracdo numéricao
permitiuque o modelo alcancasse o equilibrio. Em relacdo aos impactos individuais isolados
das escalade variabiidade oceénica (interanual e decerad)resultados mostram que, quando
isolado, 0 modo de variabilidadeteranual, em episodios El Nifio (La Nifia), enfraguece
(intensifica) os componentes do balango de 4gua no norte da bacia Amazodnica e Nordeste
brasilero. Comparado ao modo interanual ndo isolado, as mudancas no balanco de agua séo
mais intensas em anos Ha Nifia, mostrando questeseventos sdo menos dependentes de
outros modos de variabilidade em relacdo aos episédios de EI Nifio. Por suaovez,
expeimento com TSM néo filtrada, fase positiva do Dipolo do Atlantiéoi caracterizada por
aumento (reducao) de precipitacdo na porcao norte (sul) da bacia Amazonica. Para o caso da
variabilidade decenal isolada, o sinal positivo na mudanca de precipiag@ote da bacia se
desintesifica, desconfigurando o padréo dipolar na anomalia de precipiQd@aM néo é
sensivel a uma pequena variacao da T@Mase negativa do Dipolo do Atlantic@uando o

BAM éforcado com a escala interanual isoleelgpondaenodficandoos padrdes de cutacéo

em grandeescala na regido tropical e extratropical. Sobbaa@a Amazobnica e em parte do

NEB, redui relativanentea precipitacao durante a fase posituaandocomparaoao aumento

relativo que ocorre durante a fassggativa do ENOS
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ABSTRACT

The present study aimed to evaluate the isolated effects of the it@rand desadal oceanic
variability scales on the components of the water balance in the Amazon basin using the
Brazilian Global Atmospheric Model (BAM)fahe National Institute for Space Research
(CPTEC / INPE). Initially, the performance of the BAM model in the repregion of the

water balance components in the Amazon basin was evaluated using data frionerina
(ECMWEF) reanalysis for the period 292015. In general, BAM was able to simulate the
climatological characteristics of the components of the water dmlemthe Amazon basin.
However, BAM was deficient in spatially reproducing the intensity of moisture convergence
over the Amazon region.HE behavior of the moisture sink in the Amazon basin was well
captured by BAM (P> E). Failure to close the water heda(52%) in the Amazon shows the
deficiency of the physical parameters of the models in the representation mainly of convection
(precipitdion) and humidity convergencén this case, precisely the short time of numerical
integration did not allow the metito reach equilibriumRegarding the individual impacts
isolated from the oceanic variability scales (interannual anddagcthe resuk show that,

when isolated, the interannual variability mode, in ElI Nifio (La Nifia) episodes, weakens
(intensifies) he components of the water balance in the north of the Amazon basin and
northeastern Brazil. Compared to the fnswolated interannual modehanges in the water
balance are more intense in La Nifia years, showing that these events are less dependent on
othe modes of variability in relation to El Nifio episodes. In turn, in the experiment with
unfiltered SST, the positive phase of the Atladipole was characterized by an increase
(decrease) in precipitation in the north (south) portion of the Amazon basirthe case of
isolateddecadalvariability, the positive sign in the change in precipitation in the north of the
basin @sintensifies, tfiguring the dipolar pattern in the precipitation anomaly. BAM is not
sensitive to a small variation in SST in tiegative phase of the Atlantic Dipole. When BAM

is forced with the isolated interannual scale, it responds by modifying circulation pattean

large scale in the tropical and extratropical regions. Over the Amazon basin and in part of the
NEB, it reducs relatively the precipitation during the positive phase, when compared to the
relative increase that occurs during the negative phass©BE



viii

SUMARIO

LISTA DE FIGURAS ...ttt eeeea s e e e e e e e e nene e e e e e eeees X

CAPITULO 1 :AVALIA(}AO DO BRAZILIAN GLOBAL ATMOSPHERIC MODEL
NA SIMULACAO DOS COMPONENTES DO BALANCO DE AGUA NA BACIA

AMAZONICA oo e e ettt ettt X
CAPITULO 3 - ATMOSPHERIC RESPONSE TO INTERANNUAL TIME SCALE

ISOLATION DURING ENSO EPISODES ... .oooi ettt eeee e eveenna s Xi
LISTA DE TABELAS .ot eeeeee e e e e et e e e e e e e e e e e reaan e e e Xii

CAPITULO 1 - AVALIACAO DO BRAZILIAN GLOBAL ATMOSPHERIC MODEL
NA SIMULA(}AO DOS COMPONENTES DO BALANGCO DE AGUA NA BACIA
AMAZONICA ..ottt ettt ettt eme s sttt se et se et e st emnasseste s s tesseaens Xii

CAPITULO 2 - INFLUENCE OF ISOLATED INTERANNUAL AND DECADAL
SCALES ON THE WATER BALANCE COMPONENTS OF THE AMAZON BASIN xii

CAPITULO 3 - ATMOSPHERIC RESPONSE TO INTERANNUAL TIME SCALE

ISOLATION DURING ENSO EPISODES.......cocouieiiieeeeeeeeeeeee e veenan s Xii
1. INTRODUGAO GERAL ....oooieiiee et eeeeee ettt eeems e 16
1.1 OBJIETIVO GERAL ..ottt eeeee e ee e e enemnnas 17
1.2.1 OBJETIVOS ESPECIFICOS. ...ttt seeee et enema s 17
(07X =1 LU 1 SO 19

AVALIAQ,E:O DO BRAZILIAN GLOBAL ATMOSPHERIC MODEL NA
SIMULACAO DOS COMPONENTES DO BALANCO DE AGUA NA BACIA

AMAZONICA ..ottt eesie ettt s s nmee sttt s e s s bana e s e s s s 20
RESUMIO. ..ottt e e e ettt e e e e e e e s mmme e et e e e e e enrnn e e eeenes 20
Y 013 1 = Lo RO 20
R [ 011 0T HE o= To TP PP PPPPPPPUPPPPP 21
2. MateriaisS € METOUOS ... ....cccoiieiiiieiiieeieee e e e et e e e e emenr e e e e e e e e aaaaeaeaaeeesesammneaeeeas 23
A V(=T W [N =Y=1 0 [o TR 23
B2 I - Yo [0 S RUPURRR 24
2.3. Validagao dO MOUEI0.........cooiiiiii e 25
2.4. Descricdo do modelo e Estratégia de integracao numerica.............cccvveeeen.... 26
3. RESUItAd0S € DISCUSSAD........cceevuruuninniiieeeeeeeaenn s s e e e e e e e e e smensssassaaaeeaeeeeeeeeeesennneens 29
I I o = Tox o] = Tox- [ PP U PP PP PP P URPPPPPPR 29
I YT o L] = 1 IS o1 = Lo T PSR 32
3.3. Tranporte e Convergéncia de umidade..............oovvvviiiimmmreeeeeeeiiiiee s 34
3.4. ESCOamMeNnto SUPEITICIAL........oouiiiiiiiiii e e 37
3.5.CHCI0 @NUAL ... e 38
3.6.BalancCO 08 AQUA..........uuuiiiiiiiiiii ettt 40
o ] o (1S 0= SRS 43

W[ = T L= Tox T 01T 0] (01 PSPPSR 7



S (=] (=] o = O SPPPPRTPR 45
CAPITULOD 2 .ottt emee ettt mna et b e sttt s e smns et et et ss e s n s 50
INFLUENCE OF ISOLATED INTERANNUAL AND DECADAL SCALES ON THE
WATER BALANCE CO MPONENTS OF THE AMAZON BASIN .....ccoooviiiieiiceee, ol

ADSIIACT. ...t —————————— e aaaaaan 51
3 | = 1 11 I S 51
2. MATERIA LS AND METHODS .....ooiiii et mmmn e e e e 25

P2 R I T = PP 55

2.2. Filtering of SPecCific TIMESCAIES..........ovvviiiiiiiieeeee e errn s 55

2.3. Interannual TIME SCALE.........ccoviiiiiii et eeeee e 57

2.4. Decadal TiMeE SCaAlE...........uuuiuiiiiie e errrr e e e e e e e e e e e e eene s 57

2.5. Numerical Integration Strategy............uuuiiieiiiieceeeicre e eeeer e e e e 58
3. RESULTS AND DISCUSSION. ...ttt eeeee et e e e e e e 59

3.1 Performance of the BAM MOdEL.............oouimiiiiiieee e 59

3.2. Impacts of the Interannual Time Scale.........cccoovviiiiiiiceciiiiie e, 61

3.3. Impacts of th®ecadal Time Scale............ooooiiiiiiiiee e 66
4. CONCLUSIONS. ... . e e e eeen e e e e e e e e e e e e e e e e e e srnnneaeeaaaeeeees 70

ACKNOWLEDGMENTS. ... i eeme et s e e e e e e e e e amaas 71
CAPITULO 3 oottt ettt ettt emnmss s ss b enns 78
ATMOSPHERIC RESPONSE TO INTERANNUAL TIM E SCALE ISOLATION
DURING ENSO EPISODES..... ..ot eeeee ettt me e e e e e e e e e enaaeees 79
AB ST R A CT ettt et e e e e e e e e e et e eer e e e e e e e aeeee ettt ————————atattrrr—————————— 79
LA I 1 1 L O I 0 ]\ 79
MAT ERIALS AND METHODS ..o et e et s e e e e e e e 81

1D 81

ISOLATION OF THE INTERANNUAL TIME SCALE............ccooiiiiieeee e, 82

INTERANNUAL TIME SCALE ... .ot eeeee e e e e eees 82

DESCRIPTION OF THE BAM AND NUMERICAL INTEGRATION STRATEGY.....83
S 1 | 1 SO 84

EFFECTS OF THE INTERANNUAL TIME SCALE ON CLIMATE........ccccoivevii, 84

POSITIVE PHASE OF ENSO.......cooiiiiiiiii e erenaa s e e e e e e e 85

NEGATIVE PHASE OF ENSQ.....ouuiiiiiiiiii e eeeeeeeeene e 92
CONCLUSIONS. ..o eeee e eeeees et e e e e e e e e e aeaeeeeemmreseeaaaaeaaaens 97

AKNOWLEDGMENTS. ...ttt e e e e e e e e emenans 98

BIBLIOGRAPHIC REFERENCES ...t 99



LISTA DE FIGURAS

CAPITULO 1 -NAVALIA(;AO DO BRAZILIAN GLOBAL ATMOSPHERIC MODEL
NA SIMULACAO DOS COMPONENTES DO BALANCO DE AGUA NA BACIA
AMAZONICA

Figura 1. Mapa de cobertura vegetal utilizado nas simulacdes do BAM apaes® 0s

di ferentes tipos de uso da terra. Tamb®m se
utilizadas no célculo do balanco de agua na bAaTIazoNICa..........ccceeeveeeeeeeeeiiieeeeeee e, 28

Figura 2: Precipitagdo para o periodo chuvoso DJF (colstuerda) e seco JJA (coluna
direita): (a,e) simulada pelo BAM, (b,f) Ehaterim, (c,g) vi& e (d,h) RMSE. O limite da bacia
Amazonica é representado pelo contorno (negrito). Areas com difeséggisisativas no nivel

de confianca de 95% s&o identificageor pontos pretos. Unidades em mmtdia............ 31

Figura 3: Evapotranspiracdo para o periodo chuvoso DJF (coluna esquerda) e seco JJA (coluna
direita): (a,e) simulada pelo BAM, (b,f) Ehaterim, (c,g) viés e (d,h) RMSE. O limita dacia
Amazonica é representado pelo contorno (negrito). Areas com diferencas significativas no nivel
de confianca de 95% séo identificadas por pontos pretos. Unidades emmm.dia......33
Figura4:Fl ux o de v ap o rverttdniegtapara ® periodogcmueododJF (coluna
esquerda) e seco JJA (coluna direita): (a,d) simulado pelo BAM, (b;&)tEran, (c,f) viés. O

limite da bacia Amazonica é representado pelo contorngrifoe Areascom diferencas
significativas no niviede confianca de 95% séo identificadas por pontos pretos. Unidades em
KO T S ettt e ettt ettt e emeeebe ettt e teeteareene e 36

Figura 5: Convergéncia damidade para o periodo chuvoso DJF (coluna esquerda) e seco JJA
(coluna direita): (a,d) simuladpelo BAM, (b,e) EaInterim, (c,f) viés. O limite da bacia
Amazonica é representado pelo contorno (negrito). Areas com diferencas significativas no nivel
de cofianca de 95% s&o identificadas por pontos pretos. Unidades em thm.dia....... 37

Figura 6: Média anual do escoamento superficial: (a) simulado pelo BAM, (b)-BRAIM,

(c) viés e (d) RMSE. O limite da bacia Amazoénica é representado pelo contorno (negrito). Areas
com difeencas significativas no nivel de confianca de 95% séo identificadpenos pretos.
Unidades €m MITIAL. ........coooieeieecee et eet ettt et e e emnnee e 38

Figura 7: Ciclo anual dos componentes do balanc@giea (Precipitacdo, Evapotranspiracao

e Convergéncia de umidade) em (mmilizimulado pelo BAM (linha azul) e da reandlise do
Eralnterim (linha preta). A area em cinza representa o desvio padrao da reanalise: (a,b,c) para
toda abacia Amazonica, (d,g,para Por¢cado Norte da bacia e (g,h,i) para Por¢do Sul da bacia.
..................................................................................................................................... 40

CAPITULO 2 - INFLUENCE OF ISOLATED INTERANNUAL AND DECADAL
SCALES ON THE WATER BALANCE COMPONENTS OF THE AMAZON BASIN

Figura 1. Temporal evolution of the SST anomaly (°C) for phenomena: (a) El Nifio Sul
Oscillation ENSO, during episodes de El Nifio (EN) and La Nifia (LN) and (b) AtlanticéDipol
(AD), during the positive (+) and negati{® phases, after wavelet filtratian.................. 57
Figura 2: Precipitation (mnday?') for the rainy (first column) and dry (second column)
seasons: (a,d) simulated by the BAnodel (CNTRL expement), (b, e) observed GPCP and
(c,f) bias (difference between model and observations). Areas with significant differences in
the 95% confidence level are identified by black dats...............ooooiiiiii 60
Figura 3: Anomaly of the components ofdlwater balance for the DJF (rainy) in the episodes
of EN in respect to the difference between CNTRLMTG (first column) and CINTA
CLMTG (second column): (a,@yrecipitation (mm day), (b,e) surface runoff (mm dayand

(c,f) convergence (mm d#y and vertically integrated moisture flow transport (Kgirs?)



