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Abstract. We used a Lagrangian model (FLEXPART) to- 1 Introduction

gether with the 1979-2012 ERA-Interim reanalysis data to

investigate the role of the moisture in the Amazon Basin in

the regional hydrological budget over the course of the year,l he Amazon Basin contains a great variety of ecosystems,
FLEXPART computes budgets of evaporation minus preCip_including the largest tropical forest on the planet. Precipi-
itation by calculating changes in the specific humidity along tation is approximately 2300 mm yedr and the discharge
forward and backward trajectories. The tropical Atlantic is Of the Amazon River into the Atlantic Ocean corresponds
the most important remote moisture source for the Amazorf© 18 % of the total discharge of freshwater into the oceans.
Basin. The tropical North Atlantic (NA) mainly contributed This river drains an area of 6:210° km? and discharges an
during the austral summer, while the contribution of the trop-verage of 6300 kiof water to the Atlantic Ocean annually
ical South Atlantic (SA) prevailed for the remainder of the (Marengo and Nobre, 2009). It is known that the Amazon
year. At the same time, the moisture contribution from therainforest plays an important role in the global energy and
Amazon Basin itself is mainly for moisture supplying the hydrological budgets, and has been suffering for some time
southeastern South America. The 33-year temporal domaiffom intense deforestation. Unfortunately, the temporal and
allowed the investigation of some aspects of the interannua$Patial data coverage is poor over the basin, and most stud-
variability of the moisture transport over the basin, such asl€S are based on numerical products (reanalysis projects) and
the role of the El Nifio Southern Oscillation (ENSO) and the Observational data over just a few points for a short period
Atlantic Meridional Mode (AMM) on the hydrological bud- ©of time.

get. During the peak of the Amazonian rainy season (from The climatological annual cycle of precipitation is not ho-
February to May, FMAM) the AMM is associated more with Mogeneous over the Amazon, and the start and end of the
the interannual variations in the contribution from the trop- rainy season vary gradually from the southern basin north-
ical Atlantic sources, while the transport from the basin to-Wards (e.g. Marengo et al., 2001; Liebmann and Marengo,
wards the subtropics responds more to the ENSO variabil2001; Carvalho et al., 2011). In the southern part of the basin,
ity. The moisture contribution prevailed from the SA (NA) the rainy season occurs between austral spring and autumn,
region in the years dominated by El Nifio/positive AMM while over the western and the northern Amazon it extends
(La Nifia/negative AMM) conditions. The transport from the from austral autumn to spring.

Amazon towards the subtropics increased (reduced) during The role of Amazonian forest in the hydrological cycle
El Nifio (La Nifia) years. of the region has received a fair amount of attention in re-

