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ABSTRACT

We analyze the observed relationship between sea surface temperatures (SSTs) over the Atlantic Ocean

and the normalized difference vegetation index (NDVI) in the Orinoco and Amazon basins. Monthly cor-

relations between anomalies of NDVI and SSTs are computed for different regions of theAtlanticOcean.We

also use a mixture of observations and reanalysis products to analyze lagged correlations. Our results show

that during August–September (i.e., the dry-to-wet transition season), changes in NDVI in the central

Amazon and the so-called Arc of Deforestation are associated with precedent changes in the SSTs of the

tropical North Atlantic (TNA) and the Caribbean (CABN) during March–June. Anomalous warming of the

CABN and TNA generates changes in surface winds and atmospheric moisture transport in the region, de-

creasing precipitation, with consequent decreases of soil moisture, moisture recycling, and NDVI. An in-

crease in TNA and CABN SSTs during March–June is also associated with an increase of NDVI over the

northern Orinoco during June (i.e., the wet season). Unlike in the southern Amazon, precipitation and soil

moisture in the Orinoco basin do not exhibit significant changes associated with SSTs. By contrast, atmo-

spheric moisture recycling and transport increase with warmer SSTs in the TNA. Therefore, for the Orinoco,

the link between SSTs and NDVI appears to be related not to changes in precipitation but to changes in

moisture recycling. However, the causality between these changes needs to be further explored. These

findings highlight the contrasting responses of the Amazon and Orinoco basins to Atlantic temperatures and

the dominant role of atmospheric moisture transport linking these responses.

KEYWORDS: Atmosphere-land interaction; Atmospheric circulation; Dynamics; Transport; Vegetation-

atmosphere interactions

1. Introduction

The hydrological cycle in northern South America

strongly depends on the atmospheric moisture provided

not only by the adjacent oceans (mainly the tropical

Atlantic) but also by continental sources like theAmazon
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andOrinoco River basins (Arias et al. 2015b; Hoyos et al.

2019; Nieto et al. 2008; Sakamoto et al. 2011). The

Amazon rain forest influences climate dynamics and the

carbon cycle at regional and global scales (Nobre et al.

2009; Zhao et al. 2017). The entire basin behaves like an

atmospheric moisture reservoir, while the northern re-

gion may act as a net moisture source when extreme

droughts occur (Marengo 2005). Thus, changes in the

Amazon biosphere may affect its roles in climate regu-

lation and biodiversity conservation, and interfere in its

function as a source of atmospheric humidity for other

regions in South America (Boers et al. 2017). For in-

stance, the southernAmazon basin is an important source

of water vapor for southern Brazil, northern Argentina,

and the Paraná–La Plata River basins (Martinez and

Dominguez 2014), which is transported by the South

American low-level jet (SALLJ) that develops on the

eastern slope of the Andes (Jones 2019; Marengo 2006;

Montini et al. 2019; Vera et al. 2006b). In addition, the

southern Amazon provides water vapor to the tropical

Andes (Ampuero et al. 2020; Espinoza et al. 2020; Ruiz-

Vásquez et al. 2020). Regarding annual precipitation, the

northern Amazon is mainly affected by the meridional

migration of the intertropical convergence zone (ITCZ)

whereas the southern Amazon is influenced by the South

American monsoon system (SAMS) and the South

Atlantic convergence zone (SACZ) (Vera et al. 2006a).

Recent studies have identified an intensification of ex-

treme hydrological events in theAmazon basin (Marengo

and Espinoza 2016) with heightened frequencies of ex-

treme droughts (e.g., in 2005, 2010, and 2015–16) and

floods (e.g., in 2006, 2009, 2012, and 2014). In addition, a

strengthening of the hydrological cycle in the Amazon

basin has been reported since the late 1990s due to a

strengthening of the Walker and Hadley circulations and

the warming of the tropical Atlantic Ocean (Barichivich

et al. 2018).

The atmospheric moisture available in a specific re-

gion depends on advection from remote regions as well

as on local processes related to precipitation recycling

(Burde and Zangvil 2001). The latter largely depends on

local evapotranspiration. The recycling rate is defined as

the ratio between the amount of precipitation that

originates locally and the amount of moisture for pre-

cipitation that is imported into the region by advective

processes. In the Amazon basin, atmospheric moisture

recycling varies substantially, from low recycling rates

during the austral summer and autumn (rainy season in

central and southern parts of the basin) to higher re-

cycling rates during the austral winter and spring (dry

season in southern Amazonia), when large-scale atmo-

spheric moisture convergence decreases (Fu and Li

2004;Marengo 2006;Wright et al. 2017). During drought

years, the stability of the water cycle in the Amazon

basin is altered as soils lose the abundant levels of

moisture collected during neutral years (Frappart et al.

2012; Hodnett et al. 1996). This hinders the water ex-

traction from the subsoil layers by plants through deep

root systems and the hydraulic redistribution that occurs

in the surface soil layer during nighttime, which is an

important process to sustain vegetation and evapo-

transpiration during the dry season (da Rocha et al.

2004). Hence, the recycling rate takes its largest values

during the dry season since it is the main source of water

vapor to recharge the atmosphere (Marengo 2006;

Wright et al. 2017), coinciding with the dry phase of the

SAMS (Vera et al. 2006a). Therefore, vegetation is an

important local element for the generation of moisture

over the Amazon, evidenced by the high rates of re-

cycled precipitation in this region, with reanalysis-based

estimates ranging between 27% and 33% (Costa and

Foley 1999; Eltahir and Bras 1996). Recycling rates

reach even larger values over the western Amazon and

the Amazon–Andes transition region (Zemp et al.

2017), where around 50% of total annual rainfall traces

back to transpiration by trees in the Amazon basin

(Staal et al. 2018). In this sense, the current rates of

deforestation observed in Amazonia (Aguiar et al. 2016;

Davidson et al. 2012) could ultimately have conse-

quences on the availability of water resources in this

basin (Boers et al. 2017; Molina et al. 2019; Ruiz-

Vásquez et al. 2020; Spracklen and Garcia-Carreras

2015; Swann et al. 2015).

Observational and modeling studies demonstrate the

fundamental role of the Amazon basin in the transport

and recycling of atmospheric moisture (Agudelo et al.

2018; Boers et al. 2017;Molina et al. 2019; Ruiz-Vásquez
et al. 2020). On the other hand, previous studies indicate

that the annual cycles of vegetation-related variables are

negatively correlated with precipitation over tropical

forest areas. This suggests that vegetation photosyn-

thetic activity is highest during the dry season and

that the wet season inhibits the greening of vegetation

(Huete et al. 2006; Morton et al. 2014; Restrepo-Coupe

et al. 2013; Saleska et al. 2016; Wagner et al. 2017).

Tropical forests respond to variations in precipitation

with a delay between 0 and 2 months (Zhao et al. 2017).

In turn, precipitation over tropical regions is partially

modulated by variations in sea surface temperatures

(SSTs). Studies suggest that an increase in tropical SSTs

and the associated shifts of the ITCZ could induce drier

conditions over the major tropical forests, including ex-

treme droughts in the southern Amazon basin (Marengo

and Espinoza 2016). For instance, the forcings induced by

warming of the tropical Atlantic Ocean and variability

associated with El Niño–Southern Oscillation (ENSO)
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could generate atmospheric circulation anomalies that

favor the occurrence of extreme droughts, like those ob-

served in theAmazon basin during 2005 and 2010 (Coelho

et al. 2012; Erfanian et al. 2017; Espinoza et al. 2011; Lewis

et al. 2011; Marengo et al. 2008, 2011; Marengo and

Espinoza 2016; Panisset et al. 2018; Zeng et al. 2008).

These dry anomalies could result in forest canopy degra-

dation, increased tree mortality, decreased availability of

water resources at local and regional scales, and altered

regional climate and carbon dynamics (Espinoza et al. 2016;

Fernandes et al. 2011; Hilker et al. 2014;Maeda et al. 2015).