Xi

[vector]. The boundary of the Amazon basin is represented by the contour (bold). Regions in
hatching epresent a statistical significance of 95%..........cccovvviiiiiicccciiciicie e, 63

Figura 4: Anomalyof the components of the water balance for the DJF (rainy) in the episodes
of LN in respect to the iflerence between CNTRICLMTG (first column) and CINTA
CLMTG (second column): (a,d) precipitatiomify day'), (b,e) surface runofingm day') and

(c,f) convergence fim day') and vertically integrated moisture flow transport (Kg st)
[vector]. Theboundary of the Amazon basin is represented by the contour (bold). Regions in

Figura 5: Anomaly of the compuoents of the water balance for the MAM in relation to the
positive phase of the AD for the difference between CNTRIMTG (first column) and
CDECA-CLMTG (second column): (a,d) precipitation (mm day(b,e) surface runoffmm

day?) and (c,f) convergendgnm day') and vertically integrated moisture flow transport (Kg
m? s1) [vector]. The boundary of the Amazon basin is represented by the contour (bold).
Regions in hatching represent a statistical significance 0f.95%..............cccceviceevvrnnnnns 68
Figura 6: Anomaly of the components of the water balance for the MAM relative to the
negative phase of the AD, in respect to the difference between GISLRITG (first column)

and CDECACLMTG (second column): (a,d) precipitatiqmm day'), (b,e)surface runoff
(mmday?) and (c,f) convergence (mm dyyand vertically integrated moisture flow transport
(Kg mt s?) [vector]. The boundary of the Amazon basin is represented by the contour (bold).
Regions in hatching representtatsstical significance of 95%................ccoceeieiiiicceeeennnnnns 69

CAPITULO 3 - ATMOSPHERIC RESPONSE TO INTERANNUAL TIME SCALE
ISOLATION DURING ENSO EPISODES

Figura 1: Temporal evolution of the SST anomaly (°C) for the ENSQ&gdbn, after filtering

SST bywavelets. Episodes of EI NiAdN (red) and LaNifiaLN (blue¢ ¢ ¢ ¢ é é . . . € 8 3
Figura 2: Composition of anomalies for unfiltered (left side) and isolated (right side) modes
for the positive hase of the ENSO: (a, b) SST §°@, d) relative vorticity (10s:) and stream
lines (ms:) and (e, f) wind speed (m) at 200 hPa. Hatched regions represent statistical
significance of 95%. Black circles refer to the wdkan type patterd é ¢ ¢ é é é é é . . 87
Figura 3: Composition of the ufitered (left side) and isotad (right side) mode anomalies for
the positive phase of the ENSO: (a, b) stream function at 200 hPar(49, (c, d) velocity
potential (10 m- s) and divergence/convergence of wing @& 200hPa and (e, f) vertical
velocity (10-Pas:) in the utherncross section from- @ 360 (average of B5t0 10N)é . . . 8 9
Figura 4: Composition of precipitation anomaly (mm dpyor unfiltered (lef side) and
isolated (right side) modes: (a, b) for positive phase and (c, d) negative phase of ENS€x Hatch
regions represent statistical significance of Q8% ...........ccoeeveiiiiiiiiiiiiic e 90
Figura5: Composition 6the unfiltered (left side) and isolated (right side) mode anomalies for
the negative phase of the ENS@; ) SST (°C), (c, d) relative vorticity (161) and stream
lines (m &Y at 200 hPa and (e, f) wind speed ) at 200 hPa. Hatche®gions represent
statistical significance of 95%. Black circles refer to the wiaam type pattedd@ e € é é . . 9 3
Figura 6: Composition of the unfiltered (left side) and isolated (right side) mode anomalies for
the negative phase of the ENSO: (a, b) streamtfon at 200 hPa (£0n? s?), (c, d) velocity
potential (16 m? s) and divergence/convergence of wind)(at 200 Pa and (e, f) vertical

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,



Xii

LISTA DE TABELAS

CAPITULO 1 -NAVALIA(;AO DO BRAZILIAN GLOBAL A TMOSPHERIC MODEL
NA SIMULACAO DOS COMPONENTES DO BALANCO DE AGUA NA BACIA
AMAZONICA

Tabela 1: Média anual dos compontes do balanco de agua na bacia Amazonica simulados
pelo BAM e proveniente da reanalise do-Erierim (periodo 1979 a 2015). Componerftem

dial): precipitacéo (P), evapotranspiracdo (E), Escoamento Superficial (ES) e Convergéncia de
umidade (C); RE-C definido como fAincremento de an§gl
do desbalanco e [(C /ES}] a medida relativa (%) dtesbalanca...............cceeiiiiiiinnnnnn. 41

CAPITULO 2 - INFLUENCE OF ISOLATED INTERANNUAL AND DECADAL
SCALES ONTHE WATER BALANCE COMPONENTS OF THE AMAZON BASIN

Tabela 1: Seasonal compositions for the Amazonian rainy periods (DJF), referring to the
episodes (years) of EN and LN, along with the seasonal quantity foreach épésédé . . . . 6 1
Tabela 2: Compositions forie southern autumn (MAM), in respect to the positive (i a
negative {) phases of the Atlantic Dipole (AB)é e é e é e é e é e éééeéeé. é67

CAPITULO 3 - ATMOSPHERIC RESPONSE TO INTERANNUAL TIME SCALE
ISOLATION DURING ENSO EPISODES

Tabela 1 Positive anchegative phases of ENSO, years of occurrence and number of seasons
used for compositing atmospheric fieldS.............coorrriiiiiiii 84.



16

1. INTRODUCAO GERAL

A Amazobnica fornece uma série de servicos ambientais fundamentais, tais como: a
manutencdo da biodiversidade, o armazenamento e absorcdo do carbono da atmosfera, o
transporte d gases tragco e aerossois, a ciclagem de agua por meiapdranspiracao, e o
fornecimento de umidade para outras regides do continente, contribuindo para a manutencéo
do regime hidrolégico em escalas regional e gl@earnside, 2005; Marengo, 20084ijllips
et al., 2008; Satyamurtyet al, 2013).No entantp por conta de sua dimensédo prevalece a
escassez e/ou auséncia de dados (medidas) hidrometeoroldgicos de superficie e ar superior nest
regido, estes fatores dificultam a geracdo de informacdegletas e confiaveis necessarias
para o desenvolvimento dstedos relacionados ao balanco de agua na Amazoénia.

Umadas alternativas encontrada pelos pesquisadores para estudar regides com dificil
obtencdo de dados € uso de modelos numéricos (Maeingh 2016). Sabese que ©
resultados apresentados por sim@és de modelo sdo aproximagdes da representacdo do
sisema real e estas podem apresentar um bom ou mau desempenho. Por este motivo necessitan
estar em constante avaliagdo e, sejam quais forem as técnicas utilizadas para avaliacdo de
desempenho os critésoutilizados tém como base a precisdo das medidas daseis
extraidas do modelo em comparacédo as medidas observadas no mundo real. Estudos recente:
mostram que a Amazonia é sensivel as variabilidades e mudancas no sistema climatico, devido
tanto as vaacdes naturais, inerentes ao préprio sistema climétiteracées nao lineares),
guanto as antropogénicas; tais como: o aumento na concentracdo dos gases do efeito estufa
(GEE) na atmosfera e as mudancas no uso da terra €Ca2014; Nobreet al,, 2016; Alves
et al, 2017).

Estudos utilizando tanto dasl observados quanto de modelos numéricos mostram que
0s modos de variabilidades climatico interanual (Espimbzd., 2014; Shimizwet al.,2014;

Marengo e Espinoza, 2015; Limberger e Silva 2016s8et al.,2018) e decenal (Marengo e

Nobre, 2009; Vilamayor et al. 2017; Kayanoet al., 2018) influenciam fortemente os
componentes do balanco de &gua na bacia Amazobnica. Entretanto, apesar das evidéncias
observacionais do papel da variabilidade oceémicclima da bacia Amazonia, o efeito isolado

dos modosle variabilidade oceanica sobre o balanco de agbagaAmazonica aindadoé
totalmenteconhecido A avaliacdo desses modos, de forma isoladatribui para melhorar o
entendimento do papel réla dessas variabilidades oceénicas no clima da régigzonica

Uma das maneiras de avaliar os modos de variabilidade separadamente € a utilizacdo de
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modelos de circulagdo geral da atmosfera (MCGA). Desta forma, o presameteve por
objetivoavaliare entendep efeito isolado ds escaladevariabilidade interanual e decemals
componentes do balanco de agua na bacia Amazonica. R#va uilizou-se o modelo
Brazilian Global Atmospheric Mod¢BAM, versédo ) e técnica de filtragem damperatta

da superficie domar (TSM). O desempenho dBAM na representacdo dos componentes do
balanco de agua na badianazénicaanmbémfoi avaliado.

1.10BJETIVO GERAL

O objetivo geral d presente pesquidai realizar um estudo observacional e de
modelagem pa avaliar os efeitos das diferentes escalas de variabilidade oceénica (interanual
e decenal) nos componentes do balanco de agua na Bacia Amazonica utilizando o Brazilian
Global Atmospheric Model (BAMg técnica de filtragem da temperatura da superficiemalo
(TSM).

1.2.10BJETIVOS ESPECIFICOS

a) Avaliar o desempenho do modelo Brazilian Global Atmospheric Model (BAM)
representacdo dos componentes do balanco de dgua na bacia Amazénica

b) Avaliar os inpactosdo isolanento de escalas @ariabilidade intenaual e decenal nos
componentes do lnco de agua na bacddanazonica,

c) Avaliar aresposta atmosféricdo isolamento de escalas dariabilidade interanual
durante as fases positiva e negativa do EN@&dinamica circulacdogeral da
atmoséra

Esta tese,rm formato de artigo cientifico, possui trés capitulos e esta estruturada da
seguinte maneira: o Capitulodublicadona Revista Brasileira de MeteorologiRBMET com
o t2tul o nAv ah GlabalAimospheric Bodalz(BAM) na Simulacdo dos
Componetes do Balanco de Aguammci a Amaz!nicabo, apresent

desempenho do Modelo BAM, forcado com temperatura da superficie do mar (TSM) obtida da
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série reconstruidaNJOAA _ERSST_V4 (Hianget al, 2015] e condicado inicial atmosférica
obtida a partir dos dados ERMterim (Deeet al, 2011),versus a reanalise do ERA
Interim(ECMWF),na representacdo dos componentes do balanco de dgaganAmazonica
para o clima do presente referente ao periodo de 1979 a 2015. O Caitllmetido para o
Climate ResearchCR, referindes e Influerite of Isolated Interannual and Decadal scales on
the water balance components of the Amazon basimesemando os impactos isolaadizs
escalagle variabilidade oceanica interanual e decenal, obtig@str de um MCGA e técnica

de filtragan, no balanco de agua na bacia Amazénica. Utilizando o BAM para o clima presente
referente ao periodo de 1979 a 200 Capitulo 3submetidgpara oClimate ResearchCR,
referindes e Atmospheric Response to Interanhdame Scale Isolation during ENSO
Episodes , a p r eocsimpactoasolatoa escalale variabilidade interanual na dindmica
da circulacaageral daatmoséra Utilizando o BAM e técnica de filtragempara o clima
presente referente ao periodo de 1979162

Ao final, dispBese uma sintese dos resultados obtidos em cada um dos capitulos.
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CAPITULO 1

Rildo Gongalves de MOURA, Francis Wagner Silva
CORREIA; José Augusto Paixdo VEIGA. 2019.
Avaliacdo do Brazilian Global Atmospheric Mdde
na Simulacdo doSomponentes do Balanco de Agua
nabacia AmazonicaPublicadona Revista Brasileira
de Meteorologi&RBMET.
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AVALIA(;AO DO BRAZILIAN GLOBAL ATMOSPHERIC MODEL NA
SIMULACAO DOS COMPONENTES DO BALANCO DE AGUA NA BACIA
AMAZONICA

Reaimo

Nesse estudo avaliese o desempenho dRrazilian Global Atmospheric ModéBAM)
narepresentacdo dos componentes do balanco de a4gua na bacia Amazonica para o clima
presente (1972015). Os resultados mostram que o modelo BAM reproduz a variagcéo
espacetemporal dos componentes do balanco de agua na bacia Amazoénica, apesar da
deficiéncia en posicionar corretamente os maximos de precipitacdo e convergéncia de
umidade sobre a regido. O BAM subestimou a precipita8&%)] e o escoamento
superficial (36,8%)e superestimou a evapotranspiracao (5,3%). O comportamento de
sumidouro de umidade fdlem representado pelo BAM, pois a precipitagcdo € sempre
maior que a evapotranspiragao (P > E) na bacia Amazodnica. O n&o fechamento do balango
de agua (52,6%) na baamostra a limitacdo das parametrizacdes fisicas do BAM na
representacédo da conveccao ¢pr#acao) e convergéncia de umidade, comprovando a
necessidade de melhores ajustes e calibracdo. De maneira geral, apesar de subestimar a
precipitacdo, o BAM simulou dequadamente a precipitagdo anual e sazonal. A
evapotranspiracdo foi superestimada, @palmente na estacdo chuvosa, porém foi
subestimada na estacéo seca. Os resultados mostraram que o0 BAM necessita de ajustes e
calibracdo na representacdo de proceshossuperficie, uma vez que, apresentou
dificuldade na simulag&o da variacao sazonalvdp@ranspiracdo. Os erros sistematicos
encontrados nos componentes do balanco de agua sdo de grande importancia para
determinacao do grau de confianga para simulad@ebma presente e projecoes futuras.
Palavras-Chaves Bacia Amazdnica, Balanco de Aguslodelo Atmosférico Global
Brasileiro (BAM)

Evaluation of the Brazilian Global Atmospheric Model in the Simulation of the
Water Budget Components in the Amazon Basin

Abstract

This study evaluated the performance of the Brazilian Gistmabspheric Model (BAM)

in the representation of water balance components in the Amazon basin for the present
climate (19792015). The BAM model reproduces the spsamporal variation bthe

water balance components in the Amazon basin, despite theedeficin correctly
positioning the maximum precipitation and moisture convergence over the region. BAM
underestimated precipitation 8,6%0) and runoff (36,8%), and overestimated
evapotrangiration (5,3%). Moisture sink behavior was well represented by BAiMes
precipitation is always greater than evapotranspiration (P> E) in the Amazon basin. The
nonclosure of the water budget (52,6%) in the basin shows the limitation of BAM
physical paameters in the representation of convection (precipitation) and meoistu
convergence, proving the need for better adjustments. Overall, despite underestimating
rainfall, BAM adequately simulated annual and seasonal rainfall. The evapotranspiration
was oveestimated, especially in the rainy season, but was underestimateel dnyt
season. The results showed that BAM needs adjustments and calibration in the
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representation of surface processes, since it presented difficulty in simulating the seasonal
variation of evapotranspiration. Systematic errors found in water balanceooemig are

of great importance in determining the degree of confidence for present climate
simulations and future projections.

Keywords: Amazon Basin, Water Balance, Brazilian Global Aspheric Model (BAM)

1. Introducéo

Devido a sua grande extensao, a maior floresta tropical tmida do plioetsta
Amazobnica exerce papel importante no balanco de &gua entre a superficie e a atmosfera
em escalas regional e global (Graee al 1996; Marengo 2005; Marengo 2006;
Satyamuty et al. 2013; Rocheaet al. 2015). A intensa ciclagem de precipitacdo e o
fornecimento de umidade para a atmosfera contribuem para a manutencdo do regime
hidrologico, ndo somente para a bacia Amazonica, mas tambéraypaasa regides do
continente suamericano (Phillipset al.2008; Malhiet al.2008; Satyamurtgt al.2013).

Na média, a bacia Amazodnica compestacomo sumidouro de umidade (precipitacao
maior que evapotranspiracdo), recebendo vapor de agua tantoessaflivopical, por
meio da reciclgem de precipitacdo (Trenberth 1999; Nascimeh#d.2016), quanto por
meiodo transporte de umidade proveniente do Oceano Atlantico tropical (Bbeha
2015). No contexto da circulacdo regional, a floresta Amaz@niraa importante fonte

de umidadepara as regifes centslil do Brasil e bacia do Prata, desempenhando papel
fundamental no regime de precipitacdo em regifes remotas da bacia (Nasetnanto

2016; Rochaet al 2017).