cent decades. The ratio of the amount of precipitation that
comes from a local region through evaporation to the total
observed is known as the “recycling” ratio, and has been
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the subject of study since the mid-1970s (see Molion, 1975der Ent et al. (2010) verified that the La Plata Basin relies
Salati, 1987, and references therein). This ratio varies suben evaporation from the Amazon forest for 70 % of its water
stantially, assuming a generally lower value in winter and aresources. Bosilovich and Chern (2006) suggested that evap-
generally higher value in summer, when large-scale transporbration from the Amazon Basin exhibits slight interannual
diminishes in importance. Precipitation recycling is the con-variations, and in turn the interannual variation of precipi-
tribution of evaporation from within a region to precipita- tation recycling is therefore related to atmospheric moisture
tion in that same region. The recycling rate is a diagnostictransport from the tropical South Atlantic Ocean.
measure of the potential interaction between land surface hy- The role of vegetation in supplying moisture transport over
drology and regional climate. The recycling of local evapo- the Amazon was discussed by Spracklen et al. (2012), who
ration and precipitation by the forest accounts for a sizablefound that air that passes over extensive vegetation subse-
portion of the regional water budget, and because large arguently releases at least twice as much rain a few days later
eas of the basin are sensitive to the effects of deforestatiothan air that passes over less vegetated areas. More recently,
there are grave concerns about how such disruptions to thMakarieva et al. (2013) suggested that the water vapour de-
land surface may affect the hydrological cycle in the trop- livered to the atmosphere via evaporation from forests rep-
ics. Eltahir and Bras (1994), Brubaker et al. (1993), Costaresents a store of potential energy available to accelerate air
and Foley (1999), Trenberth (1999), Nobrega et al. (2005),and drive winds. This implies that changes in precipitation
Marengo et al. (2006), Silva (2009), Van der Ent et al. (2010)over the Amazon are due to a combination of different re-
and Satyamurty et al. (2013a), among others have estimategional processes and interactions that are partly influenced
an annual mean recycling rate of about 20 to 35%, lesdy large-scale circulation and partly influenced by local wa-
than the previous estimates made by Molion. Dirmeyer etter sources from forests and soil moisture.
al. (2009) combines the characteristics of persistence of soil Several of the drought episodes documented in the Ama-
moisture anomalies, strong soil moisture regulation of evap-zon occurred during intense El Nifio episodes, such as those
oration rates, and reinforcement of water cycle anomaliegegistered in 1926, 1983, 1997-1998, and 2010, with reduc-
through recycling, and they demonstrated that there are signsons in discharge in the main rivers as well as serious ecolog-
of land—atmosphere feedback throughout most of the yeaical and economic damage due to fire events (e.g. Williams
in the Amazon region. More recently, in their study of the et al., 2005; Sternberg, 1987; Marengo et al., 2008, 2013;
role of land surface processes and land use changes in r®ichey et al., 1989). The influence of the El Nifio South-
gional circulation, Angelini et al. (2011) found that rain in ern Oscillation (ENSO) in the interannual variability of the
the Amazon comes primarily from large-scale weather sys-Amazon climate may also be felt due to its role in position-
tems from the tropical Atlantic that do not rely on local evap- ing the Intertropical Convergence Zone (ITCZ) (e.g. Coe et
oration. Previous studies by Gat and Matsui (1991) and referal., 2002; Uvo et al., 1998, Marengo et al., 2013). Although
ences quoted therein investigate the moisture recycling in théhe impact of the ENSO on the Amazon precipitation and
Amazon region using the isotopic composition of precipita- river discharge has been investigated extensively, its influ-
tion over the region. Their results suggest that an isotopicallyence on the moisture transport into and out of the basin has
fractionated evapotranspiration flux contributes to the atmo-not been explored in any detail. It is known that during ENSO
spheric water balance over the region, and they show thagvents, changes in the precipitation regime are greater dur-
20-40 % of the total evapotranspiration flux is accompaniedng the Amazon rainy season, and they are not homogeneous
by an isotopic fractionation, such as by evaporation from anover the basin (Foley et al., 2002; Marengo et al., 2008). As
open water surface. mentioned by Grimm and Ambrizzi (2009, and references
Almost all the studies concerning moisture transport overtherein), during El Nifio episodes, the tropical convection is
the Amazon are based on Eulerian methodologies (e.g. Arshifted from western Pacific towards central and eastern Pa-
raut and Satyamurty, 2009; Arraut et al., 2012; Satyamurtycific. Consequently, the Pacific Walker cell is weakened be-
et al., 2013a, and references therein). According to theseause the induced anomalous circulation along the equator
authors, the moisture flux from the equatorial Atlantic as-is opposite to the climatological circulation. As the anoma-
sociated with the trade winds is the main remote moisturdous subsidence in the Walker cell associated with anoma-
source for the Amazon. The climatological role of the sub-lous convection over the eastern Pacific occurs over north-
tropical Atlantic Ocean as a moisture source for the Amazorern South America and Atlantic Ocean, the two smaller cells
was also reported in the Lagrangian 5-year periodic analy<connected with the continent are strongly affected, especially
sis developed by Stohl and James (2005), as well as in they the weakening of the ascending branch over the Ama-
recent results on the role of the oceanic regions publisheaon region. The reduction of the convection over this region
by Gimeno et al. (2013). At the same time, the air mass tra-also reduces the regional Hadley circulation. On the other
jectories crossing the Amazon capture moisture destined fohand, the Hadley circulation is strengthened over the cen-
other parts of the continent, particularly the La Plata Basintral/eastern Pacific. During La Nifia episodes the changes are
and central Brazil (e.g. Roads et al., 2002; Marengo, 2005nearly opposite.
Drumond et al., 2008; Arraut and Satyamurty, 2009). Van
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Nevertheless, not all El Nifio events are related to droughtmodels” allow the identification of the moisture inflow and
in the Amazon (Marengo et al., 2013). Recent studies haveutflow given defined lateral boundaries, but they give no in-
also pointed to the importance of the tropical Atlantic (TA) formation about the physical processes that occur within the
in the modulation of the Amazon climate (Yoon and Zeng, box itself. The use of isotopes depends on the sensitivity of
2010), as observed during the 2005 and 2010 drought eventhe isotopic signal. The Eulerian methodology is widely used
(e.g. Marengo et al., 2008; Lewis et al., 2011), as well asdue its simplicity but it is not simple to extract the link be-
during the 2012 flood in the Amazon River (Satyamurty et tween the precipitation over a region and the moisture source
al., 2013b). According to Servain (1991), the Atlantic Merid- using this method. The Lagrangian approach provides real-
ional Mode (AMM), also known as the meridional sea sur- istic traces of air parcels, enabling the trajectories to be fol-
face temperature (SST) gradient, may be considered one dbwed and source—receptor relationships to be established. In
the main low-frequency SST variability modes in the trop- that way, the most recently developed Lagrangian techniques
ical Atlantic, and its extreme episodes are characterised byre being extensively applied for evaluating the origin of the
an anomalous interhemispheric gradient structure. Associwater that precipitates over a continental area (e.g. Stohl and
ated with these anomalous SST patterns are changes in tllames, 2005; Dirmeyer and Brubaker, 2007; Gimeno et al.,
trade winds, presenting as anomalous surface winds crossin?013; Knippertz et al., 2013).
the equator, and the Atlantic ITCZ is displaced towards the The present study is based on the method developed by
warmer SST anomalies. Stohl and James (2004, 2005), which uses the FLEXPART
Given the importance of the Amazon Basin in the moistureVV9.0 Lagrangian particle dispersion model and ERA-Interim
budget, the present paper aims to investigate the annual cyeanalysis data (Dee et al., 2011) to track changes in atmo-
cle of the main sources of moisture for the Amazon Basin, aspheric moisture along trajectories. The model run consid-
well as its own contribution as a moisture source for the resters the atmosphere to be divided homogeneously into three-
of the continent, through the use of the Lagrangian methoddimensional finite elements (hereafter “particles”), each rep-
developed by Stohl and James (2004, 2005). This approactesenting a fraction of the total atmospheric mass (Stohl and
diagnoses net changes in specific moisture along trajectorietames, 2004). These patrticles are advected using the three-
and was previously successfully applied in studies of sourceslimensional wind data, with superimposed stochastic tur-
of moisture for different regions around the world, includ- bulent and convective motions. The increas@sand de-
ing South America, such as the Orinoco Basin (Nieto et al.,creases) in moisture along any trajectory can be calculated
2008), the South American Monsoon System (SAMS) andthrough changes irg{ with time (e — p = mdg /dt), with (m)
northeastern Brazil (Drumond et al., 2008, 2010). Here webeing the mass of the particle. By summiag-(p) for all the
make use of a 33-year data set that allows us to corroboratparticles residing in the atmospheric column over an area we
the climatological aspects highlighted by the 5-year analysisobtain the aggregated (— P) field, where the surface fresh-
of Stohl and James (2005), and to explore aspects of interarwater flux () is the evaporation rate anéy is the precipi-
nual variability in a novel way. The larger temporal domain tation rate per unit area. It should be noted that this approach
allows the investigation of the changes observed during yearkas the disadvantage that it cannot calculate evaporation and
characterised by extreme conditions of the ENSO and of theprecipitation separately, but only the fluxes into or out of the
AMM on the moisture transport over the region. tracked air mass. The method is mostly limited by the accu-
racy of the trajectories and also by the use of a time deriva-
tive of humidity (unrealistic fluctuations in humidity could
2 Data and methods be considered moisture fluxes). However, such random errors
may cancel each other out given the large number of particles
The Amazon Basin is shown in Fig. 1. The spatial in an atmospheric column. A detailed review of this method-
limits adopted for this domain are in accordance ology against other Eulerian and Lagrangian approaches was
with those defined by the Observatoire de Rechercheresented by Gimeno et al. (2012).
en Environnement (ORE HYBAM) from the web- The FLEXPART data set used in this work comes from a
site http://www.ore-hybam.org/index.php/por/Dados/ global simulation in which the entire global atmosphere was
Cartografia/Bacia-amazonica-hidrografia divided into approximately 2.0 million particles. Following
A detailed intercomparison of the different methods usedthe seminal works of Stohl and James (2004, 2005) and the
to establish source—sink relationships for atmospheric watesubsequent studies based on the same Lagrangian methodol-
vapour is given by Gimeno et al. (2012). There are differentogy (e.g. Nieto et al., 2008; Drumond et al., 2008; Gimeno et
methods, namely “analytical and box models”, “physical wa- al., 2013), we limited the transport time to 10 days. While the
ter vapour tracers” (isotopes) and “numerical water vapourlO-day period of tracking is somewhat arbitrary, it is about
tracers” (including the Lagrangian and Eulerian approaches)the average residence time of water vapour in the atmosphere
All of them provide useful and interesting information that (Numaguti, 1999). The tracks were computed using ERA-
aids the analysis and the results are subject to assumptioriaterim reanalysis data available at six-hour intervals (00:00,
made and to the type and accuracy of the data used. The “bo@6:00, 12:00 and 18:00 UTC), at & horizontal resolution,
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Climatological Conditions (June 1979 - May 2012)
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Figure 1. Left-hand column: climatological monthly 10-day integratéti P) values observed for the period June 1979-May 2012, for
all the particles bound for the Amazon Basin, determined from backward tracking. Red (blue) colours represent regions acting as moisture
sources (sinks) for the tracked particles. The black contour line indicates the basin area. Right-hand column: climatological monthly vertically
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Climatological Conditions (June 1979 - May 2012)
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Figure 1. Continued.
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and at a vertical resolution including 61 vertical levels, from fore, in order to select a whole year as El Nifio or La
0.1 to 1000 hPa. The analysis covers a 33-year period, fronNifia, we considered those years when the threshold was ex-
June 1979 to May 2012. As Gimeno et al. (2013) pointed outceeded a minimum of five times consecutively from June
the FLEXPART model requires consistent high-quality wind in year 0 to May in year 1 (for a given ENSO cycle).
and humidity data, meaning that its application to previousTen El Nifio episodes (1982/83, 1986/87, 1987/88, 1991/92,
years is rather difficult (i.e. prior to the significant decrease1994/95, 1997/98, 2002/03, 2004/05, 2006/07, 2009/10) and
in the errors in these variables, particularly over the oceanseleven La Nifia events (1984/85, 1988/89, 1995/96, 1998/99,
due to the inclusion of satellite data in about 1979 (Bengtssor1999/00, 2000/01, 2005/06, 2007/08, 2008/09, 2010/11,
et al., 2004)). 2011/12) were selected for the period 1979-2012. Although
The first question we intend to explore through a La- the February—May (FMAM) season was defined to be the
grangian analysis is where does the atmospheric moisturpeak season for rainfall anomalies in the Amazon (Marengo
observed over the Amazon come from? To answer this, @t al., 2013b), the analysis was carried out at a monthly scale
backwardanalysis allows us to identify where the particles considering the annual cycle from June in one year to May
gain humidity along their trajectories towards the target areajn the following year (June/O to May/1). This allows us to
regions hereafter denominated as sources of moisture. Fromdentify possible changes in moisture transport during the
this set of experiments, in all grid points wheke— P >0 months before the peak season, and also to standardise the
we know that air particles located within that vertical column presentation of the results according to the ENSO cycle. We
and bound towards the target area gain moisture. A complefollowed the methodology proposed by Wei et al. (2012) to
mentary gquestion would be what is the final destination ofevaluate the statistical significance of the composite differ-
the moisture carried by moisture transport along air trajec-ences using the bootstrap method, applied in our case with
tories leaving the Amazon? In this casdpaward analysis 1000 interactions at the 90 % confidence level. We repeated
may identify all trajectories crossing the basin, and if we fol- the calculation of the difference of two samples (one with 10
low them we will find where they lose moisture. In this case, elements, and the other with 11) selected at random (a total
the (E — P <0) values indicate the most important sinks of of 21 elements) from the 33-year climatology a total of 1000
moisture, i.e. where the atmospheric moisture budget of théimes. To be considered significant, the absolute value of the
tracked air particles is characterised by a loss of moisture. Alicomposite of the differences had to be larger than 90 % of the
figures showk — P integrated over the whole tracking period 1000 randomly obtained differences.
(10 days) at the monthly scale, allowing us to study the an- Finally, the technique of composite differences was also
nual cycle. It is important to clarify that the applied method- applied to investigate the influence of the AMM over the
ology does not guarantee that the moisture gained by an aimoisture transport into and out of the Amazon. We cal-
particle when crossing a source will reach the target regionculated the AMM index following the method applied by
This depends on the interaction with all air particles presentMarengo et al. (2013), using the HadlSST1 monthly SST
in the atmospheric column. In addition, the water may pre-data set (Rayner et al., 2003) available ataegular hor-
cipitate if the air particle crosses a sink region before reachizontal resolution to calculate the difference in the standard-
ing the target. Herein we refer to the austral seasons (summésed SST anomalies averaged over the tropical North At-
is from December to February, autumn from March to May, lantic (12-27 N, 20-50 W) and the tropical South Atlantic
winter from June to August, and spring from September to(0-15 S, 0—15 W) subregions. Those years with absolute
November). AMM values averaged over FMAM higher than one stan-
Given our climatological overview of the atmospheric dard deviation were considered extremes. AMMpisodes
branch of the hydrological cycle over the Amazon region, are herein defined as those presenting positive SST anoma-
our next question is were there changes in the moisturdies over the North Atlantic and negative ones over the South
transport over the Amazon during years characterised by exAtlantic. The opposite pattern occurs during AMMevents.
tremes of ENSO? This theme will be explored through theApplying the same calendar used to study the impacts of the
technique of composite differences. The ENSO events wer&NSO, the differences in the composites were calculated on
obtained from the NOAA/CPC (Climate Prediction Center) a monthly scale considering the annual cycle from June in
Oceanic Nifio Index (ONI) www.cpc.noaa.gov/products/ year 0 to May in year 1. Considering the months FMAM
analysis_monitoring/ensostuff/ensoyears.shtifthe index to belong to year 1, seven AMM episodes (1979/80,
values were calculated as the 3-month running mean 0f.980/81, 1982/83, 1991/92, 1996/97, 2003/04, 2009/10) and
Extended Reconstructed Sea Surface Temperature (ERSS$gven AMM- events (1983/84, 1984/85, 1985/86, 1988/89,
v3b SST anomalies (Smith et al., 2008) in the Nifio 3.4 1993/94, 1994/95, 2008/09) were selected from the period
region (3 N-5°S, 120 W-170 W) referred to by Tren- 1979-2012. To evaluate the statistical significance of the
berth (1997), and the ONI is based on the 1981-2010 clicomposite differences using the bootstrap method, the cal-
matology. According to CPC, extreme ENSO episodes occurculation of the difference considered two samples with 7 ele-
when the threshold of0.5°C for the ONI is exceeded on ments, each selected at random (a total of 14 elements) from
a minimum of five consecutive overlapping seasons. Therethe 33-year climatology.
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Summarising, the results presented in the next section are
organised into three topics. An analysis of the climatological
annual cycle of the transport of moisture into and from the
Amazon is discussed in the Sect. 3.1. The technique of com-
posite differences is then applied to investigate how ENSO
(Sect. 3.2) and AMM (Sect. 3.3) episodes may affect the
transport of moisture over the basin.