By contrast, savanna ecosystems are characterized

by a relatively smaller amount of rainfall and a positive

correlation between vegetation greenness and rainfall,

indicating that photosynthesis is enhanced during the

wet season (Hilker et al. 2014; Zhao et al. 2017). This

type of vegetation exhibits a delay in its response to

rainfall variations of about 3 to 4 months. This greater

delay means that savanna vegetation takes longer to re-

spond to rainfall anomalies than tropical forests; hence

vegetation activity depends on precipitation that occurred

in previous seasons (Zhao et al. 2017). TheOrinocoRiver

basin is characterized by the predominance of savanna

forests. The annual distribution of rainfall in this region is

mainly influenced by the position of the ITCZ (Poveda

et al. 2006; Poveda and Mesa 1997). The Orinoco basin

experiences its dry season between November and April

and its wet season between May and October (Poveda

et al. 2006). During the Orinoco dry season (austral

summer), the ITCZ experiences a southward migration,

allowing the northeasterly trade winds to intensify over

Venezuela. This southward migration is related to the

establishment of a strong pressure gradient between

the North Atlantic subtropical high (NASH) and the

Amazon, allowing the trade winds to intrude from

northeastern to southwestern Venezuela. This feature is

associated with the channeling effect of the topographic

barrier between the Coast Cordillera and the Guianas

Shield (Vernekar et al. 2003), in a circulation pattern

known as the Los Llanos low-level jet (LLJ), which influ-

ences the precipitation regime in the Orinoco River basin

(Jiménez-Sánchez et al. 2019; Torrealba and Amador

2010). Radiosonde measurements of the Los Llanos LLJ

show peak of wind speeds from late January to March,

which corresponds to the dry season in the region. The

weakest wind speeds are observed in July and August,

which corresponds to the rainy season (Jiménez-Sánchez
et al. 2019; Torrealba and Amador 2010).

Multiple studies have identified relationships between

precipitation over the Venezuelan Llanos region and in-

terannual and seasonal modes of SST variability in the

adjacent oceans (i.e., the Caribbean Sea and the tropical

North and South Atlantic). Such studies indicate negative

correlations between Venezuelan rainfall and wind

anomalies over the Caribbean, suggesting that the domi-

nant mechanisms that produce precipitation over this area

could bemodulated by variations in these winds (Jiménez-
Sánchez et al. 2019; Torrealba and Amador 2010).

Furthermore, the tropical Atlantic is the main source of

water vapor to theOrinoco region, which is transported by

the trade winds (Labat et al. 2012; Nieto et al. 2008).

This study aims to contribute to current understand-

ing regarding the response of vegetation in two funda-

mental hydrological basins of South America to forcing

associated with tropical SST variability. We focus on

identifying the relationship between vegetation condi-

tions in the Orinoco and Amazon basins and the vari-

ability of SSTs in theAtlanticOcean.We analyzemonthly

correlations between anomalies of normalized difference

vegetation index (NDVI) in these basins and SST anom-

alies in different regions of the Atlantic Ocean. We also

analyze variables associated with soil conditions (volu-

metric soil moisture and terrestrial water storage) and

atmospheric circulation in the region (surface winds,

precipitation, and precipitable water) during two anom-

alous warm years in the Atlantic Ocean: 2005 and 2010.

These years are considered since extreme droughts over

the Amazon were observed during both years (Coelho

et al. 2012; Erfanian et al. 2017; Espinoza et al. 2011;

Lewis et al. 2011;Marengo et al. 2008, 2011; Marengo and

Espinoza 2016; Panisset et al. 2018; Zeng et al. 2008).

Also, 2010 was one of the strongest wet seasons recorded

over northern South America in decades (Arias et al.

2015b; Hoyos et al. 2013; Trenberth and Fasullo 2012).

2. Data and methodology

a. Data

We use monthly data of SST, NDVI, precipitation,

volumetric soil moisture (VSM), terrestrial water storage

(TWS), and horizontal winds at 850hPa. SST is obtained

from theOptimum Interpolation version 2 (OIV2) database

of the National Oceanic and Atmospheric Administration

(NOAA) (Reynolds et al. 2002), during the period between

December 1981 andAugust 2018, with a spatial resolution of

18 3 18. This dataset is available at https://www.esrl.noaa.gov/

psd/data/gridded/data.noaa.oisst.v2.html.

TheNDVI allows formonitoring seasonal, interannual,

and long-term variations of the structural, phenological,

and biophysical parameters of vegetation (Huete et al.

2006). Therefore, we use NDVI records from the NOAA

Advanced Very High Resolution Radiometer (AVHRR),

obtained in the framework of the Global Monitoring

Inventory and Modeling System (GIMMS) project. The

latest version of the GIMMS NDVI monthly data is avail-

able from July 1981 through December 2015, with a spatial
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resolutionof0.0838 (availableathttps://climatedataguide.ucar.edu/

climate-data/ndvi-normalized-difference-vegetation-

index-3rd-generation-nasagfsc-gimms). The AVHRR

detectors allow the measurement of radiation intensity

and the quantification of the photosynthetic capacity of

vegetation in pixels of Earth’s surface (NASA Earth

Observatory; https://earthobservatory.nasa.gov/features/

MeasuringVegetation/measuring_vegetation_2.php).

However, AVHRR measurements are limited by cloud

contamination, sensitivity to seasonal variations of atmo-

spheric water vapor, and the presence of aerosols (Huete

et al. 2006).As a result,manyof the pixelswith dailyNDVI

measurements are indecipherable and the obtainedNDVI

fields are irregular. Long-term averages of NDVI mea-

surements help to reduce such errors (NASA Earth

Observatory; https://earthobservatory.nasa.gov/features/

MeasuringVegetation/measuring_vegetation_4.php).

VSM and zonal and meridional components of the

850-hPa winds (u and y, respectively) are obtained from

ERA5, provided by the European Centre for Medium-

Range Weather Forecasts (ECMWF) at a spatial reso-

lution of 0.258 3 0.258 during the period 1979–2019

(Hersbach and Dee 2016; Hersbach et al. 2020). VSM is

provided at four different layers: layer 1 (L1): 0–7 cm,

layer 2 (L2): 7–28 cm, layer 3 (L3): 28–100 cm, and layer

4 (L4): 100–289 cm.

To compare ERA5 estimates of VSM, we use the

equivalent water thickness estimated by the Gravity

Recovery and Climate Experiment (GRACE), which is

considered as a proxy of TWS in the continental regions

shown in Fig. 1. The GRACE mission consists of twin

satellites that measure changes in Earth’s gravity field

due to displacement of water, air, or landmasses. The

values of equivalent water thickness provided by

GRACE correspond to anomalies relative to the 2004–

09 time-mean baseline and cannot be considered as

absolute values of water storage (Swenson and Wahr

2006). We use the RL06 Level-3 v3 version of monthly

FIG. 1. (a) Subregions of the Atlantic Ocean considered for estimating SST anomalies: Gulf of Mexico (GOM),

northern Atlantic (NATL), Caribbean Sea (CABN), tropical North Atlantic (TNA), and tropical South Atlantic

(TSA). Color shades in the continents show the regions considered for analyzing NDVI responses to SSTs: the

northern (NORIC) and southern Orinoco (SORIC) river basin, northern (NAMZ) and central (CAMZ) Amazon

basin, Arc of Deforestation (ADEF), and Andes–Amazon piedmont/foothills (PMNT). (b) Current land-cover classi-

fication from the International Geosphere-Biosphere Programme (IGBP; available at https://climatedataguide.ucar.edu/

climate-data/ceres-igbp-land-classification) (shading). Contours indicate continental regions defined in (a). To estimate

water vapor transportwithDRM,we consider theoceanic regions shown in (a).Also, we consider two continental regions

corresponding to the Amazon River basin: The first region, NoAmaz, includes NAMZ and the PMNT region north of

58S; the second region, SoAmaz, includes CAMZ, ADEF, and the PMNT region south of 58S. Finally, we consider one

continental region corresponding to the Orinoco basin (ORIC) which includes both NORIC and SORIC regions.
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time-variable gravity data with spherical harmonic co-

efficients up to 18, with a spatial resolution of;18 3 ;18

and a monthly time step. We use the term TWS as the

spatially averaged equivalent water thickness over the

continental regions (Fig. 1) considering three products

of equivalent water thickness developed by different

research centers and laboratories: The Jet Propulsion

Laboratory (JPL), the University of Texas Center for

Space Research (CSR), and the GeoForschungsZentrum

(GFZ) Potsdam. The RL06 v3 data used in this work

correspond to monthly records from CSR, JPL, and

GFZ data from April 2002 to June 2017 (available at

https://podaac-tools.jpl.nasa.gov/drive/files/allData). Then,

the mean of equivalent water thickness from the three

products is considered as the monthly TWS over the spe-

cific region. Thus, changes in TWS represent the domain-

average change in water storage over the region on a

monthly time scale. For more details about the GRACE

dataset and their applications, see Chen et al. (2010),

Frappart et al. (2012), Papa et al. (2008), and Xavier et al.

(2010), among others. Previous studies have shown the

capacity of GRACE to depict continental water storage

variations at large spatial scales, including hydroclimatic

variability in the Amazon subbasins (Frappart et al. 2013;

Espinoza et al. 2019b) and hydrological modeling (Getirana

et al. 2011; Ramillien et al. 2008; Siqueira et al. 2018;

Tapley et al. 2004).

