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Abstract: Using vertically integrated water vapor and its convergence, associated with large-scale
and regional atmospheric circulation, we found two patterns of rainfall over the Eastern Pacific (EP)
and the tropical Andes-with a focus in Ecuador and northern Perú-during three recent El Niño events:
1983, 1998, and 2016. Although these three events were the strongest El Niños, the different sources of
moisture contribute to different rainfall patterns between El Niño 1983–1998 and 2016. In the region,
the spatial pattern of precipitation during El Niño 2016 presents an unprecedented out-of-phase
atmospheric response consistent and verified with water vapor transport when compared with El Niño
1983–1998. During El Niño 2016, precipitation in the Andes was enhanced by moist air transported
from the Amazon—with an opposite regime compared to the subsidence that dominated in 1983–1998.
During the 1983–1998 El Niño, the source of moisture to feed the EP was enhanced by upper-level
divergence (300 hPa), which supports moisture influx by middle levels in the EP. In El Niño 2016,
this divergent upper-level flow migrated north, followed by the companion moisture. This study
illustrates a link between upper-level large-scale circulation and low-level regional mechanisms on
the moisture transport in determining different rainfall patterns during El Niño events.
Keywords: moisture transport; moisture convergence; extreme rainfall; strong El Niño events; Eastern
Pacific; tropical Andes

1. Introduction
El Niño corresponds to a global scale climate pattern that is commonly observed in sea surface
temperature (SST) anomalies in the Central Pacific Ocean [1–6]. It drives well-known temporal and
spatial patterns of rainfall in the Central Pacific (CP) and Eastern Pacific (EP) [2,7,8], as shown in
Figure 1. The rainfall anomaly in the EP is highly associated with SST anomalies in remote (El Niño
3.4) and local (El Niño1 + 2) regions [9–13]. Transport of atmospheric moisture responds to the El
Niño seasonal progression, which moves eastward along the warm equatorial SST. In the Andes, along
the vicinity of northern Perú and Ecuador, the variability of rainfall (dry and wet) during El Niño
years is not only related to remote moisture from the Pacific Ocean but also by moist air from the
Amazon basin [14–16]. This claim has been controversial for years [16,17] (atmospheric subsidence in
the Amazon basin constitutes a common pattern during El Niño years [18]). Thus, the transport of
water vapor from the ocean and local topography of the Andes could lead rainfall production toward
the continent [19,20] when land-sea breeze intersects the coastal area [9,11]. Evidence of this source of
moisture from the Amazon has been limitedly explored [21], so this study investigates whether this
moist transport could have occurred during El Niño 2016.
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of moisture from the Amazon has been limitedly explored [21], so this study investigates whether
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this moist transport could have occurred during El Niño 2016.
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El Niño can be characterized by two regimes: East Pacific and Central Pacific ENSO [22–24], as
El Niño can be characterized by two regimes: East Pacific and Central Pacific ENSO [22–24], as
characterized by significant SST anomalies. During El Niño 1983 and 1998 (hereafter 1983–1998), the
characterized by significant SST anomalies. During El Niño 1983 and 1998 (hereafter 1983–1998), the
EP exhibited positive precipitation anomalies with negative sea level pressure (SLP) anomalies and
EP exhibited positive precipitation anomalies with negative sea level pressure (SLP) anomalies and
northerly winds, consistent with the southward migration of the Intertropical Convergence Zone
northerly winds, consistent with the southward migration of the Intertropical Convergence Zone
(ITCZ) [10,25–27]. However, this atmospheric configuration was not the case during El Niño 2016,
(ITCZ) [10,25–27]. However, this atmospheric configuration was not the case during El Niño 2016,
which showed opposite conditions: negative precipitation anomalies with high SLP and the ITCZ
which showed opposite conditions: negative precipitation anomalies with high SLP and the ITCZ
located northward of its climatology position during El Niño years [6,28–32]. During the 2016 El Niño
located northward of its climatology position during El Niño years [6,28–32]. During the 2016 El Niño
event, the different pattern of configuration motivates us to investigate whether this case can be robust
event, the different pattern of configuration motivates us to investigate whether this case can be
enough to show this out-of-phase pattern. Specifically, to question what the role of the regional aspects
robust enough to show this out-of-phase pattern. Specifically, to question what the role of the regional
of atmospheric conditions is in the two responses of rainfall under similar El Niño events.
aspects of atmospheric conditions is in the two responses of rainfall under similar El Niño events.
The focus of the present study is how similar global El Niños (1983–1998 and 2016) can contribute
The focus of the present study is how similar global El Niños (1983–1998 and 2016) can contribute
to different patterns of rainfall over the EP and the tropical Andes of Ecuador and Perú. Why the
to different patterns of rainfall over the EP and the tropical Andes of Ecuador and Perú. Why the
pattern of rainfall has a different response to El Niño, and whether these differences are on local
pattern of rainfall has a different response to El Niño, and whether these differences are on local
variability is investigated (e.g., Niño 1 + 2; Figure 2). Fundamentally, could the Andes at the Equator
variability is investigated (e.g., Niño 1 + 2; Figure 2). Fundamentally, could the Andes at the Equator
have different responses with similar global El Niños, as defined by El Niño 3.4 SST? We hypothesize
have different responses with similar global El Niños, as defined by El Niño 3.4 SST? We hypothesize
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Figure 2. Evolution of the sea surface temperature anomalies in the (a) Niño 1.2 and (b) Niño 3.4
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the gravity constant, and u and v the zonal and meridional wind. The water vapor and precipitation
are linked with the atmospheric water balance equation:
→
∂w
+ ∇·Q = E − P,
∂t