Desde o fim da década de 1970ries estudos de balanco de agua t&do
realizados na regido utilizande uma variedade de técnicas, dados observados e de
reandlises (Molion 1975; Salati, 1979; Salati e Marques 1984;eRab 1996; von
Randowet al.2004;Marengo 2005¢a Rochaet al 2009;Nascimentaet al. 2016; Rocha

et al 2017). da Rochaet al. (2009) utilizaram dados observados em torres
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micrometeoroldgicas durante o Experimento de Grande Escala da Biosfera Atmosfera na
Amazoniai LBA (Avissar e Nobre, 2002) a fim de entenderagiacdo da umidade e
precipitacdo em areas de floresta e pastagem. Os autores observaram uma taxa de
evapotranspiracdo da ordem deram dia’ na regido de floresta durante a estacéo seca.
Enquanto que von Randat al. (2004), também utilizando dados OBA, observaram
valoresde evapotranspiracdo da ordem demn7 dia' na Reserva Bioldgica do JaRO

(sitio de floresta). Apesar dos diferentes experimentos realizados na Amae8nassez

de medidas hidrometeorolégicas de superficie e de ar sug#éitoitam a geracéo de
informacdes necessarias para o desenvolvimento de estudos do balan¢o de 4gua na bacia
Amazébnica. Neste sentido, modelos numéricos globais e regionais apreserdamo
ferramentas Uteis para andlise das variabilidades e mudangascels, uma vez quesa
capazes de representar as complexas interacdes entre o oceano, a atmosfera e a superficie
terrestre Richter e Xie 2008Tozukaet al. 2011;Chouet al.2014). Além disso, 0 uso

dos modelos também pode ser utilizado na avaliag&aaracteristicas losailo clima,

por meio do balanco de agua (da Roehal.2009;Domingues, 2014Rochaet al.2016;

Sousaet al. 2018; Carolettiet al. 2019), suas variabilidades, assim como projecdes do

clima futuro decorrente das acfes antrop{Gasldardet al.2001; Rehaet al.2016).

Rochaet al. (2016), realizando simulacdes para o clima presente com o modelo
regional Eta, forcado com o modelo do sistema terrestd&SEM2ES, observaram que
o0 modelo representa bem o ciclo sazonal da preg¢fimtaobre a América dals apesar
de subestimar (superestima) a precipitagdo na Amazénia durante a estagdo chuvosa
(seca). Richter e Xie (2008) avaliando o desempenho dos modelos globais do
Atmospheric Model Intercomparison Project (AMIRjostraram quesomodelos tendem

a subesmar a precipitacdo na regido equatorial da América do Sul durante o periodo
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chuvoso, revelando as deficiéncias na representacao dos processos convectivos sobre a
regido. Domingues (2014), utilizando o modelo de superficie (SiRipsphere Model
SiB2-Reg) para avaliar os padr6es médios anuais de balan¢o de agua, encontraram valores
de evapotranspiragdo na estacdo chuvosa, da oB8jnmmdial, para a bacia
Amazobnica Moreiraet al. (2019) avaliaram o balanco hidrico da Amérida Sul por

meio de dadosle precipitacdo ddropical Rainfall Measuring Missio(TRMM) e do
Multi-Source Weighte@&nsemble Precipitation(MSWEBR e também ddos de
evapotranspiracdo dODIS Global Evapotranspiration Project (MOD1é)doGlobal

Land Evaporéion Amsterdam Model (GLEAMYesmo utilizando um conjunto de dados
gerados a partir de métodos de Ultima geracao, os autores observaram um nao fechamento
do balanco de agua sobre o continente. Esses resultados mostram que a utilizacao de
diferentes métodopale conduzir a diferentes resultados no balanco de dgua. Com isso,
fica evidente anecessidade de se avaliar o desempenho dos modelos climi@itos
paraestudos sazonais de previsao climatica quanto de mudancas climéaticase{Ndbre

2013).

Destaforma, o objetivo geral deste trabalho consiste em realizar um estudo de
modelagem numérica a fim de avaliar o desempenhgralzlian Global Atmospheric
Model (BAM), na representacdo dos componentes do balanco de agua na bacia

Amazobnica para o clima prege,referente ao periodo de 1979 a 2015.

2. Materiais e Métodos

2.1. Area de estudo
A érea de estudo compreende a bacia hidrogréafica do rio Amazonas, formada por

4 subbacias principais: bacia do Rio Solimdes, bacia do Rio Madeira, bacia do Rio Negro
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e bacia do Rio Purus. O rio Amazonas é o mais extenso do mundo comn@l400,

desde sua nascente nos Andes peruanos até sua foz no Oceano Atlantico. Apresenta
descarga estimada entre 210.666* e 220.000m%s?, 0 que corresponde a ~15% da
descarga totade agua doce nos Oceanos (Marengo e Espinoza 2016). Os climas
predominantes na bacia sdo: o equatorial quente e umido (Tipo Af) e o clima de monc¢ao
(Tipo Am) (Alvareset al 2014). As temperaturas médias anuais variam entre 26 e 28°C

na regido Centrequatorial, com amplitude térmica sazonal d@°C (Marengo e Nobre

2009). A precipitagdo meédia anual é de 2.800, com intensa variabilidade espacial e
temporal sobre a bacia, influenciada por sistemas meteoroldgicos de diferentes escalas

que interagem erdrsi

2.2. Dados

Para avaliar o desempenho do BAM na representacdo dos componentes do
balanco de agua (precipitacdo, evapotranspiracdo, escoamento superficial, transporte e
convergéncia de umidade), utilizee a reanalise do ERIAterim (EuropeanCentrefor
MediumRange Weather ForecastE CMWH (Deeet al 2011) com resolucéo espacial
de 1.5° x 1.5° de latitudengitude. De acordo corDee et al. (2011), é fato que a
reandlisedlo ERAInterim produz menos precipitacdo quando comparada as ob3esvac
Apesar disso, naltima década a reanalise do EfRerim vem sendo utilizada nos mais
diversos trabalhos, quer seja na avaliaca@reaipitacdo na Frang&zczypta.et al.
2011), na estimativa do balango de 4gua na Amazoénia (Teixeira 2015), dinad\es
de temperatura do solo na China (Yang e Zhang 2@ produtos de reanalises, de
forma geral, presentam limitacbes sisteméticas em suas descri¢cdes, inclusive na

precipitagdo na América do Sul, com baixas correlagbes espaciais (Bosébwath
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2008). Por outro lado,Simmonset al. (2010) mostraram a confiabilidade do uso da
reanalise do ERAnterim para campos préximos a superficie, comparando com
observaces de registros climéticos. Caroéttil (2019) indica o uso de reandlise do
ERA-Interim como alternativa para avaliagdo de precipitacdo, em trabalhos
compreendidos até 2017.

Esta reanalise € bastante utilizada para validacdo de modelos numéricos regionais
(Teixeira 2015; Rochet al.2016), como também globais (Figuertal 2016; Caradtti
etal. 2019). Por estes motivos, optse por utilizar a reanalise do Hrgerim, pois a
mesma se adequa perfeitamente ao objetivo do trabalho, além do mais possui todas as
variaveis e/ou componentes necessarios para o célculo do balanco de 4guaréoou

conjunto de dados.

2.3. Validacao do modelo

Para o calculo do transporte e convergéncia de umidade integrado na vertical
utilizou-se a pressdo ao nivel médio do marc@sponentes zonal e meridional da
velocidade do vento ewanidade especifica nos nigele1000, 925, 850, 700, 600, 500,
400 e 300 hP&A reanalise do ERAnterim foi interpolada para a resolucdo do modelo
global BAM (1.875° x 1.875°Como o escoamento superficial ndo foi disponibilizado
nesta simulacao do meld BAM, este foi calculado partir da diferenca entre os campos
de precipitacdo e da evapotranspiracdo, semelhante ao realizado em outros estudos
(Marengo, 2005; Teixeira, 2015; Rocha, 2016).

Parao calculo daonvergéncia do fluxo de umidade integradaerticalmm dia
1 utilizou-se a equagao:

C &P 1)
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onde®é o fluxo de vapor d agua integrado verticalmente dado por:

» - feon @

Na equacio &j representa a aceleracdo da gravidadse3mg é aumidade especifica
(g kgY), qV o transporte horizontal de umidade (kg 8Y), psa pressdo atmosférica ao
nivel médio do mar (hB& pt, a pressdo em 300 hPa.

Foram avaliados a distribuicdo espacial, o ciclo sazonal e anual dos componentes
do balanco d 4gua na Amaz6nia simulados pelo BAA8.avaliacdes tiveram como base
0s campos médios sazonais para o periodo chuvoso (DJF) €l3&r@ para o ciclo
anual sobre a bacia Amazoénica e as porcdes norte e sul da bacia. As métricas estatisticas
utilizadas ara validacdo do BAM foram o viés (equacao 3), a raiz quadrada do erro médio
quadratico (RMSE) (equacao 4) e o desvio padrao. Pavaliacdo do desempenho do
modelo utilizouse o periodo de janeiro de 1980 a dezembro de 2015, a fim de
desconsiderar o pedo despin up do modelo. Utilizouse também a funcdo de
distribuicdo de probabilidade do tigode Student (Panofsky and Briel@68) para

verificacdo da significancia estatistica ao nivel de 95%.

OiQ —-B T g ©)

YO "YO 03 r r 0 4)

Nas equacdes 3 e[4modelorepresenta os valores dwdelo] reanaiise0S vValores

da readlise e d\ referese a quantidade de dados utilizados no estudo.

2.4. Descricdo do modelo e Estratégia de integragcdo numerica
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O Brazilian Global Atmospheric ModeBAM) do Centro de Previsdo de Tempo
e Estudos Climéatico&CPTEC),verséo 1.{Figueroaetal. 2016), € um modelo espectral
semiimplicito hidrostatico, baseado em uma formulacad, dom coordenada vertical
sigma, incorporando um esquema stagrangeano paratoansporte tridimensional de
varidveis prognoésticas de umidade, microfisica e d@gaO BAM possui resolucdo
horizontal de 1.875° x 1.875° (lat/lon) e 28 niveis na vertical. As parametrizacdes fisicas
de superficie utilizadas pelo BAM incluem o modetovegetacdo dindmica Integrated
Biosphere Simulator IBIS (Foleyet al. 1996 e Kuchrik et al. 2000), modificado por
Kubota (2012). O IBIS um modelo dindmico de vegetacdo global, que representa um
amplo conjunto de processos da superficie terrestra@lofi|a de dossel, fenologia de
plantas, dindmica e competicdo da vegetdEateyet al. 1996; Kuchariket al.2000)

O mapa de vegetacéo utilizado nas simula¢des do BAM apresenta diferentes tipos
de uso do solo, conforme mostrado na Figura tomponete hidrolégica do modelo
IBIS apresenta oito camadas de solo com espessuras:.03,00.25, 0.50, 1.0, 2.0, 4.0
e 4.0m. A profundidade do solo é de 12 metraggido onde acontece a extracdo de
umidade pelas raizes. O modelmspui duas camadas de skls Os fluxos radiativos e
turbulentos através das duas camadas da copa até facseipéo parametrizados. A taxa
de absorcdo maxima de agua no sdimitada e dependente da umidade nas camadas de
solo. A condutancia estomatica é parametrizada endifut€ concentracdo de £€6da
umidade relativaO escoamento superficial ocorre ndaa diferenca entre a precipitacao
e a evaporacaexcede a taxa de infiltracdo maximda. modificagbes implementadas por
Kubota (2012) incluem expressfes empiricas paéicolo da resisténcia da transpiracéo
do dossel em fungcédo do indice de éarea fqliaF), tipo de vegetacdo, e condigbes

ambientais (radiacdo, umidade do solo, temperatura, umidade relativa).
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Figura |: Mapa de cobertura vegetal utilizado nas simulagdes do BAM apresentando os diferentes tipos
deusodaterra. Tab ®m se destaca a fiPor-«o Norte (PN)Oo e
balanco de 4gua na bacia Amazénica.

O esquema de turbuléncia € de Mellor and Yamada (1982), o esquema de
conveccado rasa de Park e Bretherton (2009) e profunda deD&welyi 2002). Os
esquemas de radiacéo de ondas curtas e longas de éaedi(@008). Para avaliagao dos
componentes dodtanco de agua na bacia Amazonia realigeuma simulacdo numeérica
para o clima presente utilizando o BAM. A simulacdo consistiu em integracao
continua de 37 anos para o periodo de 1979 a 2015, inicializada as 12Z {llevi(go
Médio de Greenwich) delOde janeiro de 1979. Durante a integrag@o a concentracéo de
dioxido de carbono (C£ foi mantida constante em 370 ppm. A condicdo d#crao
oceanica foi obtida a partir dsdational Oceanic and Atmospheric Administration
(NOAA) Extended Reconstructed S8arface TemperaturéSST) v4,(Huanget al
2015]. Utilizou-se a condicéo inicial atmosférica do dia 1° de janeiro de 1979, obtida da

reanalise do ERAnterim (Deeet al 2011).
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3. Resultados e Discussao

3.1. Precipitacao

A Figura 2 apresenta a precggjfio média sazonal simulada plsM e a obtida
a partir dos dados de reanalise do-BBtarim, ambagara os periodos chuvoso e sé€go.
BAM reproduziu o padrao espacial da precipitacdo sobre a bacia Amazonica em ambos
periodos chuvoso e seco (Figuras R&s maiores valores de precipitacdo sobre a bacia
ocorrem no periodo chuvoso (Figura 2b). A intensidade dos valores de precipitagéo, n
periodo chuvoso, estd relacionada ao posicionamento da Zona de Convergéncia
Intertropical (ZCIT) e da Zona de Convengé& do Atlantico Sul (ZCAS) sobre grande
parte do Brasil, principalmente na bacia Amazonica (Marexgd. 2012). Por outro
lado, ra porcdo centrahorte da bacia Amazonica, BAM simulou valores menos
intensos de precipitacdo no periodo seco em retagsivalores da reanaligégura 2e,f).
Para DJF, o BAM subestimou a precipitacde4 (lhmdial) em pontos isolados da
Amazobnia. Porémuperestima, principalmente sobre a Cordilheira dos Andes (Figura
2c). De acordo com Silvet al. (2011) os conjuntos de dados de reandlise geralmente
superestimam a quantidade de precipitacdo nas montanhas daaAdweBal, quando
comparados ao conjunte dados d&limate Prediction Center (CPCA subestimativa
da precipitacdo sobre a bacia Amazénica também é um padrdo encontrado por outros
modelos de circulacdo da atmosfera. Segundo Nebra. (2013), varios mdelos
globais, tais como: d®razilian Eath System Model Oceaktmosphere (BESMDA,
versdo 2.3), cHadley Centre Coupled ModéHadCM3, versdo 3)0e o Canadian
Coupled Global Climate Model (CanCM4, quarta geragapyesentam dificuldades em
representar @oadréo da precipitacdo, subestimaadebre a bacia, semelhante ao

observado na simulacdo com o modelo BARIchter e Xie (2008) afirmam que
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resolucdes espaciais tipicas de modelos globais, acima de 2°, apresentam dificuldades em
capturar processos comos e, esse pode ser um dos motivosichlacéo deficiente

da precipitacdo na América do Sul equatoribbzuka et al. (2011), avaliando o
desempenho do modelo acoplado (oceatnwosfera), mostraram que deficiéncias
relacionadas arecipitacdcsdo maioes em regides de convecgéo profundagdcessta

uma das principais fontes de erro do modelo.