In addition, we use VSM estimates from the ERA5-

Land dataset for the same four soil layers retrieved by

ERA5. ERA5-LandVSM has a spatial resolution of 0.18

and covers the period 1981–2019 (Copernicus Climate

Change Service 2019). ERA5-Land is forced by the at-

mospheric analysis of ERA5 and is based on running the

land component of the model driven by, but without

coupling to, the atmospheric models (Cao et al. 2020).

We also use precipitation data from the Climate

Hazards Group Infrared Precipitation with Stations

(CHIRPS), which is based on global cold cloud duration

as a primary source for calculating precipitation at a

global scale (Funk et al. 2015). This dataset covers the

period 1981–2017 at a horizontal resolution of 0.58 3 0.58

(available at http://chg.geog.ucsb.edu/data/chirps/).

For comparison, we use three additional datasets for

precipitation. First, we use the Precipitation Estimation

from Remotely Sensed Information using Artificial

Neural Networks (PERSIANN) dataset (Ashouri et al.

2015), developed by the Center for Hydrometeorology

and Remote Sensing (CHRS) at University of California,

providing daily rainfall estimates with a spatial resolution

of 0.258 3 0.258 for the latitude band between 608N and

608S during the period between January 1983 and

December 2015 (available at https://chrsdata.eng.uci.edu/).

Second, we consider the Tropical Rainfall Measurement

Mission (TRMM) 3B43V7monthly dataset (Huffman et al.

1997), with data available from 1998 to 2015 and a spatial

resolution of 0.258 (available at http://mirador.gsfc.nasa.gov/).

Third, we use precipitation data from ERA5 which covers

the period 1979–2019 at a spatial resolution of 0.258 3 0.258

(Hersbach andDee2016;Hersbach et al. 2020). This dataset

is considered to verify the consistency between ERA5 es-

timates and observational datasets.

We estimate precipitable water contributions from

different oceanic and continental sources using theDynamic

Recycling Model (DRM), as presented by Martinez and

Dominguez (2014), with vertically integrated moisture

flux. DRM is a semi-Lagrangian 2Dmodel that estimates

the exchange ofwater vapor fromdifferent sources, based

on the principle of conservation of mass applied to a

column of atmosphere, under the assumption of a well-

mixed atmosphere. In particular, we consider oceanic

source regions located in the Atlantic Ocean and con-

tinental source regions located in South America

(Fig. 1a). To estimate contributions of precipitable wa-

ter from each particular source region, DRM requires

the use of 6-hourly data for precipitation, evaporation,

vertically integrated zonal and meridional moisture

fluxes, and precipitable water. These variables are ob-

tained from ERA-Interim (Dee et al. 2011) for the pe-

riod 1980–2015 at a spatial resolution of 0.758 3 0.758

(available at https://cds.climate.copernicus.eu/cdsapp#!/

dataset/reanalysis-era5-land-monthly-means?tab5overview).

More details regarding the DRM and its applications in

regional moisture budget studies can be found in previous

works (Agudelo et al. 2018; Arias et al. 2015b; Herrera-

Estrada et al. 2019; Hoyos et al. 2019; Martinez and

Dominguez 2014; Roy et al. 2019).

b. Methodology

We compute correlations between the anomaly of SST

and the different variables considered (precipitation, VSM

at different layers, TWS, andNDVI) for the period January

1982–December 2015, since this corresponds to the com-

mon period among datasets. Anomalies are computed for

each grid point by removing multiannual monthly means

for each month of the year. We estimate correlations be-

tween indices of domain-average SST anomalies (SSTAs)

for the different ocean regions defined in Fig. 1 and the

domain average of each considered variable (precipitation,

VSM, TWS, and NDVI) for each continental region de-

fined in Fig. 1. Trends are removed from anomaly time

series before computing correlations. The statistical signif-

icance of correlations is tested using a bootstrap test with

1000 iterations (Efron 1992).

SST anomalies are computed over several regions of the

Atlantic Ocean selected according to different studies of

atmospheric moisture sources to SouthAmerica (Agudelo

1 OCTOBER 2020 AR IA S ET AL . 8541

Unauthenticated | Downloaded 08/09/22 05:46 AM UTC

https://podaac-tools.jpl.nasa.gov/drive/files/allData
http://chg.geog.ucsb.edu/data/chirps/
https://chrsdata.eng.uci.edu/
http://mirador.gsfc.nasa.gov/
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land-monthly-means?tab=overview
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land-monthly-means?tab=overview


et al. 2018; Arias et al. 2015b; Hoyos et al. 2019; Martinez

and Dominguez 2014; Nieto et al. 2008; Satyamurty and

Priscila 2013). Figure 1a shows the oceanic regions con-

sidered to estimate domain-average SSTAs: Gulf of

Mexico (GOM), northern Atlantic (NATL), Caribbean

Sea (CABN), tropical North Atlantic (TNA), and tropi-

cal South Atlantic (TSA).

Precipitation, VSM, TWS, and NDVI are analyzed

over different regions of the Orinoco and Amazon ba-

sins. According to differences in land cover, as well as

climate and NDVI variability (see section 3a), we con-

sider different subregions in these basins. In particular,

the Amazon basin is divided into four subregions. First,

we define the northern (NAMZ) and central (CAMZ)

Amazon, considering differences in their precipitation

annual cycles (Espinoza et al. 2009b; Marengo 2005)

and their contributions as moisture sources to South

America (Agudelo et al. 2018; Arias et al. 2015b; Hoyos

et al. 2019; Martinez and Dominguez 2014). A third

subregion is the so-called Arc of Deforestation (ADEF),

which includes the southern Amazon and constitutes

an important focus of deforestation in the Amazon

River basin (Aguiar et al. 2016; Costa and Pires 2010;

Fearnside and de Alencastro Graca 2006). This region is

characterized by a larger presence of land-cover mo-

saics, with areas of shrubs and savannas along with some

urban patches (Fig. 1b). Studies suggest that, in associ-

ation with the high anthropic intervention in this region,

the southern Amazon has experienced an increased

frequency of longer dry seasons (Debortoli et al. 2015;

Espinoza et al. 2019a; Fu et al. 2013). The spatial extent

of this region is based on the map of tree cover fraction

reported by Coe et al. (2013). Finally, the Andean

piedmont/foothills (PMNT) is considered due to the

differences in precipitation between the eastern slope of

the Andes mountain range and the Amazon plains

(Espinoza et al. 2015). In particular, the northwestern

Amazon rain forest receives the maximum amount of

rainfall, which then decreases toward the southeast

(Espinoza et al. 2009b, 2015; Zhao et al. 2017). The

PMNT region is delimited from the top of the Andes

toward the 200m above mean sea level (MSL) contour

elevation.

For the Orinoco River basin, we define two regions:

northern Orinoco (NORIC), characterized by the pres-

ence of tropical savannas, and southernOrinoco (SORIC),

characterized by wooded vegetation that borders the

northern Amazon basin (Fig. 1b).

We also analyze correlations between SSTAs and

precipitable water contributions from different source

regions to each continental region of interest. These

contributions are estimated from DRM simulations

(section 2a). To further understand the observed

correlations between the different variables considered

and SSTAs, we analyze the evolution of anomalies of

Atlantic SSTs as well as precipitation, precipitable water

contributions, surface winds, VSM, TWS, and NDVI

over the different continental regions during 2005 and

2010. These years correspond to two particular warm

years in the tropical Atlantic Ocean and two very well-

studied drought years in the Amazon basin (Espinoza

et al. 2011; Lewis et al. 2011; Marengo et al. 2011; Zeng

et al. 2008).

3. Results

a. NDVI climatology and variability

Figures 2a–d show the climatological mean of AVHRR

NDVI in tropical South America (north of 308S). The

largest NDVI values within the Amazon basin occur dur-

ing June–August (JJA; Fig. 2c), corresponding to the dry

season in the southern Amazon. This can be explained

by the close link between vegetation activity and the

amount of incident solar radiation, which is greatest during

the dry season, coinciding with changes in cloudiness

and evapotranspiration over Amazonia (Arias et al.

2011; Li and Fu 2004; Wright et al. 2017; Yin et al. 2014).

Evapotranspiration in the eastern Amazon rain forest is

relatively high, with slightly smaller but similarly vari-

able values during the rainy season (daily average of

3.96 6 0.65mmday21 during the dry season and 3.18 6

0.76mmday21 during the rainy season). Amazon CO2

assimilation capacity also increases during the dry sea-

son (da Rocha et al. 2004). This suggests that photo-

synthetic capacity is enhanced during the dry season

relative to the wet season, generating a higher NDVI.