3 Results
3.1 Annual cycle

Figure 1 shows the monthly values of 10-day integrated at-
mospheric moisture budgek (— P) obtained via backward
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trajectories from the Amazon Basin for the 33-year period -
June 1979-May 2012. The backward experiment allows us to
identify where the tracked particles gain humidity along their Figure 2. (a) Climatological annual average of 10-day integrated
trajectories towards the target area. The areas characteriséf — P) obtained through the backward Amazon experiment for the
by red colours represent regions whe« P) > 0, mean- peripd June 1979-May 2012. The blac_k c_ontour line indicates the
ing that evaporation exceeds precipitation in the net moistur asin area, and the boxes NA and SA indicate the source areas se-
budget considering only those air particles located within thatecmd'(b) The annual cycle of the monthly values of 10-day-(P)

tical col dt ling t ds the t t hown in Fig. 1 and integrated over the NA (continuous line) and SA
vertical column and travelling towards the target area, anty,qqq line) source areas indicateda). Black lines represent the

these regions act as moisture sources for the tracked Partgs.year average values, while pink and green lines indicate the av-
cles. In the opposite sense, the blue colours represent areggage of the El Nifio and La Nifia events, respectivy. as (b),
where E — P) <0, which are those regions where precipi- but the pink and green lines indicate the average of the AMnd
tation exceeds evaporation in the net moisture budget of the&MM — events, respectively.