Para JJA, os maiores (menores) valores de precipitacao provenientes da reanalise ocorrem
na por¢ao mais a norte (sul) da bacia devido a variacdo sazonal da d€iiuelancas

na circulacdo atmosférica gienal sobre o continente. Neste periodo o BAM
superestimou a precipitacdo-§4nmdial) na porcio norte e subestimou a precipitagdo

(5-6 mmdia?l) na parte central e oeste da bacia Amazonica (Figura 2g). Ereviosep

a 4mmdia’ sdo observados, pdipalmente, no noroeste da bacia Amazonica e sobre a
regido Andina. Segundo Cha al (2014), esses erros podem ser provenientes dos
esquemas de superficie (modelos de biosfera) acoplados aos modelos atmosféricos,
provavelmente mal calibrados e ajustagasa essa regido devido a escassez de dados
observadosOs esquemas de superficie, acoplados aos modelos climaticos, tém por
finalidade representar os processos fisicos, quimicos e biolégicos entre a superficie e
aimosfera. Esses processos envolvem, eniteas coisas, as trocas de energia, massa e
momentum entre esses meios. Com isso, esses esquemas realizam o particionamento de
energia, fazendo com que parte a da energia recebida seja particionada entre fluxo de
calor sensivel, latente e no solo. O fiuxe calor latente é responsavel por transportar
vapor d"dgua para a atmosfera, e desta forma, influenciar na formacdo de nuvens e
precipitacdo. Se 0 esquema de superficie ndo particionar corretamente essessprocesso

pode conduzir a erros nos balancosrmrga, agua e carbono, afetando o clima da regiao
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(Pitman (2003) e Mcguffie e Henders8ellers (2001)).
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3.2.Evapotranspiracao

A Figura 3 apresenta a evapotranspiracdo média sazonal simula@pe® a obtida
a partir da reandlise do Ehaterim para os periodos akioso e secde forma geral, apesar do
BAM representar a variagdo sazonal da evapotranspiracdo sobre a baz@igayao modelo
superestima na estacdo Umida e subestima na estacdo seca da regialor€s de
evgpotranpiragdo simulado pelo BAMariaramentre 2 e énmdia® (Figuras 3a,e), estando
inferiores aos da reanalise na porcao sul (Figuras 3b,f). Seneethegdnalise, 0 modelo BAM
simulou maior variacdo sazonal na porcdo sul da bacia. Ademais, 0 BAM superestimou a
evapotranspiracdo em DJF (Figc) e JJA (Figura 3g) em torno de th& dia?, principalmente
na parte norte da bacia Amazonica. Esta suji@@s/a na evapotranspiracao simulada na bacia
pode estar associada a dificuldade do modelo em simular 0s processos convectivos, subestimando
a precipitagdo, simulando maior quantidade de energia a superficie e, consequentemente,
aumentando a evapotranggido. Segundo Richter e Xi@008) apesar do alto grau de
sofisticagcdo das parametrizagdes de superficie, os modelos sdo diretamente depeiodent
balanco de energia da superficie e, portanto, da quantidade de energia incidente.

No entanto, durante JJA BAM subestimou a evapotranspiracds.§mmdia’) na
por¢cdo sul da bacia Amazbénica (Figura 3g). Isto pode estar relacionado a umidade do solo
utilizada como condi¢ao inicial dBAM, ao armazenamento e as proprias parametrizacdes de
superficie, que apesdos avangos e esfor¢os aplicados no modelo IBI6, ainda apresentam
deficiéncias de ajuste para o bioma tropical da América do Sul (Kubota, 2012). De acordo com
Verbeecket al. (2011) para representar mais realisticamente a evapotranspiracdo da florest
Amazobnica é necessario adequar as profundidbelezizes e solos utilizados. Os maiores valores
de RMSE sao observados no sudoeste da bacia para perfmos chuvoso e seco (Figuras

3d,h) com valores mais intensos no periodo seco da ordermdedia’.
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3.3.Transporte e Convergéncia de umidade

As Figuras 4 e apresentam o transporte e a convergéncia de umidad&ados
peloBAM e os obtidos a partir da reanalise do-EBtarim para os periodos chuvoso e
seco, respectivamente. As caracteristicas predominantes do transporte de umidade nas
regides tropical e sutmpical configuram um regime de Monc¢do na Ameérica db S
(Grimm et al. 2011), estabelecendo um padrao de intensa convergéncia de umidade e
precipitacdo na Amazonia e no Brasil central durante o periodo chuvoso, conforme
representado pela reanalise (Figutbls Estas caracteristicas também séo observadas na
simulacao do transporte de umidade pelo BAM, conforme mostrado na Figura 4a,d. Um
padrdo importante da circulacao equatorial, simulada pelo BAM para o periodo chuvoso,
€ a presenca dos ventos alisios tyaasportam umidade do Atlantico Tropical para a
Amazbnia durante o verao (Figura 4a). De acordo com Satyamiuaty(2013), o fluxo
de vapor dodébsgua do Atl ©ntico Equatori al
Amazoénica. Quando os ventos alistmeontram 0os Andes, estes sdo desviados para sul
sudete e, a umidade é transportada da Amazénia para as regidesscmtooBrasil e
norte da Argentina através dos Jatos de Baixos Niveis. Esse padrédo na circulacao € bem
simulado pelo BAM no periodo chaso (Figura 4a). No periodo chuvoso, o viés no
transpote de umidade é da ordem de k@5n!s? principalmente na porgéo central
norte e leste da bacia Amazonica (Figura 4c). Por outro lado, no periodo seco (Figura 4f),
0 viés € mais intenso (150 kg s?) e localizado no oeste da bacia.

A convergéncia deimidade representada na reanalise apresentou valores mais
intensos sobre a bacia Amazdénica durante o periodo chuvoso (Figura 5b). O padréao de
variacdo sazonal e espacial da convergéncia de umidadei i@on simulado, pois no

periodo chuvoso o BAM apras®u valores mais altos no oeste e norte da bacia
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Amazénica em relacdo a reanalise (Figura 5a). Nettaik (2009) afirmaram que valores

intensos de convergéncia de umidadbére a bacia Amazonica eBoasil Centralséo

esperados durangeMoncao de Verdda América do Sul (MVAS)Para o periodo seco,

o BAM simulou divergéncia de umidade na porcéo cemimbe da bacia (Figura 5d).

Este padrao ndo é observado na reanalise dmterdm (Figura 5e). O BM subestimou

a convergéncia de umidadertBndial) en grande parte da bacia durante o periodo

chuvoso (Figura 5c). Por outro lado, subestimou a convergéncia de umidade na porgéo

norte e superestimou na por¢éo sul da bacia Amazénica no periodo secd §BigOr

model o si mulou um f | intensoetheeclagda preanalisdbéix&®@ g ua me n
resolucao gmcial de modelos globais, tambgade ser rggnsavelpelasdificuldades

na representacéo dos processos convectivos (Richter e Xie, 2008)



36

Sk

2506 L
§4°W78°W T2°W66°WH0°W54°W48°

FiguralV:Fl ux o de v agrado vertdcal@ante paraio perialo chuvoso DJF (coluna esquerda)
e seco JJA (coluna direita): (a,d) simulado pelo BAM, (b,e}Ifsxim, (c,f) viés. O limite da bacia
Amazonica é representadol@econtorno (negrito). Areasom diferencas significativasonnivel de
confianca de 95% s&o identificadas por pontos pretos. Unidades erhsdg m



15°N~

© 10°N
5°N
0°
5°S
10°S
15°S

20°S

(a)

).
AT R

- §4°VV78°VV72°VV66°VV60°

15°N

10°N
5°N
0°
5°S
10°S

15°S

(©)

)

250 ¢ % %
BAW 7B WT2°W 66°W60°

W54 W A8 WA2 W 36°W 30°W

10°S
15°S

20°S

(e)

i 5 ™

o I
25 §A°W 78°WT72°W66°W6H0°W54°W4AB ' WA2°W36°W30°W

15°N

10°NK

5°N
0°
5°S
10°s
15°S

20°S

25"34

€) ] /';

J i i
W78 W72°W66°W60°WS54° WA W42°W 36° W 30°W

37

Figura V: Convergéncia de umidade para o periodo chuvoso DJF (coluna esqueeta) JJA (coluna
direita): (a,d) simuladpelo BAM, (b,e)EraInterim, (c,f) viés. O limite da bacia Amaz6nica é representado
pelo contorno (negrito). Areas com diferencas significativas no nivel de confianca de 95% s&o identificadas
por pontos pretosJnidades em mm dfa

3.4. Escoamento superficial

A Figura 6 apresenta o escoamento superficial simulado pelo BAM e obtido a

partir da reanalise do Etaterim para média anual. Obsers@pequena variacao espacial

no escoamento superficial sobre a bacia Amazobnica. A variagdo no escoamento

superficial simulado pe BAM é determinada principalmente pela precipitagdo, uma vez

que, a magnitude da variacdo da evapotranspiragcdo é bem menor. Os valores de
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escoamento superficial simulados variaram entre Gym@lia® sobre a bacia Amazénica
(Figura 6a). Na média anulalores positivos em toda a bacia mostram que a precipitagdo

€ sempre maior que a evapotranspiracao. Esse comportamento também é observado na
reanalise, mostrando que o modelo BAM representa bem o escoamento superficial
(Figura 6b), apesar @ggpresentar gides com vieses pronunciados no norte e sudoeste da
bacia Enquanto o modelo simwalores maiores de escoamento na porgao norte da bacia

e menores na porgao salreandlise mostra um padréo mais uniforme sobre toda a bacia.
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3.5.Ciclo anual
Para efeito de analise @iclo anual dosomponentes do balanco de gubacia
Amaznica foi dividida em duas por-»es:

mostrado na Figura DO ciclo anual da precipitacéo, evapotranspiracao e convergéncia
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de umidade simulados pelo BAKI estimados a partir da reanalise do-lBtarim é
apresentado na Figura 7. O ciclo anual dos componentes do balango de 4gua simulado
pelo BAM e pela reanalise mostrameti#ncas entre as por¢cdes norte e sul da bacia.
Maior variacdo sazonal nos componentes do balango de agua € observada na por¢ao sul
da Amaobnia. Estas diferencas devasm as caracteristicas do regime de mong¢ao na
América do Sul e ao posicionamento da ZCR8dhaet al.2016). O BAM representou

bem a sazonalidade da precipitacdo sobre a bacia e nas porgdes norte e sul, com valores
proximos dareandlise e dentro do desvio padrao (Figura 7a,d,g). Entretanto, o0 BAM
subestimou a precipitacdo durante todo o aon) excecdo dos meses de novembro e
dezembro (Figura 7a).

O ciclo sazonal da evapotranspiracdo também é bem simulado pelo BAM (Figura
7b), entretanto com uma defasagem nos picos maximos e minimos durante o ciclo anual.
Essa defasagem néo é observada naes norte (Figura 7€) e sul (Figura 7h) da bacia.

O BAM superestima a evapotranspiracdo na porcao norte durante todo o ciclo anual e
subestima na porcéo sul da bacia durante o periodoRessaltese que, ao fazer a média

para toda a bacia, o viés poa@scarar os valores sub e superestimaddBAM nao
representou corretamente a variacdo sazonal da convergéncia de umidade sobre a bacia
(Figuras 7c,f,i). O ciclo anual da convergéncia simulada ndo acompanha o padrdo da
reandlise. Na média da bacia, avengéncia € subestimada durante todo o ano com viés
negativo da ordem de 5 mm diadNa porcdo sul o BAMuperestima a convergéncia de
umidade na estacéo se€ar outro lado, subestima em quase todo o ano (principalmente

na estacao chuvosa), simulandopsdréo de divergéncia de umidade no periodo umido

(Figura 7i).
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Figura VII: Ciclo anual doscomponentes do balanco de agua (Precipitagdo, Evapotransp&acao
Convergéncia de umidade) em (mmi)jssimulado pelo BAM (linha azul) @a reanalise do Evaterim
(linha preta). A &rea em cinza representa o desvio padréo da reandlise: (a,b,c) pdaciadamazonica,
(d,e,f) para Porcdo Norte da baciagen() para Porcdo Sul da bac

3.6.Balanco de agua

A Tabela 1 apresenta osrmmponentes do balanco de dgua da bacia Amazénica
simulados pelo BAM e obtidos pela reandlise do-IBtarim para a nafia anual. De
forma geral, na simulacdo do BAM a bacia Amazdnica comsertaomo sumidouro de
umidade da atmosfera, uma vez que, os valdeeprecipitacdo sao superiores aos de
evapotranspiracao (Tabela 1). Esse comportamento de sumidouro foi enciamiiaéio
por Marengo (2005) quando avaliou os componentes do balanco 4gua na Amazénia em

condic¢Bes neutras e em extremos de variabilidadeatatas como episodios de El Nifio
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e La Nifa.

Tabela 1: Média anual dos componentes do balanco de agbaaia Amazodnica simulados pelo BAM e

proveniente da reandlise do Hraerim (periodo 1979 a 2015). Componentes (diat): precipitacdo (P),
evapotanspiracdo (E), &oamento SuperficidES) e Convergéncia de umidade (C); Bi C definido

como fAinmhor erme an8lised que represent/BS)idlameddda da absol
relativa (%) do desbalanco.

Componentes (mm dia) BAM Era-Interim  Erro do Modelo (%)
M édia Anual

P 5.7 6.2 -8.8

3.8 3.6 5.3

ES 1.9 2.6 -36.8
C 0.9 2.7
Pi E 1.9 2.6
Pi ET C 1.0 -0.1
Desbalanco = [(C / ES) 1] (%) -52.6 3.8

A precipitacdo média anual simulada foi da ordenmivdia?, apresetando um
erro relativo de 8,8%. A convergéncia de umidade foi de aproximadamentarh,dia
1 estando bem abaixo daquele observado pela reanalise. De forma geral, o BAM
subestimou o escoamento superficial (36,8%), mas apresentou bom desempenho na
repregntacao da evapotranspiracao, superestimando da ordem de 5,3%. Apesar do BAM
superestimar a evaranspiracdo anual, os valores estdo proximos daqueles encontrados
por Domingues (2014). O alto viés no escoamento superficial € provavelmente decorrente
dos eros encontrados na precipitacdo, uma vez que, a evapotranspiracdo apresentou
baixo vieis.