Figure 2d shows a slight reduction in NDVI over the

southern Amazon basin during September–November

(SON), corresponding to the transition between dry and

wet seasons.

On the other hand, the largest NDVI values in the

Orinoco River basin are over its northern region (Figs.

2a–d), coinciding with the geographical location of the

Venezuelan Llanos. These plains are mainly composed

of tropical savannas that cover part of central Venezuela

andwestern Colombia, between latitudes 38 and 98Nand

longitudes 638 and 738W, and have an altitude of ap-

proximately 300 MSL. Figure 2 shows that the largest

NDVI values over the northern Orinoco are observed

during JJA and SON (Figs. 2c,d, respectively), coinciding

with the rainy season in this region. The smallest NDVI

values are observed in December–February (DJF; Fig. 2a)

andMarch–May (MAM; Fig. 2b), which correspond to the

dry season. This seasonal cycle indicates that vegetation

photosynthesis peaks during the rainy season, which is
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consistent with expectations for savanna regions like the

Orinoco River basin (Hilker et al. 2014).

Figures 2e–h shows the climatological standard devia-

tion of seasonal-mean AVHRR NDVI in tropical South

America over 1981–2015. The largest standard deviation

values are observed over the Brazilian Cerrado and the

Nordeste region throughout the entire year. However,

NDVI variability is also large in JJA (Fig. 2g) and SON

(Fig. 2h) over the Arc of Deforestation, including south-

ernBrazil and the BolivianAmazon basin. The smallest

standard deviations are observed in the northern part

of the Amazon basin, characterized by a more re-

gular annual cycle of rainfall (Espinoza et al. 2009b;

Marengo 2005).

In the Orinoco River basin, the largest variability is

observed during DJF (Fig. 2e) andMAM (Fig. 2f) in the

northern region, where the vegetation is mostly shrubs,

grasses, and savanna (Fig. 1b). SON (Fig. 2h) exhibits

the lowest NDVI variability in this region. The larger

variability over the northern Orinoco (or Los Llanos

region) during DJF (Fig. 2e) and MAM (Fig. 2f) can be

explained by the reduction of photosynthesis observed

during the dry season in this region (Hilker et al. 2014).

By contrast, the southern Orinoco basin seems to be

more closely coupled to the variability of the northern

Amazon,which is dominated by forest vegetation (Fig. 1b).

b. Correlations between Atlantic SSTs and NDVI

anomalies

We compute lagged correlations between indices of

domain-average SSTAs for the ocean regions shown in

Fig. 1 and domain-average anomalies of the different

variables (precipitation, VSM, TWS, and NDVI) for

each continental region shown in Fig. 1. Since our focus

is to understand the link between SSTAs and NDVI, we

focus on the statistically significant correlations between

these two variables. The largest correlations between

NDVI and SSTAs are observed for the CABN and TNA

regions. Therefore, we focus on correlations with SSTAs

over these two particular oceanic regions.

Figures 3 and 4 show the lagged correlations between

CABN/TNA SSTAs and domain-average NDVI anom-

alies for NORIC, CAMZ, andADEF. Figures S1 and S2 in

the online supplemental material show these correlations

FIG. 2. Seasonal climatological (top) mean and (bottom) standard deviation of AVHRR NDVI for the period 1982–2015. Polygons

delimit the six continental subregions of interest: northern Amazon (NAMZ), central Amazon (CAMZ), northern Orinoco (NORIC),

southern Orinoco (SORIC), Arc of Deforestation (ADEF), and Andean Piedmont (PMNT) shown in Fig. 1.
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for the SORIC, NAMZ, and PMNT regions. The vertical

axis indicates the month corresponding to the SSTAs while

the horizontal axis represents the lag of the response in

NDVI. For instance, the center panel in Fig. 3 indicates that

CABN SSTAs during June are significantly correlated with

NDVI in the central Amazon with a lag of 2 months.

This means that CABN SSTAs in June are significantly

correlated with central Amazon NDVI in August

(2 months after). In general, Fig. 3 indicates that CABN

SSTs during the period October to July are significantly

related with NDVI anomalies over the central Amazon

and the Arc of Deforestation with a lag about 1–7 months,

which corresponds to the months of August–September,

with correlation coefficients between20.3 and20.5 (Fig. 3).

FIG. 3. The 1982–2015 lagged correlations between Caribbean Sea (CABN) SSTAs and NDVI anomalies averaged over (left) NORIC,

(center) CAMZ, and (right) ADEF. Only statistically significant correlations are shown. Positive lags indicate that SST anomalies lead

NDVI anomalies. The vertical axis indicates the month corresponding to the SSTAs while the horizontal axis represents the lag of the

response in NDVI. For instance, the center panel indicates that CABN SSTAs during June are significantly correlated with NDVI in the

central Amazon (CAMZ) with a lag of 2 months (i.e., August).

FIG. 4. The 1982–2015 lagged correlations between tropical North Atlantic (TNA) SSTAs and NDVI anomalies averaged over (left)

NORIC, (center) CAMZ, and (right) ADEF. Only statistically significant correlations are shown. Positive lags indicate that SST

anomalies lead NDVI anomalies. The vertical axis indicates the month corresponding to the SSTAs while the horizontal axis represents

the lag of the response in NDVI. For instance, the right panel indicates that TNA SSTAs during February are significantly correlated with

NDVI in the northern Orinoco (NORIC) with a lag of 4 months (i.e., June).
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NDVI variations in the other Amazonian regions (northern

Amazon and Andean Piedmont) do not show a statistically

significant response to CABN SSTAs (Fig. S1).

NDVI in the Arc of Deforestation shows a negative

link during August–September with respect to TNA SSTAs

observed during most of the year (Fig. 4). Therefore, the

Arc of Deforestation is the Amazonian region where

NDVI shows the largest response to both CABN and

TNA SSTAs.

For the Orinoco basin, the strongest correlation pat-

terns are observed over the northern Orinoco, where

vegetation in June responds to TNA SST anomalies

observed during the 1–5 preceding months (February to

June; Fig. 4). Unlike southern Amazonia and the Arc of

Deforestation, northernOrinoco vegetation is positively

linked with TNA SSTs (correlation coefficients close to

0.5), suggesting that a warmer (cooler) TNA is related to

enhanced (reduced) NDVI in this region. By contrast,

this region does not show a significant response to

CABN SSTAs. NDVI in the southern Orinoco does not

show significant correlations with CABN or TNA SSTAs

(Figs. S1 and S2).

c. Correlations between Atlantic SSTs and other

variables

Figures 3 and 4 suggest that the NDVI in the central

Amazon and theArc of Deforestation (northernOrinoco)

respond more strongly to the CABN (TNA) SSTAs ob-

served during March–June. In addition, NDVI in the Arc

ofDeforestation exhibits significant links with bothCABN

and TNA SSTAs. Therefore, Fig. 5 shows the lagged cor-

relations between TNA (CABN) SSTAs in February,

April, and June, and domain-average NDVI, CHIRPS

precipitation, VSM, and TWS in northern Orinoco (cen-

tral Amazon and Arc of Deforestation) for different lags.

Figure 5 shows the lagged correlations between

CABN/TNA and domain-average CHIRPS precipita-

tion, ERA5 VSML4, and GRACE TSW. The vertical

axis indicates the correlation coefficient while the horizontal

axis shows the lag of the response in the corresponding

FIG. 5. (top) The 1982–2015 lagged correlations between tropical North Atlantic (TNA) SSTAs and CHIRPS precipitation (blue),

NDVI (red), ERA5 VMSL4 (black), ERA5-Land VMSL4 (orange), and GRACE TWS (green) anomalies averaged over NORIC.

(middle),(bottom)As in the top panel, but for CAMZandADEF, respectively. Correlations with TWS are computed for the period 2003–

15, due to TWS data availability. Only statistically significant correlations are shown. Positive lags indicate that SST anomalies lead other

variables. The vertical axis indicates the correlation coefficient while the horizontal axis shows the lag of response of the correspondent

variable. Each panel shows the correlations for SSTAs in different months: (left) February, (center)April, and (right) June. Therefore, the

horizontal axis indicates the lag of response with respect to the month when SSTAs are observed. For instance, the top-right panel

corresponds to correlations with February TNASSTAs andNDVI in the northernOrinoco (NORIC). NDVI shows a positive correlation

with a lag of 4 months. This means that February TNASSTAs are significantly correlated with NDVI in the northernOrinoco during June

(4 months after).