tracked air particles (moisture sinks). Finally, the white areas

represent regions wheré& (— P) values are low.

We now describe the temporal evolution of the distribu- Sist until March. The persistence of these moisture sink re-
tion of the moisture sources for the Amazon Basin through-gions through the extended austral summer coincides with
out the year. The ERA-Interim vertically integrated moisture the active phase of the SAMS. From November to April, the
flux (VIMF) and its divergence fields were provided together €vaporative sources and the divergence of the VIMF intensify
with the Lagrangian backward analyses in order to help theover the tropical North Atlantic Ocean and reach the northern
reader to visualise the moisture transport under an Euleriafoundary of the basin, accompanied by a moisture flux from
perspective. Although not shown together, the VIMF fields the Northern Hemisphere towards the target region. The dis-
presented with the backward figures may be useful to in-placement northwards of the equatorial sink during May is
terpret the forward analyses as well. The red colours conaccompanied by a weakening of this evaporative region.
figured during the period June—August in Fig. 1 suggest the From the foregoing, Fig. 1 suggests the role of the TA as
predominance of the contribution from the southern Atlantic the most important remote source of moisture for the Ama-
Ocean, compared with those from northeastern Brazil, thezon Basin, probably associated with the seasonal migration
southern Amazon, and the La Plata Basin. It seems that trop®f the ITCZ and the confluence of trade winds. It seems that
ical and subtropical South America provide some moisturethere is an increase in the moisture contribution from the
during the austral winter. Apart from the La Plata Basin, theNorth or South TA during the respective winter associated
evaporative sources described above coincide quite well withvith the intensification of the hemispheric trade winds. Ni-
the areas of divergence of VIMF (right-hand column). One €to et al. (2008) also reported a similar annual cycle in the
can identify some predominantly evaporative sources ovefole of TA as a source of moisture for the Orinoco Basin,
the North Atlantic (yellow colours, left-hand column), but to the north of the Amazon. Some moisture from the South
our methodology cannot be used to check whether the moisAmerican Pacific coast also reaches the Amazon throughout
ture received by the particles crossing this region will precip-the year. The Amazon receives some moisture from subtrop-
itate when crossing the ITCZ (blue equatorial areas) befordcal South America, probably transported by frontal systems.
reaching their target. From September onwards, the moisFigure 1 also suggests the contribution of local evaporative
ture sink areas (left-hand column) and the convergence oprocesses in the Amazon as a moisture source for the basin
the VIMF observed over the northwestern Amazon expandthroughout the year.
towards southeastern Brazil and the La Plata Basin, and per-

J A S O NOD J F M A J A S O ND J F M A
month mont
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To illustrate the annual cycle of the contribution of the TA applied in the present study to identify the oceanic sources
in more detail, we divided the region into two hemispheric based on an atmospheric backtracking analysis of continen-
subareas having the same spatial dimensions: the North ardl precipitation, Van der Ent and Savenije (2013) also veri-
the South TA (North Atlantic (NA): 55-39V and 2-12 N; fied not only the importance of the TA in providing moisture
South Atlantic (SA): 37-17W and 4-14S), as indicated to South American precipitation, but also a similar variability
in Fig. 2a. The technique of percentiles was applied to theof the contributions from the North and South TA throughout
annual averages oft(— P) for both the backward and the the year.
forward experiments (Figs. 2a and 4a, respectively) in order The role of the Amazon as a moisture source can be in-
to determine the boundaries of the areas of interest. Althouglfierred from the 10-dayK — P) forward trajectories from
the definition of the threshold was arbitrary, we believe thatthe basin for the 33-year period presented in Fig. 3. The
this statistical procedure is valid for identifying the regions method identifies those particles that leave the basin and fol-
of maximum absoluteK — P) values. To provide a standard- lows them to the point at which they lose moisture. Only neg-
ised analysis, we chose the contour line of 0.4mntday ative values are shown in order to clarify the moisture sinks.
which corresponds to the 96 % percentile of all positive val- The white areas represent regions where the-(P) fields
ues shown in Fig. 2a, as well as to the 95% percentile othave low or positive values. We will now briefly describe the
all negative values configured in th&  P) annual aver- temporal evolution. During the austral winter months the ma-
age from the forward experiment (Fig. 4a), which we discussjor moisture sinks of the air particles that leave the basin are
later. The location of the NA and SA boxes coincide with two located over southeastern South America and over northern
regions of high values of continental evaporation cycling ra-South America and adjacent equatorial regions. These sinks
tio (Ec> 0.5) identified by Van der Ent and Savenije (2013), coincide with two regions of convergence of VIMF over the
which represents the fraction of the evaporation that is transeontinent: one over the subtropics and another associated
ported to and precipitates over continents. with the ITCZ (Fig. 1, right-hand column). From Septem-