Compaando os componentes do balanco de agua na atmosfera simulados pelo
BAM, a convergéncia de umidade (C=0,9 mm™jlimdo estd em balanco com o
escoamento supecfal (R=1,9 mm did), pois existe diferenca da ordem de 1,0 mm dia

1 gue n&o é contabilizados& desbalanco da ordem de 52,6% mostra o ndo fechamento
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no ciclo da agua na bacia Amazobnica. Segundo Moreira (2019) o ndo fechamento do
balanco deigua néo imalida o estudo, apenas mostra algumas informacdes importantes
sobre a dindmica do ciclo do batanhidrico da bacia, que estado relacionadas a escala e
as condic¢Bes climaticas da bacia. Apesar da melhoria na representagcédo da camada de solo,
implementada nmodelo IBIS v2.6, o erro encontrado na simulagdo da evapotranspiracéao
provavelmente deve estaelacionado a deficiéncias do modelo de superficie em
representar a difuséo de calor e a condutividade de 4gua no solo (Kubota, 2012). Como o
escoamento foi callado em funcdo da diferenca entre a precipitacdo e
evapotranspiracédo, parte do desbalanco psete explicado pela forte reducdo do
escoamento superficial. O desbalanco anual da reandlise foi da ordem de 3,8%
apresentandom melhor fechamento em cparac® aos periodos chuvoso (7,0%) e seco
(-14,3%), nao mostrado.

O BAM simulou as caracteristicasrktoldgicas dos componentes do balanco de
agua na bacia Amazonica, apesar da dificuldade do BAM em posicionar corretamente 0s
maximos de precipitacao e convéngia de umidade sobre a regido Amazoénica. O BAM
superestimou os valores de evapotranspiracé@o@uaerdo (11,6%) e subestimou (32%)
no caso do inverno. O BAM apresentou valores menores de evapotranspiracdo para o
periodo seco (2,5 mm dipi mostrado. Btretanto, medidas de fluxo de calor latente
obtidas em torres micrometeorolégicas na Amazoniaarde 0s experimentos
ABRACOS (AnglaBrazilian Amazonian Climate Observatory Study) (Gash e Nobre,
1997) e LBA (Gaslet al 2004) mostraram que, apesar da ¢éduda precipitacdo no
periodo seco, a evapotranspiracdo apresenta pequeno aumento, mostranitioregta
pode transpirar potencialmente mesmo em condi¢cfes de deficiéncia hidrica (ldodnett

al. 1996; Rochat al 2004; von Randovet al 2004). Isso mds que 0 esquema de
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superficie tem dificuldade em representar os processos hidrologicos (absoligdo de

agua em camadas profundas) em condi¢c6es de estresse hidrico. O comportamento de
sumidouro de umidade na bacia foi bem capturado pelo BAM poisnétha, a
precipitacéo foi consideravelmente maior que a evapotranspiragéo (P > E), em todos os
periodos analisados. Na simulacdo do balango de 4gua obtida pelo BAM oksetvou
desbalanco de 52,6%, com a convergéncia de umidade consideravelmente menor qu
escoamento superficial (C < ES) sobre a bacia. Este desbalanco pode estar relacionado a
limitacdo das parametrizagbes de conveccgdo (precipitacdo) do BAM. Makeayo

(2005) apresentaram um desbalan¢co da ordem de 51% em toda a bacia Amazonica,
exibindo uma variabilidade interanual consistente com a variabilidade da precipitagéo.
No entanto, osdores utilizaram para o calculo do balanco a reanalisNalimnal

Centers for Environmental PredictighNNCEP) e atribuiram este desbalanco a vérios
fatores ncluindo: incertezas nas medidas de precipitacdo e observacédo dos rios e a ndo
representacado rdstica da reanalise sobre a bacia Amazénica. Por outro lado, embora
parte dos erros nos componentes possam ser atribuidos as deficiéncias dos modelos em
simula a conveccdo, uma representacao errdnea dos processos de superficie terrestre

também é capaz ctibuir para tais erroRjchter e Xie 2008)

4. Conclusoes

Nesse estudo avaliee o desempenho do BAM na representagdo dos
componentes do balanco de aguabaeia Amazobnica para o periodo de 1979 a 2015,
utilizando a reanalise do Ematerim (ECMWF). Osresultados mostram que o BAM

consegue simular a variagdo sazonal e espacial da precipitapdciam@mazoénica. O
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estabelecimento de uma circulagdo de mongao regido tropical com intensa
convergéncia de umidade e precipitacdo nha Amazonia mostra adeajeadd BAM em
capturar as principais caracteristicas do clima no continergraricano. Entretanto, o

BAM apresenta um ciclo hidrolégico menos intensoaEacom valores mais reduzidos

na precipitagdo, na convergéncia de umidade e no escoamentficeup& nao
fechamento do balan¢o de dgua mostra uma limitacdo do BAM em simular corretamente
0 processo principalmente de convergéncia de umidade, condudasta forma, a um

ciclo hidroldgico mais enfraquecido sobre a bacia. Além disso, o BAM necelesi
ajustes e calibracdo na representacdo de processos de superficie, como por exemplo de
evapotranspiracéo, uma vez que o BAM apresenta dificuldade nag@oula variacao
sazonal desta variavel na bacia Amazénia. Esta dificuldade provavelmenteaigio rel
tanto com a umidade do solo utilizada na condicéo inicial do modelo, como também a
pequena quantidade de camadas de solo. De maneira geral, apesaiculdsd#i$
encontradas pelas simulagcdes do BAM, os erros sistematicos obtidos nos componentes
do kalanco de agua sé@o de grande importancia para determinacédo do grau de confianca
para simulacfes do clima presente, em estudos de variabilidades no clinrajegieg

futuras utilizando cenarios de emissdes antropicas.
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Abstract

In this study, we evaluated the isolated effects of the interannual and decadaddiss

on the water balance of the Amazon basin. For this, we used the Brazilian Global
Atmospheric Model (BAM) and sea surface temperature (SST) filtration technique. The
impact of the isolated interannual and decadal time scales was quantified dolesp$

El Nifio Southern Oscillation (ENSO) and the Atlantic Dipole (AD). The results show
that isolated interannual scales weaken the impacts of El Nifio and La Nifia on wate
balance components in the north of the Amazon and northeastern Brazil. Such a
wedkening is more evident in the episodes of El Nifio than in those of La Nifia. This
indicates that El Nifio is more dependent on other time scales (in addition to the
interannu§ than La Nifa. In relation to the Atlantic, the positive AD increases
(decreasedhe precipitation in the north (south) of the Amazon basin in the experiment
with nonisolated SST time scales. On the other hand, when the decadal scale is isolated,
the ncrease in precipitation in the north of the basin is not observed, losing the dipo
pattern in the precipitation anomaly between the north and south of the Amazon basin.
The BAM model is not sensitive to the negative AD when SST is isolated in the decada
scale.These results are important for monitoring the climate of humid tromgadns,

mainly for the study of ENSO, since, according to recent research, these extreme events
will be increasingly frequent and intense

Keywords: Brazilian Global Atmospéric Model, Amazon Basin, Water balance,
Climate modeling.

1. INTRODUCTION
The Amaon is the largest rainforest on the planet with 6.3 millios. kbue to
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its vast expanse, the Amazon Rainforest plays an important role in the global water and
carbonbalance between the surface and the atmosphere (Grace et al. 1996, Malhi et al.
1998, Maengo 2006a). In addition, the rainforest provides a number of fundamental
environmental services, such as maintaining biodiversity, transporting trace gases and
aerosts, the cycling of water through evapotranspiration, and the supply of moisture to
other regions of the continent, as well as contributing to the maintenance of the
hydrological regime on regional and global scales (Fearnside 2005, Marengo 2006a
Phillips & al. 2008, Satyamurty et al. 2013). However, the Amazon is sensitive to
variability andchanges in the climate system, whether due to natural variations, inherent
to the climate system itself (nonlinear interactions), or anthropogenic variations; such as
the increase in the concentration of greenhouse gases (GHG) in the atmosphere and
changs in land use (Costa & Yanagi 2006, Correia et al. 2007, Foley et al. 2007, Chou
et al. 2014, Nobre et al. 2016, Alves et al. 2017).

Recent studies, using observed datd numerical models, show that phenomena
in interannual (Espinoza et al. 2014, Mare&géspinoza 2015, Limberger & Silva 2016,
Sousa et al. 2018) and decadal time scales (Marengo & Nobre 2009, Villamayor et al.
2017) strongly influence the componentstioé water balance in the Amazon basin.
Espinoza et al. (2014) associated the floodsdbeurred in 2014 in the southwest of the
Amazon basin to the strong meridional gradient in the sea surface temperature (SST) in
the tropical Atlantic, which in turred to an increase in the transport of moisture and
excess precipitation over the regiémaddition, projections of the Earth System models
from the Fifth Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC) point to a likely increasm extreme precipitation episodes by the end of the

century (IPCC AR5 2013). Moreovdhe IPCC report suggests that the increase in the
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frequency of extreme eventdiigely to be greater in the humid tropical regions, but with
a high degree of uncentdy for the Amazon region (IPCC AR5 2013). However, despite
observational evidence raging the role of ocean variability in the climate of the
Amazon basin, the isolated effect of time scales on ocean variability in relation to water
balance in the Amamn basin is not yet fully known. The investigation of this issue will
allow us to undetand how the components of the moisture balance in the Amazon are
altered by different time scales.

Since the 1970s, the works of Caviedes (1973); Hastenrath & H&8&7);
Hastenrath (1984) have demonstrated the relationship between the interanabdityari
of precipitation in South America (SA) and atmospheric circulation. Studies on the
general circulation of the atmosphere show that oceanic conditions ingloakwstlantic
Ocean basin have a strong influence on the interannual variability ofirege in SA
(Sousa et al. 2018). Sousa et al. (2018) showed that the rainfall regime in the eastern
Amazon basin presents behavior associated with the interanmizddiNtgy mode of the
Atlantic Ocean. Oceanic conditions in the tropical Pacific bdsmiafluence interannual
climate variability in SA through the El Nifio Southern oscillation phenomenon (ENSO)
(Moreira et al. 2018). Climate variability in interannudecadal time scales, among
others, have produced an increase in the frequency oftidsoagd floods in the Amazon
basin (Gloor et al. 2013, Espinoza et al. 2014, Marengo & Espinoza 2015, Moreira et al.
2018). Studies regarding decadal variability sttbet oscillations in the SST of the
tropical Atlantic directly affect the convective mitly in SA (Servain et al. 2014,
McCarthy et al. 2015, Utida et al. 2019). That is, both the Atlantic and Pacific Oceans
influence the climate and, therefore, the watgance in the Amazon basin.

Different studies have characterized the mode of deaackdnic variability
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through the Atlantic Dipole (AD) (Hastenrath & Heller 1977, Moura & Shukla 1981,
Wagner et al. 1996, Souza & Nobre 1998). According to Aragao (1@@8AD directly
interferes with Hadley and Walker circulations, which alter cloud &bion in the tropical
region and influence the distribution and intensity of precipitation in these regions. Souza
et al. (2000) showed the importance of the decad&hility of the SST of the Atlantic
Ocean in the distribution of rain in the Amazon.ddeoli & Kayano (2004) emphasized
that the existence of the dipole in the tropical Atlantic represents an important climate
control mechanism through the anomalous Isewrt displacement of the Intertropical
Convergence Zone (ITCZ). The AD has a strong aaalg#y and is more pronounced
during the southern autumn (Hu et al. 2008), mainly in northeastern Brazil (NEB) during
the rainy season (Houns@bo et al. 2015). Accding to Kayano et al. (2018), the
interference of the AD in the positioning of the IT@&y imply changes in the seasonal
distribution of precipitation in the equatorial Atlantic, in the north of NEB and in the
central part of the Amazon. This implicatioocurs through variations in lelevel winds,
causing an anomalous southern positiorohghe ITCZ in the Atlantic (Kayano et al.
2018). The impacts of the interannual and decadal time scales on the Amazon climate
have been extensively studied. Howevieg, individual effect of these time scales on the
water balance in the Amazon basin remsainknown. The evaluation of these time scales
separately will contribute to improving the understanding of the relative role of these time
scales in the climate of éhAmazon region. One way to evaluate these time scales
separately is through atmosphegeneral circulation models (AGCM) and SST statistical
filtering techniques. Thus, this study aims to evaluate the isolated effects of the
interannual and decadal tiseales on the water balance in the Amazon basin using the

Brazilian Global Atmospheric bbel (BAM) and SST filtration techniques using
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wavelets.

2. MATERIALS AND METHODS
2.1. Data

The data used in this study consist of global SST fields, reconstructed monthly for
the period from January 1979 to December 2015, with spatial resolution of l&rsie
by 1,875° longitude and global spatial coverage [NOAA_ERSSTi YAMuanget al
2015)]. This data IS available for download at:

ftp://ftp.cdc.noaa.gov/Datasets/noaa.géfsst. nnmean.v4.nc  To evaluate the

performance of the AGCM, we used precipitation datanftbe Global Precipitation
Climatology ProjectGPCP (Xieet al 2003) with a spatial resolution of 1.25° x 1.25° for
the period of 1972015. The GPCP precipitatiolata were interpolated for the resolution

of the global BAM model (1,875° x 1,875°).

2.2.Filtering of Specific Timescales

For filtering of the SST fields in specific tinfeequency scales (interannual and
decadal), the wavelet transform was applied i@we & Compo 1998). According to
Farge (1992), the traditional Fourier analysis (FA) isfaasible in the investigation of
phenomena that present rstiationary signals, i.e., those that undergo sudden frequency
variations. It is recognized as a rstionary time series, one in which, statistical
moments, such as means and variances fcerdift intervals of a constant period, are
statistically distinct. Otherwise, it can be assumed that the series is stationary. The
analysis of wavelets decomposes thformation contained in the time series, both in

time and in scale of frequency. Sucheahnique is indicated for analyzing geophysical


ftp://ftp.cdc.noaa.gov/Datasets/noaa.ersst/sst.mnmean.v4.nc
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signals in general and, in particular, meteorological signals. Some authors have used the
wavelet transform for theost diverse purposes with the common objective of isolating
(filtering) time scales; for eample, the wavelet transform was used for time and
frequency analysis of hydrological systems (Rigozo et al. 1998), as well as for low
frequency components for diffent time scales of precipitation (Cai et al. 2019).
According to Kumar & Foufoul&eorgiuoet al. (1997), Morlet's wave transform is
suitable for this type of study due to the nonlinear nature of the time series of SST data.
Thus, we chose to use the Mawave transform, which is defined as the product between

a complex exponential wave an@aussian envelope, according to Equation 1:

T R o 1)

In this equation] is the value of the wavelet for somdimensional time
parameterd, and] is the frequency, which was assigned a value of 6 to satisfy the
condition of admissibility (Torrence & Compo 1998). The filter based on the wavelet
transform aimed to remove two characteristic scales of teinotability from the SST
data series, whitinfluence the climate of the Amazon region. The first refers to the band
that characterizes the interannual time scale from 24 to 84 months, which corresponds to
the interval from two to seven years (Trenbd@97). The second refers to the band that
characterizes the decadal time scale from 96 to 168 months, and corresponds to the range
of eight to fourteen years (Andreoli & Kayano 2004). After filtering, the signal for each
time scale was removed from theginial series. Then, each time series wapenly
reconstructed and later added to the monthly climatology for the period. This process

gave rise to interannual and decadal ocean contour conditions.
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2.3. Interannual Time Scale

The ENSO was chosen to repent this time scale, as it is the miagportant
phenomenon of interannual scale (Kousky et al. 1984, Aceituno 1988, Trenberth 1997).
The intensity of ENSO was obtained through the Oceanic Nifio Index (ONI) (Huang et
al., 2015), and was calculated from anemonthly SST anomalies for 3 conseaaitiv
months in the Nifio 3.4 region (5%N;170°W120°W) According to this criterion, if
the means are equal to or greater than 0.5 °C (less than or eq&l t€) for at least
five consecutive months, the episodeciassified as El NiieEN (La Nifia- LN). The
data used for the elaboration of this index were obtained from the SST data that were

filtered for the interannual time scale, as shown in Fig. la.
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Figura 1:. Temporal evolution of the SST anomaly (°C) iirenomena: (a) El Nifio Sul Oscillation BN,
during episodes de El Nifio (EN) and La Nifia (LN) and (b) Atlantic Dipole (AD), during the positive (+)
and negative-{ phases, after wavelet filtration.