1 OCTOBER 2020 AR IA S ET AL . 8545

Unauthenticated | Downloaded 08/09/22 05:46 AM UTC



variable. Each panel shows the correlations for SSTAs in

different months (February, April, and June). Therefore,

the horizontal axis indicates the lag of the response with

respect to the month when SSTAs are observed. For in-

stance, the top-right panel in Fig. 5 corresponds to cor-

relations with February TNA SSTAs and NDVI in the

northern Orinoco. NDVI shows a positive correlation

with a lag of 4 months. This means that February TNA

SSTAs are significantly linkedwithNDVI in the northern

Orinoco during June (4 months after). Figure 5 indicates

that TNA SSTAs during March–June do not exhibit a

significant relationship with precipitation in the northern

Orinoco. The only significant correlation coefficients are

between June SSTAs and precipitation in July and

September, corresponding to 1 and 3 months after the

peak response of NDVI in the northernOrinoco to TNA

SSTAs (which is observed in June).

By contrast, CABN SSTAs during March–June are

negatively linked with precipitation in the central

Amazon and the Arc of Deforestation during the

months between April and September, indicating that

precipitation is reduced in these regions during the wet-

to-dry transition and dry seasons when Caribbean SSTs

are warmer. These results are also observed when con-

sidering PERSIANN, TRMM, or ERA5 precipitation

(Fig. S3), indicating that this result does not depend on

the precipitation dataset considered.

Correlations between SSTAs and ERA5 VSM indi-

cate that soil moisture at deep layers (VSML4: depths

between 100 and 289 cm) in the northern Orinoco

(central Amazon and Arc of Deforestation) is reduced

with warmer temperatures in the TNA (CABN) (Fig. 5).

This relationship is observed only for VSM at the

deepest layers, since correlations for shallower layers

(VSML1 to VSML3) are not statistically significant

(Fig. S4). In particular, for the central Amazon and the

Arc of Deforestation, warmer CABN SSTAs during

March–June are associated with reduced VSML4 start-

ing from February–April and with persistence up to

10 months in the central Amazon and 8 months in the

Arc of Deforestation. This is also supported by corre-

lations with TWS,mainly as a response to CABNSSTAs

duringApril–June (Fig. 5). This agreement suggests that

soil moisture in the central Amazon estimated by the

ERA5 surface model exhibits a reasonable performance

regarding interannual variability and its connection

with Atlantic SSTAs, relative to GRACE satellite esti-

mates (Fig. 5). Also, the fact that ERA5 precipitation

shows agreement in the interannual correlations be-

tween precipitation and SSTAs (Fig. S3) suggests that

the correlations estimated for the central Amazon and

the Arc of Deforestation seem not to be biased by the

use of this reanalysis.

Despite this agreement, it is necessary to assess fur-

ther validations of ERA5 soil moisture data since ob-

servational data in the Amazon are scarce, and ERA5

provides soil moisture discretized by levels, which is

difficult to validate, although VSML4 is the widest (100–

289 cm) among the four soil layers provided by ERA5.

Moreover, ERA5 includes only very limited vegetation

seasonality (via a prescribed climatological annual cycle

of the leaf area index; Boussetta et al. 2013), with no

interannual variability and no seasonality in other pa-

rameters. This and other limitations may influence the

performance of evaporation and VSM, especially in

terms of year-to-year variability. Soil moisture is ana-

lyzed in ERA5 using a pointwise extended Kalman filter

(de Rosnay et al. 2013) to assimilate conventional ob-

servations and soil moisture from scatterometers, but

this assimilation only applies to the upper three soil

layers in the surface model. This might explain why

the soil moisture response to changes in rainfall is

most pronounced in VSML4. Indeed, the consistency

between GRACE (which considers all gravitational

changes in the soil) and VSML4, even in deforested

areas such as the Arc of Deforestation, and the fact that

ERA5 VSM shows statistical links with SSTAs only

for the deepest layer, is interesting. The consistency of

the VSML4 with GRACE for the central Amazon/Arc

of Deforestation is remarkable as a preliminary result;

however, we still need to understand the links between

soil moisture, precipitation, and SSTs, particularly in

deforested areas.

By contrast, the responses of VSML4 and TWS in the

northern Orinoco to TNA SSTAs are opposite (Fig. 5),

even when considering the common period between

both datasets (2003–15; not shown). This suggests that

the ERA5 surface model may not adequately represent

soil moisture in the northern Orinoco. ERA5 VSML4 in

April–October over the northern Orinoco is reduced in

association with warmer TNA SSTAs in March–June

while GRACE TSW shows increased water storage in

August–February. In particular, the increase in TWS

suggested by GRACE occurs after the strongest re-

sponse of NDVI to SSTAs (which is observed in June).

Given the lack of relationship between TNA/CABN

SSTAs and ERA5VSM in the northernOrinoco, as well

as the lack of significant correlations for the shallower

soil layers in the central Amazon and the Arc of

Deforestation, we analyze correlations between SSTAs

and ERA5-Land VSM for the same four soil layers re-

trieved by ERA5 (Fig. S5). In contrast to ERA5, ERA5-

Land shows significant correlations with SSTAs for the

four soil layers considered, and not only for the deepest

layer (VSML4; Fig. S5). This is observed not only in the

central Amazon and theArc of Deforestation but also in
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the northern Orinoco. In particular, for the northern

Orinoco, ERA5-Land suggests that warmer SSTAs in

the TNA during March–June are related to increased

soil moisture in the northern Orinoco during May–July

(Fig. S5). However, significant correlations for ERA5-

Land VSM occur about 1 month earlier than those ob-

served forGRACE,which shows increased TWS, 1month

after the peak response of NDVI to TNA SSTAs (Fig. 5).

The discrepancies betweenERA5-Land andGRACE in

the northernOrinoco needs to be further addressed, and

they could be related to limitations in the HTESSEL

scheme used in ERA5-Land, biases in atmospheric

forcing fields, representation of a deeper soil column in

the GRACE records compared to the soil layers in

ERA5-Land, and/or lack of seasonality on the leaf area

index (LAI) and its potential effects on ERA5-Land soil

moisture, among others. However, it is interesting to see

that the correlations in the Orinoco region are of the

same sign and roughly with the same lags for ERA5-

Land and GRACE, in contrast to ERA5. In addition,

note that the correlations are positive between SSTAs

and soil moisture variables (as represented by GRACE

and ERA5-Land) in the Orinoco region, while the op-

posite relationship is found for CAMZ and ADEF.

In summary, Figs. 3–5 suggest that warmer CABN

SSTAs in March–June are related to decreased precip-

itation in April–September and decreased soil moisture

in April–December over the central Amazon and the

Arc of Deforestation. Consequently, Amazon NDVI is

reduced during August–September in response to warmer

CABN SSTAs in March–June.

NDVI in the northern Orinoco shows an increase

during June due to warmer TNA SSTAs in March–June;

however, precipitation does not exhibit a consistent re-

sponse that allows us to link changes in NDVI to changes

in this variable. The response of soilmoisture in the northern

Orinoco to SSTAs depends on the dataset considered.

ERA5-Land suggests that soil moisture in the northern

Orinoco increases during May–July in association with

warmer SSTAs in the TNA during March–June. By

contrast, ERA5 and GRACE do not support this link.

d. Correlations between Atlantic SSTs and

precipitable water contributions

To further understand the observed response of pre-

cipitation, soil moisture, and NDVI over the northern

Orinoco, central Amazon, and Arc of Deforestation

regions to CABN and TNA SSTAs, we analyze precip-

itable water contributions to the Orinoco basin (ORIC)

and southern Amazon (SoAmaz) sink regions. ORIC

corresponds to the entire Orinoco River basin, which

includes both NORIC and SORIC regions (Fig. 1).

SoAmaz corresponds to the portion of the Amazon

River basin located south of 58S; therefore, it includes

CAMZ, ADEF, and the PMNT region south of 58S

(Fig. 1). Precipitable water contributions are estimated

using the DRM (section 2a).

Considering the climatological annual mean (1980–

2015), the main moisture sources to ORIC are TNA

(43.5%), ORIC (11.6%), and TSA (8.8%) regions. The

main moisture sources to SoAmaz are SoAmaz (27.2%),

TSA (20.3%), the northern Amazon basin (NoAmaz;

9.2%), and TNA (7.7%). Figure 6 shows the lagged cor-

relations between TNA SSTAs and anomalous precipi-

table water contributions from the TNA, TSA, ORIC,

and SoAmaz source regions to the ORIC and SoAmaz

sink regions. The interpretation of this figure is similar to

Fig. 5. Figure 6 indicates that warmer TNA SSTAs in

March–June are associated with increased precipitable

water contributions from TSA to ORIC in April–June

and reduced contributions from TNA to ORIC in June.