Figure 2b shows the monthly averages of the 10-day-(  ber to January, the moisture transport towards the equatorial
P) backward trajectories calculated in Fig. 1 and integratedatitudes weakens in association with the weakening of the
over both source areas. Recalling that we define a region as@nvergence of the VIMF (Fig. 1, right-hand column), while
moisture source when it presents positi¥e{ P) values, it  the moisture sinks and the convergence of the VIMF areas
seems that the NA (continuous black line) contributes mois-expand over tropical and subtropical South America. Dur-
ture from October to May. During this period, the conver- ing the austral autumn, the convergence of the VIMF and the
gence of VIMF associated with the ITCZ migrates south- sink regions reduce again towards both the subtropics of the
wards, and the northern trade winds carrying moisture crosgontinent and the equatorial band.
the NA and reach the South American coast (Fig. 1, right- In accordance with the VIMF analysis shown in Fig. 1
hand column). The negativ& (- P) values characterising the (right-hand column) and in view of previous results ob-
NA from June to September suggest that this region does ndtained using different methodologies (e.g. Roads et al., 2002;
act as a moisture source for the Amazon Basin during thes&arengo, 2005, 2006; Drumond et al., 2008; Arraut and
months. In our methodology, this means that precipitationSatyamurty, 2009; Dirmeyer et al., 2009; Van der Ent et al.,
prevails over evaporation in the atmospheric moisture bud2010; Keys et al., 2012; Spracklen et al., 2012; Bagley et
get integrated over NA during this period. This may be theal., 2014), the contribution from the basin predominantly ex-
case because the positioning of the VIMF convergence assdends towards southeastern South America (including the La
ciated with the Atlantic ITCZ in these months (Fig. 1, right- Plata Basin, hereafter LP). Moisture is also transported to-
hand column) coincides with the NA box. On the other hand,wards southeastern Brazil during the austral spring and the
the contribution of the SA (traced black line) occurs all year summer months, a period characterised by the active phase
and reaches its maximum during the austral winter, when thef the SAMS (Vera et al., 2006). The Orinoco Basin, the At-
VIMF divergence over the South Atlantic is greater and ex-lantic ITCZ, and part of the Caribbean Sea also receive some
pands into the tropical continent, enhancing the moisture fluxmoisture from the Amazon region, except during the austral
towards the Amazon (Fig. 1, right-hand column). Our resultssummer. This can probably be explained in terms of the po-
compare well with those of Bosilovich and Chern (2006) sitioning of the VIMF convergence associated with the ITCZ
and of Van der Ent and Savenije (2013). Bosilovich andin the northern latitudes for most of the year, enhancing the
Chern (2006) made use of a 50 year atmospheric general cimoisture transport from Amazon towards these sinks (Fig. 1,
culation model simulation including water vapour tracers toright-hand column). Using a different data set and analysing
investigate the water budget for the Amazon River and itsa 5year period, Nieto et al. (2008) verified some contribu-
respective sources of water. These authors also noted the intions of moisture from the Amazon into the Orinoco during
portance of the South Atlantic Ocean in providing moisture the months of JJAS, a period characterised by drought con-
to the Amazon Basin throughout the year, except during theditions in the southern Amazon. Moisture from the Amazon
austral summer when the contribution of the tropical Northis also transported towards parts of the Pacific ITCZ and the
Atlantic dominates. Using a different methodology from that Western Hemisphere warm pool (Drumond et al., 2011, and
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Figure 3. Climatological monthly 10-day integrated (- P) fields obtained through the forward Amazon experiment for the period June
1979-May 2012. Only negative values are shown in order to emphasise the sink regions. Black contour line indicates the basin area.
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Moisture Contribution from the Amazon Basin towards the LP region March. The migra_tion of the ITCZ associated with the de-
3) Annual 10-day Integrated E-P FF Experiment velopment of the SAMS may explain the annual cycle of the
o \ ,;'f e moisture contribution from the Amazon to LP. According to
. e previous studies (e.g. Moura and Shukla, 1981; Folland and
g , Parker, 1986), the Atlantic ITCZ presents a seasonal latitu-
/- dinal migration coupled with the annual cycle of the spatial
o i —- + = distribution of the maximum SST observed over the TA, and

it reaches its maximum northward (southward) displacement
during austral spring (autumn). However, the causes of this

-10 -07 -0.4 -01 -0.05 -001 mm/day

b) ENSO episodes ) AMM episodes . N 4 i

: near-seasonal variability remain unclear for us and merit fur-
ther attention. The VIMF analysis shown in Fig. 1 suggests
) \ N some monthly variability in the moisture flux from the Ama-

/ N zon towards LP, which then leads to the configuration of dif-
ferent patterns of convergence or divergence of VIMF over
the target region throughout the year.

Climatology Climatology

0
J J A S O ND J F M A M JoJ A S O ND J F M AM
month month

3.2 Role of ENSO on the moisture transport over the

Figure 4. (a) Climatological annual average of 10-day integrated Amazon Basin

(E — P) obtained through the forward Amazon experiment for the

period June 1979-May 2012. Black contour line indicates the basir\:_ 5sh the diff inth it f moist
area, and the LP box indicates the sink area seleti¢@he annual 'gure > Shows the dilferences in theé composites of moisture

cycle of the monthly absolute values of 10-day< P) shown in  Sources of the Amazon Basin for EI Nifio and La Nifia events.
Fig. 3 and integrated over the LP sink area indicatetajnBlack ~ Both composite fields were obtained considering only posi-
lines represent the 33-year average values, while pink and greetiveé (E — P) values (source regions) obtained in the back-
lines indicate the average of the El Nifio and La Nifia, respectively.ward analysis. Pink (green) colours indicate regions where
(c): as(b), but the pink and green lines indicate the average of thetheir contribution as a source intensified during El Nifio (La
AMM + and AMM— events, respectively. Nifia) events. From the results it is clear that the moisture
contribution from the equatorial Atlantic was enhanced dur-
ing all months of an El Nifio cycle. In comparison to La Nifia
references therein) regions. Figure 3 also suggests some repisodes, it seems that the contribution from the tropical and
cycling throughout the year, with local moisture sink areassubtropical Atlantic was weakened during an El Nifio cycle.
expanding over the central and southern basin from Septenifhe differences in the VIMF from both composites (Fig. 5,
ber to April, while reducing in extent towards the northern right-hand column) show enhanced VIMF divergent condi-
and southern basin from May to August. tions over the equatorial Atlantic during the El Nifio episodes
In order to investigate the annual cycle of the contribution selected, accompanied by an intensified moisture transport
from the Amazon towards the LP region, a similar analysis tofrom there towards the basin. However, the enhanced VIMF
that applied to the backward case was performed for the fordivergence expanding towards tropical South America prob-
ward case. As previously explained, the boundaries of the LRably inhibited the precipitation of the moisture carried from
box (67-50 W, 20-34 S) were defined according to the con- the ocean to the Amazon. We believe that the configuration
tour line of—0.4 mmday ! in the 33-year annual average of of these patterns may be understood through the displace-
the 10-day integratedi(— P) values of the forward trajecto- ment of the Walker cell eastwards as observed during an El
ries from the Amazon Basin (Fig. 4a). Here).4 mm day* Nifio cycle, favouring subsidence over tropical South Amer-
corresponds to the 95% percentile of all the negative val-ca. As a probable consequence of the presence of this inten-
ues obtained. We integrated the monthly averages of the 1Gsified subsidence over the continent, the VIMF differences
day (E — P) forward trajectories shown in Fig. 3 over the LP suggest the displacement of the moisture flux convergence
area, and in order to present the results as clearly as possibssociated with the Atlantic ITCZ northwards during April
Fig. 4b shows the absolute values &€ P), because all val- and May (year 1), probably associated with the inhibition of
ues obtained over the area are negati#e{{f) <0, meaning  the latitudinal ITCZ migration southwards. The known im-
that LP acts as a sink of moisture from the Amazon through-portance of the ENSO in modulating South American pre-
out the year). Figure 4b suggests a higher-frequency variabileipitation through its associated changes in atmospheric cir-
ity of the moisture contribution (presenting something like a culation (e.g. Kousky et al., 1984; Ropelewski and Halpert,
seasonal cycle) superimposed on an annual cycle with maxt987) was also reported in a correlation analysis by Van der
imum values during the austral spring/summer and minimaEnt and Savenije (2013).
during autumn/winter. It shows maximum contributions dur-  Looking at La Nifia cycle (Fig. 5, green colours), from
ing June (a secondary maximum), October and January, andune to October (year 0) there was an enhancement of the
minima in August, December (a secondary minimum) andSouth Atlantic source associated with a higher contribution
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Differences in the Composites: El Nifio - La Nifa Years
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Figure 5. Left-hand column: monthly differences of composites of moisture sources of the Amazon Basin (considering onlypesiive