2.4. Decadal Time Scale

The AD phenomenon was choserrépresent the decadal time scale. The AD
index was calculated from the difference between the means of SST anomalies of the
northern (5°N20°N;20°W40°W) and southern (5285°S;15°W5°E) regions of the

equator (Rajagopalan et al. 1998). If the resultisfdiference is greater (less) than zero
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the dipole is positive (negative). The data used for the elaboration of this index were

obtained from the SST filtered for the decadal time scale (Fig. 1b).

2.5. Numerical Integration Strategy

The Brazilian Glbal Atmospheric Modet BAM, version 1.0 (Figueroa et al.
2016) was used to evaluate the isolated impacts of the interannual and decadal time scales
on the water balance components in the Amazon basin. The BAM is a hydrostatic semi
implicit spectral model,with vertical sigma coordina, and incorporates a semi
Lagrangian scheme for the thrdienensional transport of prognostic variables of
moisture, microphysics and tracers. The BAM has a spatial resolution of 1,875° latitude
by 1,875° longitude and 28 lels in the vertical coordinat The short and long wave
radiation schemes used were from lacono et al. (2008). The parameterization of shallow
convection were from Park & Bretherton (2009) and deep convection frorenadinyi
(2002), the turbulence schenwas from Mellor & Yamada €@B2) and the cloud
microphysics scheme from Morrison et al. (2009).

The surface scheme used was the dynamic vegetation model IBIS (Integrated
Biosphere Simulator) (Foley et al. 1996, Kucharik et al. 2000, Figueroa et al. EI$5)
is a dynamic model oflobal vegetation, representing a broad set of processes that
includes surfacatmosphere exchanges, canopy physiology, plant phenology, vegetation
dynamics and competition, as well as carbon and nutrient cycling. The IBl#iascl
empirical expressions ffahe calculation of canopy transpiration resistance on the basis
of leaf area index (LAI), vegetation type, and environmental conditions (radiation, soil
moisture, temperature, relative humidity).

In this study, four numeritaexperiments were performed. In the control
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experiment (CNTRL), as a contour condition, we used original SST data from the
reconstructed series [NOAA_ERSST_V4 (Huatgl 2015)], which includes all time
scales. In the secomdperiment (CLMTG), the climtological SST was used. In the third
experiment (CINTA), SST data were used obtained by filtration for the interannual scale
added to SST climatology. In the fourth experiment (CDECA), we used SST data from
filtration for the decadal time scalalso addedo SST climatology. Each experiment
consisted of a continuous integration of 36 years, which refers to the period from 1979 to
2015. ERAInterim data (Deet al 2011) were used as an initial atmospheric condition

for BAM.

3. RESULTS AND DISCUSSION
3.1 Rerformance of the BAM Model

This section presents the validation of the precipitation simulated by the BAM
model for the Amazon region in the dry and rainy seasons. Precipitation was used because
it is the main component dii¢ water balance. The main cheteristic of this study is the
sensitivity of idealized scenarios derived from model simulations with previously
obtained specific SST boundary conditions, which were altered for different time scales.
The seasonal averagétbe precipitation simulatedylthe BAM global model (control
experiment) and GPCP data is shown in Fig. 2 for the rainy season: DeclEmbary
February (DJF); and dry season: Jnog-August (JJA). The BAM model was able to
represent the spatial vati@n of precipitation over thédmazon basin in both seasons.
The highest precipitation values occurred in DJF, due to the positioning of the ITCZ and
the South Atlantic Convergence Zone (SACZ) over much of Brazil, especially over the

Amazon basin (Fig. 2a)
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Although the BAM model simulated regions with maximum precipitation values
0gi
values over the basin was adequately simdldte general, during the rainy season the

to the east of t he

GPCPO6s <cl i mat ol

model underestimated the precipitation over the Amazon lfesnging fromi 1 to15

mm/day) This underestimation was most evident for the central and northeastern regions
of the basin. However, the model ovenestied the precipitation in the southernmost
region of the Amazon basin (about 5 mm afFig. 2c). During the dry season (JJA),
the highest precipitation values occurred in the central and northern portion of the basin

due to seasonal variation of theQZ and changes in atmospheric circulatiorrothe
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continent (Fig. 2d)The positioning of théTCZ, that is, the seasonal displacement of the
ITCZ was correctly simulated by the model. However, the BAM overestimated the
precipitation in the northern pooti of the Amazon basin (Fig. 2f) and undéreated

the precipitation near the western border of the basin.

The results presented in this study are in accordance with the literature. According
to Nobre et al. (2013), some global models, such as the iBraghlrth System Model
OceanAtmosphere (BEBI-OA, version 2.3), the Hadley Centre Coupled Model
(HadCM3, version 3.0) and the Canadian Coupled Global Climate Model (CanCM4,
fourth generation), presented underestimation of the precipitation over the Abzenon
In accordance with Richter & Xie (28)) global circulation models with spatial
resolutions between 2 and 3 degrees have difficulty in capturing convective processes,
and this may be one of the reasons for the deficiencies found in the simulation of
precipitation in equatorial South America.

3.2. Impacts of the Interannual Time Scale

In this section, the results of the numerical simulations of the CNTRL and
CINTA experiments, in relation to the CLMTG experiment are presented. The section
emphasizeshe impacts caused by the interannual time scale on the components of the
water balanceéhroughseasonatompositions during episodes of ENSO. The analyzed
components of the water balance are precipitation, surface runoff (calculated by the
difference beween precipitation and evapotranspiration), convergence and vertically
integrated moistw transport. Table 1 shows the number of seasonal compositions
referring to the years of occurrence of episodes of EN and LN for the rainy period. The

compositions wex performed for the DJF period, when ENSO is in the mature phase.

Table 1: Seasonal congsitions for the Amazonian rainy periods (DJF), referring to the episodes
(years) of EN and LN, along with the seasonal quantity for each episode.

Episodes Years Quantity

EN 1982/83; 1986/87; 1991/92; 1997/98 and 2009/ 5

LN 1984/85; 1988/89; 1995/96: 1998/99; 1999/00 v
2007/08 and 2010/11




62

The anomalies in the components of the water balance in DJF (rainy) for episodes
of EN are presented in Fig. 3. This figuefars to the difference between CNTRL
CLMTG (first column) and CINTACLMTG (second column), which represent the
anomaly for all vaability scales and the anomaly considering only the interannual scale
(isolated), respectively. The anomalies obtained éengihisodes of EN show significant
reduction inthe precipitation, surface runoff and moisture convergence in much of the
Amazon lasin and in the Brazilian Northeast (Figs. 3a,b,c). The reductioniein
precipitation and surface runoff were of the o3 mm day/, while in the convergence
of moisture, the reduction was of 6 mm dayhe exception is the region near the Andes
and in the southeast of Brazil, where the model simulates an increase in precipitation of
the order of 2.5 mm daly
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These rest show that the BAM model presents sensitivity to the increase of the
SST anomaly in thequatorial Pacific during years of EN, consistent with other studies
(Kousky & Cavalcanti 1984, Andreoli & Kayano 2005). In the years of EN, the
descending branch tie Walker cell is positioned over north of South America, favoring
subsidence and a comgeent reduction in rain over this region (Kousky et al. 1984;
Andreoli & Kayano 2005). In addition, the decrease in precipitation and surface runoff
over the Amazon dsin is associated with the reduction of moisture convergence,

especially in the easterménorthern sectors of the basin.
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Regarding the response in the precipitation in episodes of EN that are isolated
from the other variability scales, the followingpasts stand out: the isolated SST only
has the amplitude (or variance) of the selected sale, which will always be less than
or equal to that of the neisolated SST. According to Donoho & Johnstone (1994), the
isolation of the interannual time scdlem the other lower frequency scales (decadal,
multidecadal or even trend) only influescdhe response, because isolating the
interannual scale also removes the modulation effects exerted by the other time scales in
ENSO.

As an example of this modulatipstudies such as those by Andreoli & Kayano
(2005) point out that the effects of EN oregipitation in SA are more intense in the
positive phase of the Pacific decadal oscillation (PDO). Thus, the isolated effect of EN is
represented by BAM with a cowlgrable reduction in regions with negative signs of
precipitation, surface runoff and mtise convergence (Figs. 35 when compared with
simulation using notsolated SST. However, although more sparse, it is possible to note
the persistence of a negatiprecipitation anomaly in the eastern and northern sectors of
the Amazon basin and ingiNortheast of Brazil. The interannual isolated mode produced
a precipitation reduction of the order of 2.5 mm-tayer the east of the basin, which is
less intenseompared to noisolated SST. This change in precipitation is the result of
deintensificéion in the convergence of moisture, which results from the reduction in the
intensity of moisture transport that is restricted to e¢ast of the region (Fig. 3fjn
general, the episodes of EN affect the components of the water balance in the basin,
especially when all time scales are present.

Fig. 4 presents the anomalies of the components of the water balance in DJF for
all scales of variability (first colummnd considers only the isolated interannual scale
(second column), both for episodes of.LTthe interannual variability associated with LN
episodes increases precipitation in the north/northeast part of the Amazon basim(2.5
day') and in NEB (4.0nm da/%) (Fig. 4a). This anomaly pattern is consistent with other
studies (Andreoli & Kayana2005, Gonzalezt al 2013). The surfaceunoff showed
spatial behavior similar to precipitation anomalies, but with the most intense center in the
northeast of the dsin (Fig. 4b). The increase in precipitation and surface runoff is
associated with inteifgation in moisture convergence (dm day'), as shown in Fig.
4c.
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The isolated interannual variability mode produces an increase in precipitation
and surfaceunoff in an area with a smaller extension, when compared to the control
experiment, with less intens@luesin the north of the Amazon basin 2m day* for
precipitation) andNortheast of Brazil (Fig. 4€). The relative increase in moisture
transport and awergence produced an increase in precipitation, but with less intense
values compared to the control experiment (Fig. 4f).

In general, it can be stated that the response of isolated ENSO is not linear for the
Amazon basin. The impact caused on the redoaf precipitation in the years of EN,
on the isolated interannual scale, is less intense when compared to the response of the
increase irprecipitation in the years of LN. In addition, when isolating the interannual
variability mode, the reductiorf the spatial pattern of the precipitation anomaly is more
evident in episodes of EN (Fig. 3d) than LN (Fig. 4d)other words, the impact on
precipitation is not linear in northern South America, if one compares the episodes of EL
and LN, and this is pbably due to the difference in the degree of importance of the
modulation of the scales of lesser frequency of these phenomena (Andreoli &
Kayano2005).
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3.3. Impacts of the Decadal Time Scale

This section presents the results from the simulations of the CNarRIL
CDECA experiments, in relation to the CLMTG experiment. The impacts caused by the
decadal time scale on the water balance components during the positive and negative
phases of the tragal AD are evaluated in the seasonal compositions. Table 2 shews t
number of seasonal compositions referring to the two phases of the AD. The compositions
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were performed for the MAM period (Marékpril-May), when the ITCZ iurther south.

Table 2: Compositions for the southern autumn (MAM), in respect to the pesfti) and
negative {) phases of the Atlantic Dipole (AD).

Phases Years Quantity
AD (+) 19801982; 19881993 and 2002007 3
AD (-) 19831987, 1998002 and 2002012 3

Thecomposition of the anomaly of the components of the water balance for MAM
for the positive phase of the AD is presented in Fig. 5. This figure shows the difference
between CNTRECLMTG (first column) and CDECACLMTG (second column), which
representhe anomaly with all scales of variability and the anomaly considering only the
decadh scale respectively The anomaly obtained in the positive phase shows a
significant reduction in precipitation (1.5 mm dyand surfaceunoff (1.0 mm dag) in
the outh and east of the Amazon basin (Figs. 5a,b). However, in the northern sector there
IS an increase in precipitation and surface runoff. This pattern of increase to the north and
reduction to the south and east of the Amazon basin is consistent wiikplzEeiment
of the ITCZ to the north of its climatological position, which is expeatetie positive
phase of the AD (Villamayoet al 2017, Kayanoet al 2018). The reduction in
precipitation and surface runoff is associated with deintensification amstune
convergence-g mm day') in the southern sector of the basin (Fig. 5¢). irbrthern
sector, despite the increase in precipitation, there is no intensification in moisture
convergence.

When evaluating the isolated decadal mode, the northetor eft¢he basin does
not present the same intensity and extent of increase in pagicipiand surface runoff
(Figs. 5d, e), compared to the response of thesaated mode (Fig. 5a, b). On the other
hand, in the southern sector, the precipitation ¢tdn remains approximately at the
same magnitude. Consequently, the isolated modecaadal variability deconfigures the
dipole pattern (positive to the north and negative to the south) in the field of precipitation
and surface runoff. The reduction irepipitation in the southern sector is due, in part, to
the reduction in moisture coekgence (Fig. 5f), which is more intense compared to the

nortrisolated variability mode (Fig. 5¢).
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The anomaly composition of the components of the water balance for MAM in
the negative phase of the AD is presented in Fig. 6. This figure shows the difference
between CNTRECLMTG (first column) and CDECACLMTG (second column), which
represent the anomalyith all scales of variability and the anomaly considering only the
decadakcale respectively The negative phase of the AD, simulated by the BAM model,
prodwes a significant increase in precipitation (1.5 mm™land surfaceunoff (1.0
mm day?) in the central sector of the northeast (Figs. 6a,b). Over the AtlarsiiN(Oa
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reduction in precipitation occurs. This pattern of reduction in the North Atlantic
increase in the northeast is consistent with the displacement of the ITCZ to the south of
its climatological position, which is a pattern that is expected in the negative phase of the
AD (Villamayor et al 2017, Kayaneet al 2018). Unlike the positer phase of the AD,

the dipole effect on precipitation is not observed on the Amazon basinedingion and
increase oprecipitationin the Atlantic and northeast, respectively, is partially explained

by anomalies in the convergence of moisture.
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In the isolated decadal mode, such intense anomalies in precipitatisaréace
runoff were not observed when compared with theiisolated mode. Figure 1b shows
the dipole index with a low magnitude in the period of 29002, which corresponds to
the n@ative phase of the AD. Thus, the BAM model was not sensitive to thrgehn
SST, and it was not possible to distinguish the effects on precipitation between the
experiments CDECA and CLMTG.

4. CONCLUSIONS

In this study, we evaluated the isolated aad-isolated effects of the interannual
anddecadabcean variability sdas on the water balance in the Amazon basin using the
SSTfiltering techniques and numerical simulations using the BAM model. The filter,
based on Morlet's wavelet transform, was usesklect (isolate) the scales of interannual
anddecadalariability from global SST data. In the evaluation of the BAM precipitation
performance, the results show that the model is able to represent the spatial variation of
precipitation in theainy and dry seasons of the Amazon basin, as well as the positioning
of the ITCZ. However, the BAM tends to underestimate precipitation when compared to
the data observed for the Amazon basin.