(2)
→

→

which describes the atmospheric hydrological balance expressed as Q convergence (−∇·Q), which is
balanced by the difference between precipitation (P) and evaporation (E); w is the precipitable water
(total column water vapor), and its change is assumed to be negligible over a relatively long period
(e.g., [41,42]).
2.3. EOF/PC Analysis on C and E Indices
The dominant pattern of moisture and precipitation, associated with SST in the EP and CP, were
obtained using both an empirical orthogonal function (EOF) and regression analysis [43]. The technique
constructs a regression model based on the statistical dominant principal components (PCs) as its
predictors—in order to find the regression coefficients between the predictand and the independent PCs
of the predictor fields. Thus, the technique separates the moisture pattern associated with dominant
statistical eigenvectors: two types of ENSO (E and C). In our study, the PCs regression construct
→

the predictand for precipitation and −∇·Q anomalies, using the predictors of the E and C indices.
These indices (E index and C index) were constructed with an EOF analysis on sea surface temperature
(EOF; with EOF1 [SST] and EOF2 [SST]) as defined in [23]:

and

√
E index = (PC1 − PC2)/ 2,

(3)

√
C index = (PC1 + PC2)/ 2.

(4)
→

Rainfall during El Niño events (1983, 1998, and 2016) is portrayed in relation to Q convergence

→

→

(−∇·Q), specific humidity (q), vertical motion (ω), and winds. Variability of Q convergence allows
→

examining the changes in the atmospheric balance of the hydrological cycle. Q reflects the general
→

circulation in the lower atmosphere [44]. Thespecific humidity is related to moisture transport (Q)
R 100−hPa →
R 100−hPa →
→
and its variability [45] by its definition Q = 1g sur f ace q u dp + sur f ace q v dp . Increases in moisture
→

transport (Q) and q are associated with extreme rainfall events [46]. The vertical structure of q identifies
the dry and wet atmosphere associated with anomalous global and continental-scale circulation
(convection, subsidence, and low-and-high level circulation). This vertical structure was constructed
for the tropical region (between 2◦ S and 7.5◦ S). The analysis was done for the seasonal anomaly
→

composites (the JFMA rainy period). The comparison of observed and estimated precipitation (−∇·Q)
is helpful for the reliability of moisture transport variability.
3. Results
→

→

3.1. The EOF Modes of Q, its Convergence (−∇·Q), and Rainfall Variability
EOF and regression analysis applied on precipitation and vertically integrated water vapor
→

transport (Q) are shown in phase-space plots (Figures 3a and 4a) and spatial patterns (Figures 3b and
4b). They reveal the Central Pacific (C) and East Pacific (E) indices of El Niño types. The precipitation
index features for El Niño 1983 and 1998 are projected onto the E pattern (P ≈ 0) with significant
→

positive values, while the El Niño 2016 event has E values near to zero (C ≈ −2.2). The −∇·Q follows
→

similar behavior but with negative values due to a negative sign of ∇·Q. In Figures 3b and 4b, the EOF
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patterns show different anomalies with center in the EP and CP. The EP and CP rainfall patterns agree
with the water vapor transport and its convergence sources. The EP precipitation pattern expands over
→

the Eastern Pacific near the edge of Ecuador and northern Perú, with northwesterly Q anomalies flux
and
positive rainfall anomalies consistent with other studies [33,47]. In the CP pattern, precipitation
is
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barrier of the Andes that divides the two rainfall regimes (the EP and the Amazon), the subsidence in
the Amazon appears as the dominant feature. On the contrary, in the 2016 event, the belt of moist
→

convergence (−∇·Q, a weak case but significant) moves north (around 4◦ N), confined in the east by
the Andes and in the south by northern Perú (around 4◦ S; Figure 5b and Figure S1). The patterns
along the Andes (4◦ S–2◦ N) are similar in the three cases (positive precipitation anomaly) but with a
→

difference in the humidity source in the 2016 case: the Q points out of the Andes toward the EP, and a
→