Moreover, atmospheric moisture recycling (i.e., contri-

butions from ORIC to itself) are enhanced during June.

Hence, both atmospheric moisture transport from the

TSA and moisture recycling in ORIC during June are

enhanced with warmer conditions in the TNA during the

previous months. However, these increases could be off-

set by decreases in contributions from the TNA in June.

This could explain the lack of response of precipitation in

NORIC (and also SORIC; not shown) to TNA SSTAs

(Figs. 5 and S3). On the other hand, the increased mois-

ture recycling in ORIC in June as a response to March–

June TNA SSTAs could be related to enhanced evapo-

transpiration and vegetation activity (therefore NDVI) in

this region, consistent with the stronger positive NDVI

response to TNA SSTAs observed during June in the

northern Orinoco (Fig. 4). However, the causality be-

tween these changes needs to be further explored.

For the SoAmaz region (which includes both the cen-

tral Amazon and the Arc of Deforestation), warmer

CABN SSTAs in March–June are related to decreased

precipitable water contributions from TNA andNoAmaz

(not shown) in April and increased contributions from

TSA in March–May (Fig. 6). Furthermore, moisture re-

cycling in SoAmaz is reduced during September–October

in association with warmer SSTAs inMarch–June. This is

consistent with the negative correlations betweenMarch–

June SSTAs and NDVI in the central Amazon and the

Arc of Deforestation during August–September (Fig. 4),

since reducedmoisture recyclingmay result from reduced

evapotranspiration and vegetation activity.

e. Evolution of anomalies during extreme

drought years

Figures 3–6 suggest that dry seasonNDVIover the central

Amazonand theArc ofDeforestation (August–September)
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is negatively correlated with Atlantic SSTAs in March–

June. By contrast, NDVI in the northern Orinoco during

June (wet season) is positively correlated with Atlantic

SSTAs in March–June. NDVI anomalies in the northern

Amazon and southern Orinoco regions do not show sig-

nificant correlations with SST anomalies over the regions

of the Atlantic considered here.

Reductions of vegetation activity in the southern

Amazon in association with warmer Atlantic SSTs have

been widely reported (Espinoza et al. 2016; Marengo

et al. 2008, 2011; Zeng et al. 2008). In particular, a

warmer TNA induces changes in the Hadley cell and

subsidence over the central and the southwestern

Amazon (Arias et al. 2015b; Espinoza et al. 2016),

favoring droughts and reduced vegetation activity.

Studies focused on the impacts of Atlantic SSTs on

Orinoco vegetation are scarcer. Different studies sug-

gest that warmer Atlantic SSTs induce enhanced pre-

cipitation over northern South America (including the

northern Amazon and Orinoco basins) (Barichivich

et al. 2018; Espinoza et al. 2019a), as occurred during

2010–11 (Arias et al. 2015b; Trenberth and Fasullo

2012). However, these studies did not address the effects

of SST variability on vegetation.

To further understand the correlations depicted by

Figs. 3–6, we analyze the evolution of anomalies in SSTs,

surface winds, precipitable water contributions, pre-

cipitation, VSML4, and NDVI during the two warmest

FIG. 6. The 1982–2015 lagged correlations between tropical North Atlantic (TNA) SSTAs and anomalies of precipitable water (PW)

contributions from (top to bottom) TNA, TSA, ORIC, and SoAmaz source regions to ORIC (blue) and SoAmaz (red) sink regions. The

ORIC and SoAmaz source regions differ from the NORIC and CAMZ regions shown in Fig. 1. ORIC includes both the NORIC and

SORIC regions. SoAmaz includes CAMZ,ADEF, and the PMNT region south of 58S. Only statistically significant correlations are shown.

Positive lags indicate that SST anomalies lead PW anomalies. The vertical axis indicates the correlation coefficient while the horizontal

axis shows the lag of response of PW.Each panel shows the correlations for SSTAs in differentmonths: (left) February, (center)April, and

(right) June. The horizontal axis indicates the lag of response with respect to the month when SSTAs are observed. For instance, the top-

right panel corresponds to correlations with February TNA SSTAs and PW contributions from TNA. PW contribution from TNA to

SoAmaz shows a negative correlation with a lag of 1–2 months (March–April) with respect to February TNA SSTAs.
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years in the Atlantic Ocean observed during the period

1982–2015. These two years (2005 and 2010) corre-

sponded to extreme drought conditions in the Amazon

basin. To rule out that the correlations observed between

SSTAs and NDVI anomalies in the regions considered

are due to the inclusion of these extreme droughts, we

compute correlations excluding data for 2005 and 2010

(Figs. S6 and S7). Results indicate that the correlations

shown in Figs. 3 and 4 are not biased by the inclusion of

these years.

The 2005Amazon drought was due to a prolonged dry

season, especially in the southern and southwestern

Amazon, and is considered one of the most severe

droughts in at least 100 years (Lewis et al. 2011;

Marengo et al. 2008). These conditions intensified until

September 2005 (Fig. 7), when atmospheric humidity

was lower than normal and air temperatures were 38 to

58C higher than climatological conditions. The 2010

Amazon drought, unlike the 2005 drought, affected the

entire Amazon basin (Fig. 9). This drought began during

El Niño 2009–10, at the beginning of austral summer

(DJF), and became more intense as warm conditions in

the TNApersisted throughout austral winter (Fig. 9; first

column) (Espinoza et al. 2011; Marengo et al. 2011). As

observed during the 2005 drought, the warming of the

TNA in 2010 affected the hydrology of the Amazon

basin during its dry season, with the greatest impacts

centered in the southern and western Amazon (Fig. 9;

third and fourth column). This fact is of particular im-

portance since the affected area did not recover after the

drought in 2005, with water deficits also recorded during

the dry seasons of 2006 and 2007. The lingering conse-

quences of the 2005 drought on precipitation and canopy

structure in the southern and western Amazon (Saatchi

FIG. 7. Detrended anomalies of (first column) SSTs, (second column) 850-hPa winds (vectors) and precipitation (shading), (third

column) ERA5 VSML4, and (fourth column) NDVI during (a)–(d) February, (e)–(h) April, (i)–(l) June, and (m)–(p) August 2005.

Polygons delimit the six continental subregions of interest: northern Amazon (NAMZ), central Amazon (CAMZ), northern Orinoco

(NORIC), southern Orinoco (SORIC), Arc of Deforestation (ADEF), and Andean Piedmont (PMNT) shown in Fig. 1.
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et al. 2013) thus meant that the 2010 drought intensified

existing stresses on an already vulnerable vegetation

population. The impacts of the 2010 drought were evi-

dent in the decreased river discharge by the Amazon

River and its tributaries, increased surface temperatures

and a drier atmosphere that favored increased evapo-

transpiration, especially during the dry season (July–

September). Temperature anomalies averaged over the

region in 2010 reached 18C (Marengo et al. 2011). A

more detailed review of these two dry seasons has been

provided by Marengo and Espinoza (2016).

1) ANOMALIES IN THE CENTRAL AMAZON AND

THE ARC OF DEFORESTATION

Figure 7 shows the spatial pattern of monthly anom-

alies for SST, precipitation, 850-hPa horizontal winds,

ERA5 VSML4 and NDVI during 2005. Figure 8 shows

anomalous precipitable water contributions from the

TNA, TSA, ORIC, NoAmaz, and SoAmaz regions for

specific months in 2005. According to Fig. 7 (first column),

anomalous warming of the CABN and TNA reached its

peak during April–June 2005 and then progressively

FIG. 8. Detrended anomalies of precipitable water contributions (shading, in mm) from (a) the tropical North

Atlantic (TNA) during February 2005; (b),(c) the tropical South Atlantic (TSA) during February and March 2005,

respectively; (d) the northernAmazon (NoAmaz) during February 2005; (e) theOrinoco (ORIC) during June 2005;

and (f) the southern Amazon (SoAmaz) during September 2005. Vectors indicate vertically integrated moisture

flux (in kgm21 s21). Green polygons correspond to the particular water vapor source region considered in theDRM

simulation. TSA and TNA source regions correspond to the same domains shown in Fig. 1a. NoAmaz and SoAmaz

source regions are not the same as the NAMZ and CAMZ regions shown in Fig. 1. The NoAmaz includes the