In the interannual variability scale, the components of the watendslia the
Amazon show sensitivity to the increase (reduction) of the&@®maly in the equatorial
Pacific in EN(LN) years. The model simulated weakening and intensification of the
components of the water balance in the episodes of EN and LN, respe@ivahges in
precipitation intensity and surface runoff are directlyoasated with reduced moisture
convergence over the basin. When isolating the interannual variability mode, the BAM
model presents a considerable reduction in the intensity and efteagions with
anomalies in precipitation and surfawaoff, comparedo the norisolated variability
mode. Changes in precipitation and surface runoff are associated with deintensification
of moisture convergence. The isolation of the interannual pcatkices modifications
which are more evident in the impacts of EN oeqgpitation than in the impacts of LN
for the Amazon basin. This suggests that the effects of EN on water balance components
are more dependent on other scales of variability.

In the cecadal variability scale, changes in water balance components initne bas
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are due to the displacement of the ITCZ to the north of its climatological position in
MAM. In the positive phase of the AD, a dipole pattern is configured in the components
of thewater balance (precipitation and surface runoff), and present positiveegative
anomalies in the northern and southern sectors of the Amazon basin, respectively. When
isolating the decadal variability scale for the positive phase of the AD, the pBoipi
anomaly pattern is disfigured and only negative precipitation surface runoff
anomalies remain in the southern portion of the basin. In the negative phase of the AD,
the dipole effect on the difference in precipitation over the basin is notveldser
Precipitation and surface runoff anomalies are not significant vgoéating the decadal
variability scale. Thus, the BAM model is not sensitive to the alteration in SST with
regards to the isolation of the decadal scale for the analysis of thévaqgase of the
AD.

The results found in this study contribute to adratinderstanding of the role of
the isolated effects of the interannual and decadal oceanic variability scales in the climate
of the Amazon basin. These results have important intjgita for regional climate

monitoring, as well as for climate modelingdies.
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ABSTRACT:

This study is aimed to evaluate the impact of the isolated interannuadateevariability on

the dynamics of atmospheric circulatiospecially in the tropical region of the Pacific and
Atlantic Oceans. The interannual time scale is isolated, usmgvétvelet technique which
allowed us to filter SST data, on a time scale in the range of 2 to 7 VearBrazilian Global
Atmospheric Modl (BAM)was then forced by this isolated time scale as a surface boundary
condition. To quantify the response of Himosphere to this time scale, anomalous atmospheric
fields were obtained from a reference numerical experiment, where unfiltered SiSWezk

used as boundary conditions. The effects of the interannual time scale on the dynamics of
atmospheric circuteon were evaluated for the positive and negative phases of ENSO. In
general, when the atmosphere is forced by the isolated interanniabilitgr mode, the
atmospheric circulation patterns become weaker than the variability obtained-isoladed
mode.This weakening is statistically significant and independent of the positive or negative
phase of ENSO. The isolated interannual mode fsignitly reduced the areas of precipitation

and its intensity in South America, especially over the Amazon basinatiteastern Brazil.
However, changes in precipitation in these regions are more evident in the positive phase of
ENSO than in the negatiydase. The SST filtering methodology and the use of an atmospheric
general circulation model applied in this studiequately revealed the purely dynamic effects

of the isolated interannual mode on the atmosphere.

KEYWORDS: Climate Variability, General #inospheric Circulation, Global Climate
Modeling, Brazilian Global Atmospheric Model (BAM).

INTRODUCTION

In recent decades efforts have been made to understand and quantify the influence of the
interannual and decennial variability scales on the climbteopical regions. Studies using

both observed data and numerical climatic model data show that the ofoidésrannual
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oceanic variability (Espinozet al 2014; 2014; Marengo and Espinoza 2016; Andrefodl

2017; Sousat al. 2018; Kayancet al 2018) and decennial variability (Marengo and Nobre
2009; Villamayoret al 2017) strongly influence the clingain the tropical region. These modes

of natural variability have produced increased frequency of droughts and floods in recent
decades (Glooet al 2013; Marengo and Espinoza 2016); significantly affecting ecosystems,
water resources, river transporgrigultural production, electricity generation and especially
affecting vulnerable populations and communities in the tropical region of South America
(Doughtyet al.2015). The events of droughts and floods are part of the natural variability of
the hydrelimatic regime in the tropics. However, an increase in the intensity and frequency of
these events has been observed in recent decades (Marengsparadd; 2016; Espinoz

al. 2019). Extreme drought events (2005 and 2010) and floods (2009, 20121a)chade
occurred in the tropical regions of South America over the past 20 years, directly affecting
biodiversity and ecosystems, water resources,etonomy and the society (Marengjoal

2011, 2012 and 2013; Espinaziaal 2015; Erfaniaret al 2017;Aragonet al. 2018). Many of

these extreme events were due to changes in sea surface temperature patterns (SST) in the
Pacific and Atlantic Oceansssociated with the peculiar episodes of El Nifio and La Nifa
(Glooret al.2013; Espinozat al.2014 e 2015). The influence of ocean variability modes on
climate has been analyzed in terms of the correlation between SST data and meteorological
variables (pecipitation and discharges from rivers), which does not allow an accurate
quantification of inpacts of a particular (isolated) mode of variability. The SST's of the
equatorial portion of the Pacific and Atlantic Oceans (and adjacencies) oscillate thtvaee
scales, characterized by abnormal heating and cooling conditions of the surface fwaéses o
oceans (Andreolet al 2017). Variations of different time scales in SST anomalies produce
changes in the intensity and positioning of Walker and Har#ity (Lau and Yang 2003; Quan

et al 2004; Kao and Yu 2009; Haat al 2016). These changeause changes in water cycle
patterns on a global scale (Aceituno 1988; Ropelewski and Halpert 1989; @balhb999;
Andreoli et al. 2017). The EI NifieSouthen Oscillation phenomenon (ENSO) is the most
relevant mode of climate variability on the intenaal scale (Ropelewski and Halpert, 1987).
The atmospheric component of ENSO influences the climate of South America (SA) through
alterations in Walker and Haal cells, and in the extratropical sector, by the Rossby wave train
pattern (Matsuno 1966; Zhcand Lau 2001; Noguéaegleet al 2002). Although ENSO
occurs in the tropical Pacific, it can affect the hydrological cycle and cause severe climate
events orglobal scales through oceatmosphere teleconnection (Hatal 2013). Since the
occurrence bthe intense El Nifio event of 1982/83, the scientific community has made
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significant progress in understanding and forecasting ENSO, in particular afterribe &fu

the observation system called Tropical Oc€dnobal Atmosphere/Tropical Atmosphere Ocean
(TOGA / TAO) (Yehet al. 2014). These efforts have advanced the understanding of-ocean
atmosphere coupling and feedback processes, which are essential wutierewf the ENSO
phenomenon (Kugt al. 2003; Anet al 2005; Dewitteet al 2012). In addion, the current
climate system models of the Third and Fifth Coupled models Intercomparison Project (CMIP3
and CMIP5) provided an invaluable database to ingatiENSO processes involving those
associated with their sensitivity to changes in the medincthlongterm states (Collinst al

2010; Ham and Kug, 2012; Kug al 2012). Despite all the progress, issues remain, including
ENSO diversity, predictabilityteleconnection and interaction of ENSO with other climatic
phenomena. For example, climatedals have difficulty simulating the probability density
function of SST observed in the tropical Pacific, which is related to deficiency in simulating
diversity observed in the EN (Kugt al. 2012; Janget al 2013). Many studies suggest the
existence of iferent types of EN in terms of spatial pattern, thermocline depth, zonal current
and convection location (Yebt al. 2014; Takahashet al. 2011). However, deite the
evidence, based on observations and numerical modeling, on the role of oceanilityamniabi
climate, especially that related to ENSO, the isolated effects of these modes of variability on
climate are still unknown. The assessment of these maueésolation, will contribute to
improve the understanding of the relative role of these o@a@abilities on climate in different

parts of the planet, especially in the tropical regions. One way to evaluate the effects of the
modes separately is to usemospheric General Circulation Models (AGCMs) and statistical
SST filtering techniques, su@s wavelets. Thus, the objective of this study is to evaluate the
isolated (idealized) effect of the interannual time scale associated with ENSO in atmospheric
circulation over the tropical region, using the Brazilian Global Atmospheric Model (BAM) and
SSTdata filtered for interannual scale.

MATERIALS AND METHODS
DATA

The data used in this study consist of global SST fields reconstructed monthly for the period
from January 1979 to December 2015 [NOAA _ERSST V4 (Heard (2015)]. These data
have spatiatesolution of 1,875° and global spatial domain. The reanalyses of thdrE&An



82

(European Centre for MediuRange Weather ForecagtECMWEF) (Deeet al 2011)were

used as an initial atmospheric condition to force the BAM Model.

ISOLATION OF THE INTERA NNUAL TIME SCALE

To obtain the interannual time scale, the wavelet transform is applied to the SST fields
(Torrence and Compo 1998). Several authors used theletéransform to isolate (filter) tirne
scales and frequency signals (Gu and Philander 19§6z&et al. 1998; Bolzan 2005; Cait

al. 2019). According to Kumaat al (1997), Morlet's wavelet transform is suitable for capturing
periodic variations of gophysical signals of a nonlinear nature, as is the case with SST data.
Therefore, we used thidorlet wave transform, defined as the product, between a complex

exponential wave and a gaussian envelope, according to Equation 1:

- oo o
In Equation 1] is the wavelet value for a natimensional time parameterand] is the
frequency. In this study, we adopted a value equal t016 fowhich satisfies the conditioof
admissibility (Torrence and Compo 1998). The wavelet filter is applied to eethewband that
characterizes the interannual cycle from the SST data series, corresponding to the interval of 2
to 7 years (Trenberth 1997). After filtering, the signdémeéng to the desired cycle is taken

from the original series, and then the timeéeseis reconstructed. To this reconstruction, the
monthly climatology of SST is added to the filtered data for the entire period, giving rise to the
isolated interannuatale oceanic boundary condition. This contour condition was used to force
the BAM.

INTERANNUAL TIME SCALE

The ENSO phenomenon represents the interannual time scale, as shown in the literature
(Aceituno 1988; Kousket al 1984). The intensity of this phomenon is obtained through the
Oceanic Index of Nifio (ION) (Huangt al. 2015), calculated from average monthly SST

anomalies for 3 consecutive months in the region of El Nifio Southern Oscil&N8O 3.4
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(5°S5 ° N;10°W-120°W). According to this aerion, if the averages are equal to or greater
than 0.5 °C (equal to or less tham5 °C), for at least five consecutive months, the ENSO
phenomenon is in its positive (negative) phase. The data used for the elabdrétiemadex

Is obtained from théltered SST data for the interannual time scale, as shown in Figure 1.

SST Anomaly (°C)

1980 1985 1990 1995 2000 2005 2010 2015

Years

Figure 1. Temporal evolution of the SST anomaly (°C) for the ENSO 3.4 region, after filtering SST by
wavelets. Episodes of El NiidEN (red) and_a Nifiai LN (blue).

DESCRIPTION OF THE BAM AND NUMERICAL INTEGRATION STRATEGY

To evaluate the isolated effect of the interannual time scale on the circulation of the atmosphere,
BAM version 1.0 (Figueroat al 2016) is used. The BAM is a hydrostatic semplicit

spectral model with gertical sigma coordinate. The BAM has a séragrangian scheme for

the threedimensional transport of prognostic variables of moisture, microphysics and tracer.
The BAM has a horizontal resolution of 1.875° latitude by 1.875° longitude and 28 levels in
the vertical coordinate. The modified ensembleeste of Grell and Devényi (2002) is used as
convection parameterization. The surface scheme used is the dynamic vegetation model IBIS
(Integrated Biosphere Simulator) (Foletyal. 1996 and Kucharikt al 2000), modified by the

Center for Weather Forecasy and Climate StudiesNational Institute of Space Research
(CPTEC/INPE). The madifications implemented include empirical expressions used in the
calculation of the transpiration resistance of the cangpg tunction of the leaf area index
(LAI), vegetation type and environmental conditions (radiation, soil moisture, temperature,
relative humidity). This dynamic vegetation scheme represents several processes, such as

surfaceatmosphere exchanges, canopyglogy, plant phenology and dynamic vegetation
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with carbon and nutrient cycling. More information about the BAM model can be obtained in
Figueroaet al.(2016).

In this study, three numerical experiments are performed: one control and two sensitivity
experiments. As the boundary condition in thetcolnexperiment (CNTRL), we use SST data
from reconstructed series (Huaeg al 2015), which includes all variability scales. In the
second experiment (CLMTG), climatological SST is used. In the third exeeti(CINTA),

the SST data from the filtered @mannual time scale added to the climatology of SST is used.
Each experiment consisted of a continuous integration of 37 years, referring to the period from
1979 to 2015. For data analysis, the first yeathefsimulation is discarded to eliminate the

spin up effect.

RESULTS

EFFECTS OF THE INTERANNUAL TIME SCALE ON CLIMATE

In this section we compare the anomalies of numerical simulations of the CNTRL and CINTA
experiments in relation to the CLMTG experimdhnts intended, in this manner, émmphasize

the impact of the isolated mode of interannual variability (ENSO) on the circulation of the
atmosphere. Table 1 shows the periods referring to the positive and negative phases of the
ENSO. The compositions agerformed for the period Decembd&nuary-February (DJF)

when ENSO is in its mature phase.

Table 1 Positive and negative phases of ENSO, years of occurrence and number of seasons used for
compositing atmospheric fields.

ENSO Period of occurrence Quantity
(phases)
Positive 1982/83; 1986/87; 1991/92; 1997/98 and 2009/10 5
(EN)
Negative 1984/85; 1988/89; 1995/96: 1998/99; 1999/00;
(LN) 2007/08 and 2010/11

From the seasonal composition, mean fields of anomalies are produced for the positive and
negative phases of the ENSO. The anomaly fields are produced by the difference between the
CNTRL and CLMTG (right side) and CINTA and CLMTG (left side). Anomaliesdpoed
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from unfiltered mode (CNTRICLMTG) show the contribution of all timequency ocean
scalesOn the other hand, the anomalies obtained in the isolated mode (SINVAG) show

only the contribution of the interannual oceanic scale (2 and 7 yearsydiugto Donoho and
Johnstone (1994), when a time scale is isolated, only this scale woulgpoasible for the
effects caused. In addition, by isolating the interannual scale, modulation effects by the other
scales are also removed. The results obdaioeboth the positive and negative phases of the

ENSO are presented below.

POSITIVE PHASE OF ENSO

The SST anomalies related to unfiltered and isolated modes are shown in Figures 2a, b in the
central and eastern Pacific Ocean. A region with positivenahes centered on the equator is
observed (Figure 2a). This region consists of two nuclei ofrman significant anomaly (~2.0

°C), one in the central part and the other near the coast of SA. Another region with intense
positive anomalies is observed aglfer latitudes (60° S, 130° W). SST negative anomalies
occur in the western equatorial Pacifitdathe subtropical region of both hemispheres. This
anomaly pattern is similar to that found by Hoell and Funk (2013) when they evaluated the

positive phase dENSO from reanalysis.