values in the composites using backward analysis) for extreme ENSO episodes. Black contour lines indicate regions where the differences are
significant at the 90 % level according to the bootstrap test. Pink (green) colours indicate regions where the sources are more intense during
El Nifio (La Nifia) years. Blue contour line indicates the basin area. Right-hand column: monthly differences in the vertically integrated
moisture flux (vectors; measured in kgths~1) and its divergence (shade; measured in mnTdipetween the composites for El Nifio and

La Nifia years. Data obtained from ERA-Interim.
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Differences in the Composites: El Nifio - La Nifa Years
Moisture Source Regions (from Backward Analysis) Vertically Integrated Moisture Flux and its Divergence
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from the southern Amazon. These anomalous patterns weakrable 1. Correlation coefficients between the monthly time series
ened during November and December (year 0), being reof ONI (and AMM) and: values of 10-dagZ — P) backward tra-
placed by increased sources over the La Plata Basin, ovagctories from the Amazon Basin integrated over the NA and the SA
the western continent, and over the northern Atlantic. Dur-Source regions; of absolute values of 10-day- P) forward trajec-
ing January and February (year 1) the anomalous Sourcetgries from the Amazon Basin integrated over the LP sink area. All

hanced over the tropical North and South Atlantic domains.
The anomalous North Atlantic source persisted until May

weakened over the western continent, while they were enpme series cover a 33_’-year period. Values statistically significant at
the 90 % level according tozatest are denoted *.

. . Lo the NA x the SA x LP x
(year 1), while the anomalous South Atlantic reduced in size
. ) I ONI  AMM ONI  AMM ONI  AMM
during February—April (year 1). The anomalous contribution
from the La Plata Basin disappeared from February (year 1) Jun 036 -0.02 0.32*  0.05 005 013
ds Jul 0.47* 0.13 037 007 027 021
onwards. o _ Aug  055%  0.11 024 010 -011 -0.19
If we analyse the variability offf — P) integrated over the Sep 0.31* 0.03  —041* -0.02 -0.10 -0.01
NA and TA boxes during the ENSO cycle using a compos-  Oct 0.33*  —-0.05 -0.16 011 0.69*  0.16
. . . . . . . _ _ *
ite analysis (Fig. 2b, green and pink lines indicate the con- gg‘c’ %'22‘(‘5 4?'2120 %%14 062028 0644?7* 700'2109
tribution fjuri_ng La Nifia and El Nifio years, r(_aspectively), Jan 009 026 _034* 027 004 024
the contribution from the NA presents a slight increase (de- Feb  -0.19 -0.41* —0.03 0.38* 0.03 —0.02
crease) from June of year 0 to January of year 1 for El Nifio Mar -037 -0.31* 0.34*  041* 0.18 —0.06
(La Nifia) years with respect to the climatology. Then, there 2Pr  ~0337 —069° 0-50% 0.6 0487 0.31"
y p ay. , May —0.38* —0.76* 0.46*  0.59*% 051*  0.30%