NAMZ and PNMT region north of 58S. The SoAmaz includes CAMZ, ADEF, and the PNMT region south of 58S.
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decreased through August–September 2005. Precipitation

anomalies during 2005 (Fig. 7, second column) indicate

that the largest negative anomalies over the southern

and western Amazon were observed during February–

June. For April 2005, anomalies were located largely

toward the western Amazon and the western Arc

of Deforestation. In general, negative precipitation

anomalies were concentrated in the western Amazon,

particularly in the Solimões and Madeira basins, until

September 2005, in agreement with the area most af-

fected by this drought (Espinoza et al. 2011; Marengo

et al. 2008). Figure 7 (second column) also shows a

weakening of the NASH during early 2005, in associa-

tion with a weakening of the trade winds that flow from

the northeast toward the south. Conditions in 2005

also featured an anomalously weak SALLJ during the

months of February, April, and August (Fig. 7, second

column), in association with reduced atmospheric

moisture fluxes from the tropical Atlantic (TNA and

TSA) and the northern Amazon toward the southwest-

ernAmazon, especially in February–March (wet season;

Figs. 8a–d). This is consistent with the reductions of

precipitation over the central Amazon and the Arc of

Deforestation at the beginning of 2005 (Fig. 7, second

column), which led to negative anomalies of soil mois-

ture over these regions between April and August

(Fig. 7, third column). Consistently, the central

Amazon and the Arc of Deforestation showed neg-

ative NDVI anomalies between January and March

2005. A slight recovery of NDVI in April was then fol-

lowed by further decreases through August–September,

showing the largest negative NDVI anomalies in the re-

gion (Fig. 7, fourth column). This is in agreement with the

low water levels in the southern and western Amazon

tributaries (Upper Solimões andMadeira) (Espinoza et al.

2009a), and with the timing of the peak response of central

Amazon vegetation to SST anomalies in the CABN and

TNA according to the correlation analyses (Figs. 3–6).

Such reductions in NDVI are consistent with reductions of

local moisture recycling within the central and southern

Amazon during September 2005 (Figs. 6 and 8e).

Previous studies suggest that warming of the TNA

induces a pattern of anomalous ascent in northern South

America, including the northern Amazon basin, and

anomalous subsidence over the southern Amazon, re-

ducing atmospheric moisture convergence and rainfall

in the latter region. These changes are due to an alter-

ation in the regional Hadley cell over the North Atlantic

and tropical South America (Espinoza et al. 2019a;

Yoon and Zeng 2010). The position of the ITCZ is also

influenced by the higher SSTs over the Atlantic. For

example, the warmer conditions of the tropical North

Atlantic during 2010 induced an anomalous shift of the

ITCZ about 58 northward of its climatological position,

which contributed to the lack of rainfall in the central

and easternAmazon duringMarch–May 2010 (Marengo

et al. 2011; Yoon and Zeng 2010). Figure 9 (first column)

shows that positive SST anomalies in the North Atlantic

during 2010 were largest in April–June. Consequently,

the NASH was weakened during these months. The

associated weakening of the northeasterly trade winds

toward the south in June 2010 (Fig. 9, second column)

may have in turn affected SSTs in the TNA (Builes-

Jaramillo et al. 2018; Xie and Carton 2004; Yoon and

Zeng 2010). As a consequence, atmospheric moisture

transport to theAmazonwas reduced as the ITCZ shifted

northward (Fig. 10). Reductions in water vapor transport

from the TNA were particularly pronounced over the

western Amazon during March–April 2010 (Figs. 10a,b).

Consistently, Fig. 9 (second column) shows a dipole in

precipitation anomalies between the equator and 108N

during April–June 2010, with an area of large positive

precipitation anomalies to the north and a band of

negative anomalies to the south. This dipole can be ex-

plained by the anomalous north–south divergent circu-

lation observed in 2010, corresponding to the altered

regional Hadley cell described above. Alteration of the

Hadley cell resulted in anomalous ascent of warm air

masses over the northern Atlantic and northern South

America (positive precipitation anomalies) and subsi-

dence of air masses south of the equator (negative pre-

cipitation anomalies), as reported by previous studies

(Arias et al. 2015b; Trenberth and Fasullo 2012; Wang

et al. 2018). The SALLJ was also anomalously weak

during April–June 2010 (Fig. 9, second column), re-

ducing atmospheric moisture transport from the tropical

Atlantic (TNA and TSA) and the northern Amazon to

the central and southern Amazon and the northern La

Plata basin (Figs. 10a–d). Consistently, the negative

precipitation anomalies were stronger in the central

Amazon and the Arc of Deforestation during these

months (Fig. 9, second column). Negative precipitation

anomalies also emerged over the eastern Amazon in

February 2010 (Fig. 9, second column), owing to the

dynamical effects of the 2009/10 El Niño on the 2009/10

wet season (Marengo et al. 2011).

On the other hand, positive VSML4 anomalies were

observed in the Amazon basin by early 2010 (Fig. 9,

third column), which may be possible due to high rain

rates in this region during 2009 (Saatchi et al. 2013). In

particular, the Marañón basin in the western Amazon

experiencedmajor flooding (Espinoza et al. 2011).However,

after the warming of the tropical North Atlantic by early

2010, negative anomalies of precipitation started to develop

over the region, especially in the centralAmazonand theArc

of Deforestation (Fig. 9, second column). Likewise, soil
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moisture began to decrease until exhibiting negative anom-

alies from April to September (Fig. 9, third column). This

deficit of soilmoisture reached itsmost critical value over the

central Amazon and the Arc of Deforestation in August–

September 2010 (Fig. 9, third column). NDVI started to

decline in April–June 2010, reaching minimum values in

August–September, in agreement with the timeline of re-

ductions in soil moisture (Fig. 9, third column). Negative

NDVIanomalies inAugust–September 2010were consistent

with the reductions ofmoisture recyclingover the central and

southern Amazon observed in September 2010 (Fig. 10f).

These hydrological changes were also consistent with re-

duced river discharge in Solimões (Espinoza et al. 2011),

which reached its lowest value in September 2010.

Thus, the response of NDVI over the central Amazon

and the Arc of Deforestation to the warmer CABN and

TNA conditions observed during April–June 2005 and

2010 appears to have been related to a weakening in the

low-level moisture transport toward the Amazon and

reductions of precipitation during the first months of the

year (wet season). Together, these changes caused soil

moisture deficits and inhibited vegetation activity in the

southernmost Amazon basin during the dry season.

Changes in soil moisture depicted by ERA5 over the

central Amazon and Arc of Deforestation (Fig. 7, left

column) are consistent with measurements of total wa-

ter storage from the GRACE satellite platform as re-

ported by previous studies (Frappart et al. 2012; Papa

et al. 2013) (Fig. 5). According to Figs. 7–10, both the

central Amazon and the Arc of Deforestation are highly

sensitive to changes in CABN and TNA SST changes.

Precipitation over these Amazonian regions shows the

fastest response to increases in SSTs, with negative

anomalies emerging around 1 month after the warm

anomalies in SST and the largest negative anomalies

observed between April and June. Negative anomalies

FIG. 9. Detrended anomalies of (first column) SSTs, (second column) 850-hPa winds (vectors) and precipitation (shading), (third

column) ERA5 VSML4, and (fourth column) NDVI during (a)–(d) February, (e)–(h) April, (i)–(l) June, and (m)–(p) August 2010.

Polygons delimit the six continental subregions of interest: northern Amazon (NAMZ), central Amazon (CAMZ), northern Orinoco

(NORIC), southern Orinoco (SORIC), Arc of Deforestation (ADEF), and Andean Piedmont (PMNT) shown in Fig. 1.
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in soil moisture also arise around 1 month after the in-

crease of SSTs in the tropical Atlantic but show more

persistence than precipitation. NDVI begins to decrease

around 2 months after precipitation and soil moisture,

reaching its largest negative anomalies in September

over the central Amazon and the Arc of Deforestation.

These changes are depicted in Fig. 11a.

2) ANOMALIES IN THE NORTHERN ORINOCO

For the northern Orinoco basin, our results indicate

that 2005 started with positive anomalies of precipitation

(Fig. 7, second column) and ERA5 VSML4 (Fig. 7, third

column) over most of northern South America, coincid-

ing with positive anomalies of NDVI in this region in

February–April 2005 (Fig. 7, fourth column). However,

these precipitation anomalies weakened during April–

August. The increase of precipitation over the northern

Orinoco by early 2005 was related to increased atmo-

spheric moisture convergence into the region, induced

by a weakening of the northeasterly trade winds over the

Atlantic (Fig. 7, second column), which enhanced water

vapor transport from the TNA to this region (Fig. 8a).

However, precipitation, soil moisture, and NDVI de-

creased in the northern Orinoco by June 2005.