In the isolated mode (Figure 2b), positive SST anomalies centered evequhtor present
relatively weaker intensity and smaller extent (in the nediith direction) than the unfiltered
mode. The two nuclei of maximum values, aihioccur in the central Pacific and to the west

of SA (Figure 2a), are not observed in the isalahode. In this mode, there are also no negative
anomalies below0.5 °C in the western equatorial Pacific, the South Pacific subtropical region
(~30° S) andhe South Atlantic Ocean (~30° S). The difference between the patterns of SST
anomalies, relativeo the unfiltered and isolated modes, can result in differentiated patterns of

circulation and, consequently, in the field of precipitation.

The anomalies ofelative vorticity, streamline and horizontal wind speed ati208 level,
resulting from unfilered and isolated modes are presented in FigurésTae presence of a
pair of anomalous anticyclonic circulations is observed (positive relative vorticithe
Southern HemisphereSH and negative in the Northern Hemisphei¢H), located in the

cental-eastern equatorial region in the Pacific, in response to positive anomalies of SST (Figure
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2c). In addition to the pair of anticyclones, a widike patten is observed in the fields of
relative vorticity and flow in the upper troposphere (black ci#gleriginating in the central
equatorial Pacific. The emergence of a pair of anomalous anticyclones in the equatorial Pacific
during the positive phase of tB&SO, along with the wave tralike pattern, is already known

to the scientific community (Maiso 1966; Tinget al. 1996). It is noted that, in the SH (NH)

an anomalous cyclonic circulation occurs (negative relative vorticity in the SH and positive in
the NH), with a nucleus west of the coast of SA (nhorth of Mexico and south of the United
States),at approximately 35S (35° N), accompanied by anomalous cyclonic circulation
centered in the southern region of Brazil. Over the northeast of BAdEB (northwest of the

United States) anomalous anticyclonic (cyclonic) circulation is observed.

On theother hand, the respse of the atmosphere to the isolated mode has significant
differences (Figure 2d). The pair of anticyclones in the central equatorial Pacific resulting from
anomalous surface heating is relatively weaker and consists of two nueeitiibsphere also
regponds with wave train patterns, but less intense and with modified spatial pattern (black
circles). This is because the thermal anomaly in the atmospheric column is relatively weaker
than in the experiment where the interannual scat®i filtered. Withthe cooler atmospheric
column, the disturbance in the upper troposphere, characterized by anomalous high at 200 hPa,
is weaker and, in turn, the pattern of succession of anomalous high and low pressures is less
intense. Anomalous cyahic circulation, chacterized by negative anomalies of relative
vorticity, otherwise positioned west of the coast of SA (Figure 2c¢), is no longer observed in
isolated mode. However, two other cyclonic circulation nuclei are observed, positioned
approximagly at 15° N, 130° Wand 20° N, 170° W. The anomalous cyclonic center (Figure
2c), previously positioned over the NEB, is shifted further south and becomes more intense.
Changes in the spatial pattern and the intensity of the-avatmospheric pattercan result

in significant changes in the direction and intensity of the wind, not only in the equatorial
region, but also in remote regions.

In the central Pacific Ocean, three regions of maximum wind anomaly are observed (Figure
2e). Two positive anomalswnuclei are locatearound 30° S (SH subtropical jet region), one
nucleus at approximately 30° N (NH subtropical jet region) and another, with a negative
anomaly, in the equatorial region. Similar wind anomalies at 200 hPa were obtained by
Coelhoet al (2015). In SA (North Anerica- NA), the subtropical jet, identified in the

regions of maximum wind intensity, is observed around 30° S, 65° W (30° N, 70° W). The

regions of maximum wind intensity, highlighted earlier, coincide with the interface between
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theanomalous cyclonicral anticyclonic circulations in the two hemispheres (Figure 2e).
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Figure 2. Composition of anomalies for unfiltered (left side) and isolated (right side) modes for the
positive phase of the ENSO: (a, b) SST (°C), (c, d) relativecityr{10° s?) and stream lines (%)

and (e, f) wind speed (st) at 200 hPa. Hatched regions represent statistical significance of 95%. Black
circles refer to the waveain type pattern.

The response of the atmosphere to the isolated mode, hovedsershows sigficant
differences (Figure 2f). Among these, we highlight the deintensification of the nuclei of
maximum wind speed that occur in the Pacific Ocean and in the regions of subtropical jets, both
in SA and NA. The intensity of these jet cumt®in the subtpics is significantly reduced. This
reduction occurs due to the weakening of cyclonic and anticyclonic circulations (Figure 2d)
produced by the isolated mode. These results are consistent with the changes in wave pattern,

flow and relativevorticity highlighted earlier.

Figure 3 shows the stream function, velocity potential, divergence / convergence and vertical
velocity for unfiltered and isolated modes. In the Pacific Ocean upper tropospheric pair of
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anticyclones (140W) around the equar followed bya U-shaped wave pattern is observed in

the SH (Figure 3a). Assessing global atmospheric circulation, Wu and Liu (1992) obtained
similar results of stream function anomalies, both in relation to intensity and spatial pattern. In
NH, the "U" pattern is not wll established, but there is an alternation between high centers
(positive values) and low pressures (negative values) that suggest a wave pattern. These results
are consistent witthe stream linesind relative vorticity fields resultinigom unfiltered mode

(Figure 2c).

In the case of the atmospheric response to the isolated mode (Figure 3b)lkevpatern is
observed, significantly weakened, as shown by the anomalous rotational fieldssof@ré is
important to highlight thathe isolated mode reduces the pressure in southeastern Brazil, unlike
what occurs in the unfiltered mode. In the NH, the pressure anomalies at altitude are also
significantly weakened in the equatorial Pacific andthe NA. In the Atlantic Ocean,
anomalos pressure centers, observed in unfiltered mode (Figure 3a), are practically non
existent in isolated mode (Figure 3b). This occurs as a direct consequence of the weakening of

the surface pressure over the heats®ur the equatorial region.

In the eqatorial Pacific Ocean, divergence is observed in the cesdisiern sector and
convergence in the west (Figure 3c). These fields are consistent with the convergence and
divergence patterns at low levels (figure mbiown), as well as their respective \cip
potential values. Wu and Liu (1992) obtained results with similar intensity of velocity potential
anomalies, but were shifted eastward in relation to the present study. Over the Amazon Basin
and NEB there is atrong anomaly of wind convergence antbeity potential. Since at low

levels no wind divergence anomalies are observed, the convergence pattern over the Amazon
and NEB occurs as a result of the divergence field at altitude over the -east@in Pacidi

Ocean.
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Figure 3. Composition of thaunfiltered (left side) and isolated (right side) mode anomalies for the
positive phase of the ENSO: (a, b) stream function at 200 hPanfE3), (c, d) velocity potential (0

m? s) and divergence/convergence afidv(s?) at 200hPa and (e, f) verticalelocity (1¢ Pas?) in the
southern cross section froritd 360 (average of 105 to 10N).

The response of the atmosphere to the isolated mode (Figure 3d) shows significant reduction in
the aerial extent and intensity of the fields of velocity ptié¢ and divergence (convergence).
Although the atmosphere responds to the anomaly of convergetieeupper troposphere in

the western Pacific, the divergence, resulting from convergence at low levels, is not observed
in the same regions when compatedthe unfiltered mode. On the other hand, there is an
anomalous nucleus with convergence and pesialues of velocity potential over the Amazon
region and NEB.

Anomalies of vertical movement in the equatorial region, resulting from unfiltered mode, are
shown in Figures 3e, f. Anomalous upward movement is observed in an extensive area in the
Pacific Ocean, between the longitudes of 90 and 150 W, with small anomalous nuclei of
subsidence (~108V). On the other hand, intensification of subsidence mm@veg anomalies

is observed over the north of the South American continent§65@/). These vertidarelocity
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patterns are observed from the surface up to 200 hPa (Figure 3e), as also observed in other
studies (Kouskyet al. 1984, Andreoli and Kayano 20080bregaet al. 2016 and Andreokt

al. 2017). However, in isolated mode, the atmosphere resputii$ess intense anomalous
upward and subsidence movements over the Pacific and north of the South American continent,
respectively (Figure 3T)he precipition anomalies for the positive and negative phases of
ENSO, resulting from unfiltered mode, at@own in Figure 4. In the positive phase of ENSO,
significant anomalies (positive and negative) are observed in the Pacific Ocean in unfiltered
mode (Figure 4a An intense positive precipitation anomaly occurs in the cea#stern
equatorial Pacific,»xactly over the region of maximum values of anomalies in SST. Negative
precipitation anomalies occur in the western equatorial Pacific and eastern Ausinalba tsi

those found by Yamet al (2020). Significant precipitation anomalies occur arourfdoy@r

both North and South American continents.
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Figure 4. Composition of precipitation anomaly (mm d&yor unfiltered (left side) and isolated (right
side)modes: (a, b) for positive phase and (c, d) negative phase of B#&hed regionsepresent
statistical significance of 95%.

In the Amazon region and the NEB, a negative precipitation anomaly is observed. This anomaly
is positioned in the region of imsification of subsidence movement in the northern portion of
SA. Similar results were found by Kayarm al (2011). Andreoliet al. (2017), when
investigating the effects of different types of ENs on SA precipitation, found values of negative
anomaliessimilar to that of the present study. Moreover, the authors related these anomalies in
precipitation, especially in the EN of gp EP (Eastern Pacific) and MIX (mixed). However,

the authors found these anomalies in precipitation, especially in the Biesf EP (Eastern
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Pacific) and MIX (mixed) types. The precipitation obtained from the isolated mode is
significantly altered in dation to the unfiltered mode (Figure 4b). The area of coverage of
positive and negative anomalies in the Pacific Ocean iseedT his is also observed on the
South and North American continents. In SA, especially in the Amazon region, precipitation
anonalies are less intense when compared to the unfiltered mode. In general, isolated mode

produces weaker anomalous rain fieldthie Amazon and stronger ones in the NEB.

In general, during the positive phase of the ENSO, there is an additional soureg iofthe

central equatorial part of the Pacific Ocean (Hoskins and Karoly 1981). This additional heat
source produces heatirgf the air near the surface causing reduction in surface pressure,
increase in convergence of mass and moisture at the suréawg,motion in the atmospheric
column over the heat source and, consequently, producing a pair of anomalous anticyclones at
high levels. This pair of anticyclonic circulation is also a part of a wave train (successive
anomalous centers of high and lowgseres) that forms in both hemispheres as a response to
anomalous surface heating (Smagorinsky 1953; Hoskins and Karoly 1884 ;a1id Wallace
1981). According to Hoskins and Karoly (1981), when the thermal forcing is close to the
equator, the disturbanegenerated by the thermal anomaly at low levels of the atmosphere are
confined in the vicinity of the source. Physically, thharming near and on the surface is
counterbalanced by the upward vertical movement. This vertical movement causes a
disturbancen the field of vorticity and then, by conservation of absolute vorticity, produces
Rossby waves (Matsuno 1966; Hoskesl 1977; Shimizu and Cavalcanti 2011). In addition,

as a result of the surface heating anomaly, substantial changes occur in tungsaed
subsiding branches of the Walker cell (Zhaeigal 2011), consequently changing the
precipitation field in the tropal region.

However, the interannual isolated mode produced relatively weaker and spatially less extensive
anomalous heating. Asonsequence, in relation to the unfiltered mode, the atmosphere
responded with a lower reduction of surface pressure, lowactien of moisture convergence
(Supplementary Material), weaker upward movements, weaker relative vorticity and weaker
potentia] and a less intense Rossby wave pattern. This relative weakening desintensified and
displaced the anomalous centers of low higth pressure, which gave rise to the less intense
U-shaped wave pattern, when compared to the unfiltered mode. This can bhedlsdhe

fields of relative vorticity. In addition, the ascending and subsiding branches of the Walker cell
were weakened. Iding the positive phase of the ENSO, the interannual isolated mode reduced
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the aerial extent of the fields of precipitation amies, especially over the Pacific Ocean, the

Amazon Basin and the NEB region.

NEGATIVE PHASE OF ENSO

The SST anomalies foh¢ negative phase of the ENSO, relative to the unfiltered and isolated
modes are shown in Figures 5a, b. Negative anomaliesTofiM88 maximum core value of

around 2.0 °C are observed in the central and eastern Pacific Ocean (Figure 5a). Less intense
negdive anomalies of SST are present in the extratropical Pacific, in both hemispheres. These
anomalies are observed around 140° 8H) and 120° W (NH). Positive anomalies are
observed at 170° W in NH. Similar results of SST anomalies were obtained leyaig2016),

when they investigated the behavior of climatological anomalies of SST in the tropical region
during the negative pka of ENSO.

In the isolated variability mode, negative SST anomalies centered on the equator are observed
in the Pacific Ocegrrelatively weaker and less extensive in the sowtfth direction (Figure
5b). In this mode, the three regions of negativeositive SST anomalies in the extratropical

latitudes of the Pacific are not clearly observed, as seen in the unfiltered mode.

The relative vorticity anomalies and stream lines at 200 hPa, referring to the unfiltered and
isolated modes, are presented igufes 5c, d. Two anomalies of cyclonic circulations arise as

a response to negative SST anomalies over the central equatgioal of the Pacific (Figure

5c). A wave pattern is observed in relative vorticity anomalies and circulation originating in the
central equatorial Pacific. In SH (NH), two (one) anticyclonic circulation anomaly nuclei are
(is) observed on the coast of $Aorthern Mexico and southern United States) around 15° and
45° S (35° N). Anomalies of anticyclonic circulations occur in thélsétlantic Ocean (~ 45°

S, 40° W) and northwest of the United States. The cyclonic anomalies, over regions of negative
SST ammalies in the equatorial Pacific, are accompanied bysrauein the Pacific. A similar

result was also found by Tirgg al (1996). According to Hoskins and Karoly (1981), this pair

of cyclones, which contributes to the formation of the wiaaan, isthe result of the emergence

of the thermal forcing anomaly on the surface (black circles).
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Figure 5. Compoaosition of thaunfiltered (left side) and isolated (right side) mode anomalies for the
negative phase of the ENSO: (a, b) SST (°C), (c, d) relatitecity (10° s?) and stream lines (m'sat

200 hPa and (e, f) wind speed ¢) at 200 hPa. Hatched regions represtatistical significance of
95%. Black circles refer to the watein type pattern.

On the other hand, the response of the atmergpto the isolated mode has significant relative
differences (Figure 5d). A relative weakening of cyclones formed in éh&ad equatorial
Pacific is observed. The atmosphere also responds with a relatively less intensainasad

with spatial patten of two weakened nuclei in the extratropical range (black circles). The
weakening of cyclones is consistent with the aalous pattern of isolated SST (Figure 5b).
The nuclei of anticyclonic circulation anomaly are closer to the west coast of SA (B@ure

The anticyclonic anomaly nucleus of unfiltered mode positioned on the eastern coast of Brazil
(~45° S40° W), is intesified in isolated mode (Figure 5d).

The wind anomalies at 200 hPa, which refer to the unfiltered and isolated modes are shown in
Figures 5e, f. Intense nuclei of wind anomaly are observed in the central Pacific Ocean (Figure

5e). There is a positive anaihy nucleus on the equator (140° W), in addition to negative nuclei





