is a reverse in the signal of the NA anomalies, and the con-
tribution from this box region towards the Amazon Basin de-
creases (increases) during FMAM of year 1 of an El Nifio
(La Nifia) event. The VIMF differences (Fig. 5, right-hand posites. Only one (1993/94) of the six flood years identi-
column) may illustrate some aspects of the variability of thefied was associated with neutral ENSO conditions, while the
NA contribution. The positioning of the NA box coincides other events took place during La Nifia episodes. The same
with the region of increased VIMF divergence observed overoccurred for drought years: only one (1979/80) of the five
the equatorial Atlantic during the first months of an El Nifio episodes did not take place during El Nifio conditions.
cycle. It may explain the higher moisture contributions from  In the search for some interannual joint variability between
this box to the Amazon. However, it seems that the loca-ENSO and the contribution from the two sources, a correla-
tion of NA coincides with the anomalous Atlantic ITCZ dis- tion analysis was undertaken between the monthly time se-
placed northwards during the austral autumn. A reduction inries of ONI and of £ — P) integrated over each box. The
the moisture contribution from this box is then a plausible correlations are indicated in Table 1, and only those coef-
consequence. In comparison to the NA, the anomalies of théicients significant at the 90 % level according to thest
SA contribution present higher variability in their signal dur- are discussed. In view of the linear relationship between the
ing an ENSO cycle. Some increase in the SA contributionENSO and the NA time series, the negative correlation for
prevails from September (year 0) to February (year 1) duringthe months of MAM implies that during La Nifia (El Nifio)
La Nifia events. Figure 2b also indicates the change in thevents the contribution from NA to the Amazon Basin in-
signal of the anomalies over the SA boxes at the end of thereases (decreases), in accordance with Fig. 2b. The positive
ENSO cycle. This means that during an El Nifio (a La Nifia) correlation obtained during the period from June to Octo-
event, the contribution from the SA is increased (decreasedper might have some influence on the establishment of the
from February of year 1 onwards. Doubtlessly, as a resultransition phase of the role of the NA as a moisture source
of the inhibition of the Atlantic ITCZ southwards during the (climatologically it occurs during September). When we con-
austral autumn of an EIl Nifio cycle, an intensified VIMF di- sider the contribution of SA, the positive ONI/SA correlation
vergence (Fig. 7, right-hand column) was configured in thecoefficients observed during MAM imply that the contribu-
SA region, from where the moisture transport was intensi-tion from the SA towards the Amazon increases (decreases)
fied towards the Amazon. during El Nifio (La Nifia) events, in accordance with the re-
If we consider the six flood years in the Amazon sults shown in Fig. 2b. The negative ONI/SA correlations
(1988/89, 1993/94, 1998/99, 2008/09, 2010/11, 2011/12) andbserved in September and January mean that the contribu-
five drought years (1979/80, 1982/83, 1997/98, 2004/05tion from the SA increases (decreases) during La Nifia (El
2009/10) identified from the previous studies of Marengo etNifio) events. A comparison of the results obtained for the
al. (2013a, b), the anomalous contributions from the SA andwo boxes reveals that the NA and the SA present opposite
the NA boxes verified in the ENSO events are quite similarbehaviour in terms of their joint linear variability with the
to the anomalous transports during these drought and flooENSO, except during June and July when both indexes show
episodes (figure not shown). This may be explained due t@ositive correlation coefficients. During spring, the contribu-
the strong similarity of the elements selected for both com-tion from NA increases during El Nifio events, while that
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from SA decreases during September. We do not intend tancreased contribution towards LP between October (year 0)
address it here, but a theme worthy of investigation in moreand January (year 1) for El Nifio events coincides with the
detail in future work is the possible role of the interaction be- slight greater supply of moisture from NA towards the Ama-
tween the ENSO and the NA and SA contributions on the on-zon (Fig. 2b) observed during these years. However, the in-
set of the active phase of SAMS during austral spring (Vera ecreased contribution from the Amazon towards LP during
al., 2006). Furthermore, autumn is the season with the mosvarch—May (year 1) coincides with a higher supply from the
contrasting coefficients, and this coincides with the peak ofSA (Fig. 2b). The results for the La Nifia composite indicate
the rainy season in the Amazon Basin. While the contribu-a reduction in the contribution from the Amazon towards LP,
tion from SA increases in MAM during El Nifio events, the particularly during October—December (year 0) and March—
contribution from NA decreases. May (year 1). The linear correlation analysis applied between
In order to demonstrate the impact of the ENSO on mois-the time series of ONI and of absolute values &f-{ P)
ture transport from the Amazon, Fig. 6 shows the differencedrom the forward experiment integrated over LP (Table 1)
in the composites of the moisture sinks for El Nifio and La shows the predominance of positive correlation coefficients,
Nifia events. In the composite figures we considered onlypresenting higher values in October—-December (year 0) and
negative £ — P) values (sink regions) obtained in the for- April-May (year 1). This indicates that during El Nifio (La
ward analysis from the basin. The pink (green) colours indi-Nifia) events the supply of moisture from the Amazon Basin
cate regions where the moisture sinks intensified during Ekowards LP is enhanced (reduced), in agreement with the re-
Nifio (La Nifia) events. It seems that the transport from thesults obtained from the composite analysis (Fig. 4b).
Amazon was enhanced towards southeastern South America In a tentative summary of the main results obtained from
(particularly the La Plata Basin) during the beginning of the the composites and linear correlation analyses, it seems that
El Nifio phase, and this anomalous sink is displaced norththe moisture contribution from NA was enhanced towards
wards during the cycle. The VIMF differences (Fig. 5, right- the Amazon Basin during June—October (year 0) for El Nifio
hand column) reveal the predominance of intensified mois-episodes, as well as some increase in the transport from SA
ture transport towards the subtropics and enhanced moisturguring June—July (year 0). This suggests that moisture trans-
flux convergence over southeastern South America during aport towards the basin was more associated with the ENSO
El Nifio cycle. During the onset of El Nifio events (from June during the pre-monsoon period. Nevertheless, the ENSO
to August in year 0), the moisture contribution increased to-episodes are associated more with the transport from the
wards the northwestern Amazon and the Pacific ITCZ (pinkAmazon towards LP during the monsoon active phase (from
colour), and this last region acted again as an anomalous sin®ctober year 0 onwards).
from February to April (year 1). Again, the VIMF differences
suggest some moisture transport towards the Pacific ITCZ3.3 Role of the AMM in the moisture transport over the
particularly from November (year 0) onwards. This might be Amazon Basin
understood via the eastward displacement of the Walker cell,
increasing precipitation over the eastern equatorial PacificAlthough almost all the drought and flood years identified
Instead, moisture transport is enhanced towards northwesby Marengo et al. (2013a, b) were associated with ENSO
ern South America and the Atlantic ITCZ during the onset extreme episodes, it is interesting to note that two of them
of La Nifia events (from June to September in year 0, greeroccurred during neutral ENSO conditions. This suggests an
colour). From the austral spring onwards for La Nifia events,effect of other climatic modes on the variability of precip-
the moisture transport was enhanced towards the tropical latitation in the basin. When we considered the tropical At-
tudes. The anomalous patterns of moisture transport from thé&antic, we found that these two episodes were related to ex-
Amazon indicated in this figure are in accordance with thetreme AMM conditions. Moreover, three of the six flood
precipitation anomalies observed during El Nifio: precipita- years selected by Marengo et al. (2013a, b) occurred dur-
tion displaced from the tropical region towards the La Plataing AMM- episodes (1988/89, 1993/94 and 2008/09), while
Basin and drought conditions over the northern continentthree of the five drought years were associated with AMM
(Vera et al., 2006). events (1979/80, 1982/83, 2009/10). We must stress that not
The variability of the contribution from the Amazon Basin all the extreme AMM episodes selected were related to the
towards LP during an ENSO cycle as obtained using ourdrought and flood years investigated: only three of the seven
composite analysis is quantified in Fig. 4b, in which the greenAMM +(—) episodes were drought (flood) years. Previous
and pink lines indicate the contribution during La Nifia and studies reported some related variability of the SST anoma-
El Nifio years, respectively. This figure confirms the changedies over the equatorial Pacific and tropical Atlantic oceans
in the transport towards the tropics or subtropics accordingcharacterised by El Nifio and AMM conditions (and vice-
to the ENSO phase, as discussed in the previous paragraptiersa) (e.g. Chang et al., 2001; Czaja et al., 2002; Melice
In general, the contribution towards LP increases during Eland Servain, 2003), in partial agreement with our results:
Nifio episodes, particularly during July (year 0), Octoberthree (two) drought (flood) years were observed during El
(year 0) — January (year 1), and March—May (year 1). TheNifio/AMM + (La Nifia/AMM—) conditions. In particular, in
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Differences in the Composites of Moisture Sink Regions (from FF Analysis): El Nifio - La Nifa Years
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Figure 6. Differences of composites of moisture sinks of the Amazon Basin (considering only nefjatifevalues in the composites using