FIG. 10. Detrended anomalies of precipitable water contributions (shading, in mm) from the tropical North

Atlantic (TNA) during (a) March and (b) April 2010; (c) the tropical South Atlantic (TSA) during April 2010;

(d) the northern Amazon (NoAmaz) during April 2010; (e) the Orinoco (ORIC) during June 2010; and (f) the

southern Amazon (SoAmaz) during September 2010. Vectors indicate vertically integrated moisture flux (in kg

m21 s21). Green polygons correspond to the water vapor source region considered in the corresponding DRM

simulation. The TSA and TNA source regions correspond to the same domains shown in Fig. 1a. The NoAmaz and

SoAmaz source regions differ from the NAMZ and CAMZ regions shown in Fig. 1. The NoAmaz includes the

NAMZ and PMNT region north of 58S. The SoAmaz includes the CAMZ, ADEF, and PMNT region south of 58S.
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During 2010, positive precipitation anomalies were

observed over northern South America from April to

September (Fig. 9, second column). These anomalies

were related to weaker northeasterly trade winds (Fig. 9,

second column) and increased atmospheric moisture

advection from the TNA, especially during March–

April 2010 (Figs. 10a,b). The weakening of the trade

winds was in turn associated with a weaker Caribbean

LLJ (CALLJ), which, in addition to a stronger Chocó
LLJ (as reported by Arias et al. 2015b), generated large

amounts of precipitation over northern South America

during 2010 (Arias et al. 2015b). These changes in atmo-

spheric moisture transport were consistent with positive

precipitation anomalies observed over the northern

Orinoco from April to September 2010 (Fig. 9, second

column).

According to ERA5 soil moisture at the deepest

layers, the corresponding positive anomalies emerged

during the followingmonths (June–August 2010) (Fig. 9,

third column), showing a recovery of negative anomalies

that were inherited from late 2009. These deficits were

associated with the cumulative effects of the 2009/10 El

Niño event, which reduced precipitation over northern

South America in late 2009 and early 2010 (Arias et al.

2015b), probably reducing soil moisture in the northern

Orinoco during the first months of 2010. NDVI showed

its largest positive anomalies during April 2010, when

positive precipitation anomalies and negative soilmoisture

anomalies were observed in the northern Orinoco (Fig. 9).

By June–August 2010, NDVI showed a reduction, al-

though still exhibiting positive anomalies (Fig. 9, fourth

column). Moreover, moisture recycling was enhanced

during June 2010 in the northernOrinoco (Fig. 10e). This is

in sharp contrast with the general decrease in moisture

recycling over large parts of the Amazon, as described

above (see Figs. 8 and 10).

4. Summary and conclusions

Vegetation activity measured by the normalized dif-

ference vegetation index (NDVI) in the central Amazon

and the Arc of Deforestation shows maximum vari-

ability during the local dry season (August–September).

Our results suggest that negative NDVI anomalies over

these regions occur in association with precedent warm

anomalies in SSTs over the tropical North Atlantic

(TNA) and the Caribbean Sea (CABN) between March

and June. In particular, an anomalous warming of these

oceanic regions induces changes in surface winds and

atmospheric moisture transport in the region. These

FIG. 11. Schematics of the relationship between tropical Atlantic SSTs and NDVI anomalies

over (a) the central Amazon and the Arc of Deforestation, and (b) the northernOrinoco basin.

Text in parentheses indicates the months with statistically significant correlations between the

correspondent variable and SSTs (Figs. 3–6).
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changes in the circulation reduce precipitation in the

central Amazon and theArc ofDeforestation, leading in

turn to decreases in soil moisture and vegetation activity

(NDVI and precipitation recycling) over both regions

(Fig. 11a). On the other hand, for the northern Orinoco,

we identify that an increase of the SSTs over the TNA

and CABN during the months of March to June is as-

sociated with an increase of NDVI during the local wet

season (June). Precipitation and soil moisture do not

exhibit a clear link with TNA SSTs and NDVI; however,

moisture recycling in the northern Orinoco basin is en-

hanced during June when TNA SSTs are warmer in

March–June (Fig. 11b); in contrast, moisture recycling

decreases over the southern Amazon in relation to

higher SSTs in parts of the tropical Atlantic. Thus, our

results suggest the existence of an interesting relation-

ship between SSTs in the Atlantic, and moisture re-

cycling and enhanced NDVI over the northern Orinoco.

The causality of this relationship needs to be further

explored. In particular, we require further research to

understand the land–atmosphere interactions in the

Orinoco basin, for instance the role of surface energy

fluxes and their influence on cloudiness and fire activity

in surrounding regions.

Our results suggest elements that link changes in

surface temperatures in the tropical Atlantic Ocean

with changes in the atmospheric circulation over South

America, affecting vegetation over two key basins in the

region, although more detailed studies are required

to understand the mechanisms connecting SSTAs and

NDVI in the Orinoco basin. In fact, studies focused on

the Orinoco River basin are relatively scarce (compared

to the Amazon). This work thus provides new elements

that can contribute to a better understanding of the

hydrological cycle in this basin.

Vegetation in these basins shows contrasting re-

sponses to a warming of the tropical North Atlantic.

Warmer conditions over the tropical Atlantic favor en-

hanced vegetation activity over the northern Orinoco

but reduced vegetation activity in the central Amazon

and the Arc of Deforestation. The weakening of the

northeasterly trade winds over the Atlantic, as well as

the Caribbean and South American low-level jets ex-

plains the changes in atmospheric moisture transport

over South America. Such changes in the low-level cir-

culation enhance atmospheric moisture divergence over

the southern Amazon (Figs. 8 and 10). This is related

with the anomalous northward displacement of the

Atlantic ITCZ that induces a meridionally divergent

circulation over the southern Amazon basin, and is

caused by increased temperature gradient between the

northern and southern tropical Atlantic. This anoma-

lous divergence results in anomalous descending motion

over the southern Amazon, which inhibits both atmo-

spheric moisture transport from the TNA and moisture

recycling over the central Amazon and the Arc of

Deforestation (Figs. 6, 8, and 10). These anomalies re-

sult in rainfall deficits over these regions. This is evident

in Figs. 7 and 9 (second column), especially during

April–June 2010, when precipitation, soil moisture, and

NDVI begin to experience negative anomalies over the

central and southern Amazon. As a response to these

changes in regional circulation and atmospheric moisture

transport, northern South America (and the northern

Orinoco) exhibits enhanced water vapor transport and

precipitation, as observed in 2010; however, NDVI does

not exhibit a clear response to these changes in precipi-

tation and soil moisture (Fig. 9).

These contrasting changes between northern South

America and the central and southern Amazon have

been observed in precipitation (Espinoza et al. 2019a;

Fu et al. 2013; Wang et al. 2018) and streamflow in the

main tributaries of the Amazon River (Barichivich et al.

2018; Espinoza et al. 2009a; Molina-Carpio et al. 2017),

particularly in association with warmer conditions over

the TNA and CABN (Wang et al. 2018). Furthermore,

the analysis of climate projections for the southern

Amazon suggests that the dry season in this region could

become longer (Boisier et al. 2015), which would impose

greater moisture stress on the Amazon forest.

In summary, our study suggests that positive SST

anomalies in the CABN and the TNA during March–

June are followed by anomalous surface winds over

tropical South America (associated with reduced ad-

vection of moist air toward the southern Amazon).

These changes occur about 1 month after the SST anom-

alies. Soil moisture in the central Amazon and the Arc

of Deforestation responds approximately 1–2 months

after the ocean warming, but NDVI exhibits a more

delayed response with lags between 2 and 5 months

with respect to SSTs, and a maximum response during

August–September (transition from the dry to wet sea-

son). In the northern Orinoco, warmer TNA SSTs in

March–June are not significantly correlated with pre-

cipitation or soil moisture, but are correlated with NDVI,

with the strongest positive correlation during June (wet

season) and increasedmoisture recycling. Figure 11 shows

a schematic synthesis of these features. One important

consequence is that increases of NDVI in the Orinoco are

mainly observed during the local wet season, whereas

reductions in soil moisture and NDVI in the central and

southern Amazon are observed during the transition

from dry to wet conditions. The latter may be particu-

larly important in light of indications that the dry season

in the southern Amazon has lengthened over the last

three decades (Arias et al. 2015a; Debortoli et al. 2015;
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Fu et al. 2013), which could impose enhanced water

stress on Amazonian ecosystems. On the other hand,

further studies are required in order to understand the

mechanisms behind the response of NDVI in the

northern Orinoco. Although precipitation and soil

moisture in this region do not appear to be linked to SST

changes, the response of atmosphericmoisture transport

and recycling in the northern Orinoco could be behind

the mechanisms inducing the response of vegetation in

the Orinoco basin.
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