forward analysis) of extreme ENSO episodes. Black contour lines indicate regions where the differences are significant at the 90 % level
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agreement with the present results, Souza et al. (2005) alsequatorial and the tropical South Atlantic regions. A similar
analysed the two extreme and contrasting climatic scenariogvolution in the enhanced VIMF divergence extending from
defined as UNFAV (UNFAVorable — simultaneous manifesta- eastern Amazon Basin towards the tropical Atlantic during
tions of the EI Nifio and AMM-) and FAV (FAVorable —con-  the AMM+ phase agrees with the enhanced importance of
comitant occurrence of the La Nifia and AMN. UNFAV these areas as moisture sources for our target area.
(FAV) composites for unfiltered austral autumn data showed If we consider the variability of£ — P) integrated over the
outstanding changes in both the Walker and Hadley cells irNA and the SA regions during the years of extreme of AMM
association with anomalous weakening (strengthening) in th€Fig. 2c, green and pink lines indicate the contribution dur-
Atlantic ITCZ that, in consequence, yields deficient (abun-ing AMM — and AMM+ events, respectively), it seems that
dant) rainfall in most of the eastern Amazon and northeasterthe major changes in the contribution from the two sources
Brazil. However, it seems that anomalous Atlantic conditionscompared with the climatology occur from December (year
accompanied by a neutral ENSO phase can also be associat®)l onwards. Confirming the see-saw structure identified in
with extreme precipitation years in the Amazon. Fig. 7, it seems that the contribution from NA increased
Figure 7 shows the temporal evolution of the differences(decreased) and that from SA decreased (increased) during
in AMM + and AMM— composites of moisture sources of AMM — (+) episodes. Such a relationship tallies with the lin-
the Amazon Basin over the year (left-hand columns). Again,ear correlation analysis between the AMM and the NA and
both composite fields were established considering only posthe SA time series shown in the Table 1.
itive (E — P) values (source regions) obtained in the back- In order to investigate possible changes in the moisture
ward analysis. Pink (green) colours reveal regions where théransport from the basin associated with extreme AMM
contribution of a source intensified during AMM(AMM —) years, Fig. 8 shows the differences in the positive and neg-
years. When we compare the two cases, it seems that aative AMM phase composites of the moisture sinks in the
anomalous see-saw structure of the moisture sources prédmazon. Here, the pink (green) colours indicate regions
vailed during FMAM (year 1), with the South (North) At- where moisture sinks intensify during AMIM—) years.
lantic region increasing its contribution towards the AmazonThese results suggest some monthly variability in the pre-
during AMM+(—) episodes. Considering the VIMF differ- ferred sinks. Nevertheless, it seems that moisture transport
ences for the two composites (Fig. 7, right-hand column), aintensified towards the subtropical South America (the Ama-
cyclonic structure configured over the Northern Hemispherezon and northeastern Brazil) during the AMN}-) phase,
suggests the weakening of the Azores High from Decembeparticularly from October of year 0 onwards. From June to
(year 0) onwards for AMM- episodes. VIMF convergence September of year 0 the anomalous patterns were mixed,
was then favoured over an area covering the eastern and trojput they suggest some presence of anomalous sinks over
ical North Atlantic, and from January (year 1) onwards athe western (eastern) Amazon and subtropical (extratrop-
dipolar structure was configured over the tropical Atlantic, ical) South America during AMM-(—) events. Transport
increasing convergent conditions over NA and divergencewas also favoured towards northwestern South America and
over SA. This pattern agrees with the source analysis disthe Pacific ITCZ during the austral spring of each AMM
cussed above, and suggests the displacement of the Atlantepisode. All these patterns may also be identified via VIMF
ITCZ northwards during the AMM- events studied. From analysis (Fig. 7, right-hand column): during the AMM
the same figure it is possible to identify the intensification of phase, VIMF convergent conditions predominated over the
the moisture transport from SA towards the Amazon, proba-subtropical South America (with some temporal variation in
bly due to enhanced VIMF convergent conditions configuredthe spatial domain) and over the eastern equatorial Pacific
over the eastern equatorial Pacific and the north of the contiand northwestern continental areas.
nent during the AMM- phase. In April (year 1) of the same  The variability in the anomalous contribution from the
episodes, an anticyclonic structure was favoured over cenAmazon Basin towards LP during extreme AMM years is
tral South America, and this probably reinforced the moisturequantified in Fig. 4c, where the green and pink lines indicate
transport from SA towards the Amazon, as well as the transthe contribution during AMM- and AMM+ years, respec-
port from the basin towards the subtropics. Considering onlytively. It is interesting to note that the anomalous contribution
the AMM— years, the results suggest changes in the structowards LP presents variability over the year: this increased
ture of the anomalous moisture sources over the months ofreduced) during the periods October of year 0 to January of
interest. While the moisture contribution prevailed from the year 1 and April-May of year 1 in AMM-(—) years. This
equatorial and tropical South Atlantic regions from June tois probably associated with the temporal variations in the lo-
November (year O; green colours), the anomalous source wasation of the intensified VIMF convergent subtropical nuclei
displaced towards the North Atlantic region from Decemberas verified in Fig. 7. The correlation analysis presented in Ta-
(year 0) onwards. During AMM years, it seems that some ble 1 confirms that there is a significant linear relationship be-
moisture was contributed by the basin itself from June to Oc-tween the AMM and the contribution towards LP only during
tober (year 0). Afterwards, the anomalous source extendedpril-May (year 1).
its domain towards northern South America, as well as to the
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Differences in the Composites: (AMM+) - (AMM-) Years
Moisture Source Regions (from Backward Analysis)
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Figure 7. As Fig. 5, but for extreme AMM episodes. Pink (green) colours in the left-hand column indicate regions where the sources are
more intense during AMM- (AMM —) events.
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Differences in the Composites: (AMM+) - (AMM-) Years
Moisture Source Regions (from Backward Analysis)
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Figure 7. Continued.
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Differences in the Composites of Moisture Sink Regions (from FF Analysis): (AMM +) - (AMM-) years
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Figure 8. As Fig. 6, but for extreme AMM episodes. Pink (green) colours in the left-hand column indicate regions where the sinks are more
intense during AMM- (AMM —) events.
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4 Conclusions In summary, the results from the composites and the linear
correlation analyses suggest that during the peak of the rainy
An analysis of the moisture sources for the Amazon Basinseason (FMAM) the AMM is associated more with the inter-
as well as its role as a source of humidity, was performed usannual variations in the contribution from both the tropical
ing a Lagrangian method of diagnosis through numerical ex-Atlantic sources, while the transport from the basin towards
periments with the FLEXPART model and the ERA-Interim the LP responds more to the ENSO variability. It seems that
data set. The climatological annual cycle of the main mois-in the absence of an anomalous mechanism of moisture trans-
ture sources and sinks of the Amazon was characterised fq§ort from the Amazon towards the subtropics during neutral
the period June 1979 to May 2012. The large temporal doENSO years, the anomalies of moisture in the basin are asso-
main (33-year) allowed the investigation of some aspects otjated with the role of the AMM in the contribution from the
the interannual variability of the moisture transport over theoceanic climatological sources. Unfortunately, the extreme
basin, such as the role of the anomalous SST conditions ijrought/flood year sample is small and only two episodes
the Pacific and the Atlantic on the Amazonian hydrological were configured during neutral ENSO years, which renders
budget. our statements inconclusive. The use of dynamical climatic
The results obtained show the role of the tropical Atlantic models to investigate the joint role of the ENSO and the
as a remote source of moisture for the Amazon Basin. TheaAMM on the hydrological budget of the basin during these
northern tropical Atlantic (NA) contributes mainly during Amazon drought/flood years may address this lack of data

the extended austral summer, and this region does not agind help us to understand the mechanisms involved in the
as a moisture source for the Amazon Basin between Jun@ariations in moisture transport.

and September, and the transition between the sink/source
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