→

major contribution is from the Amazon. The analysis with Q and −∇·Q suggests that precipitation in
this band along the Andes Mountains migrates north–south due to the local effect but is modulated by
→

the moisture transport (−∇·Q) at the large-scale circulation. It was suggested that the warming of SST
in the Niño 1 + 2 enhances the diurnal cycle of precipitation forced by the land-sea breeze circulation
of the westerly flow that facilitates orographic lifting of moist air and triggers convection [9,11,48].
→

Interestingly, the 2016 event, unlike El Niño 1983 (and 1998), exhibits an important Q flux from the
Amazon that reaches the Andes, so the moist air from the ocean is less relevant. This pattern seems to
be connected to the convergence in the EP near 4◦ N, where the convection was migrated. Our analysis
suggests that the Amazonian flux provides the necessary moisture to trigger convection in the Andes
band. The Amazonian flux comes mainly from lower (900 hPa; the Pacific land-sea breeze) and
→

middle (700 hPa; the Amazonian flux) levels. In 2016, over the south Pacific (near 8◦ S), Q divergence
is linked to southerly winds with opposite configuration to the 1983–1998 event (Figure 5b, upper
panel). Therefore, the well-known south Pacific semi-permanent anticyclone is not necessarily a
positive feedback sign that weakens the El Niño but might be a positive feedback connected via upper
circulation. It allows moist air transport in the Amazonia similar to La Niña years, which at the end,
could be an important mechanism for triggering convection in the northern region.
The out-of-phase and marked difference between the Pacific and Amazon basin is also observed
→

in vertical levels. In 1998–1983, the Pacific side observes a strong Q convergence linked to strong
upward motions noted in upper vertical levels of high specific moisture that reaches 500 hPa (Figure 6a).
→

In 2016, a moderate Q divergence in the Pacific is linked to downward motions as suppression of
convection with notorious drier air in low levels reaching only 800 hPa (Figure 6a). In the Amazon
basin, this behavior is opposite but follows the same explanation. These results suggest that the two
→

events (1983–1998 and 2016) have similar drivers as measured by the Q convergence: the large-scale
→

atmospheric patterns are from the same source. Although there are differences in the Q convergence
magnitudes (in both cases 1983–1998 and 2016), responses associated with rainfall variability in the EP
responds to the same mechanism. Both 1983–1998 and 2016 have similar large-scale circulation drivers
as represented by SST. However, the atmospheric difference on a large-scale is noted with respect
to the 2016 event, which is opposite from the 1983–1998 event. The analysis implies that opposed
vertical movement of large-scale (i.e., subsidence or ascent motion due to changes in the Walker
circulation) forced by SST anomalies [49,50] can lead to convergence patterns of preferential position
over the Pacific or Amazonian basin, which represent the out-of-phase pattern that characterizes the
moisture source in the EP. This analysis supports the hypothesis that rainfall in the EP can experience
opposite out-of-phase patterns in similar El Niño 3.4. In light of these results, in the following step, we
→

take a close look at the mechanism that determines the differences in the meridional extension of Q
convergence by EP between the two events.
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3.3. Global and Regional Driving Mechanisms
Figure 7 depicts the vertical cross-section structure of specific humidity (q) and wind for the
three El Niño events, along 2° S through 7.5° S. On the Pacific, during El Niño 2016, a predominant
southerly wind is noted in upper levels (200 hPa), which for 1983–1998 is northerly. From previous
analysis, it can be inferred that upper-level divergence moves north from its climatological position.
The north–south migration is noted in the moisture anomaly of this cross-section with higher values
for 1983–1998 than for 2016. Thus, the positive anomaly moisture feeds the deep convection in the EP
for 1983–1998. Therefore, the northerly and southerly upper winds modulate the magnitude and
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3.3. Global and Regional Driving Mechanisms
Figure 7 depicts the vertical cross-section structure of specific humidity (q) and wind for the three
El Niño events, along 2◦ S through 7.5◦ S. On the Pacific, during El Niño 2016, a predominant southerly
wind is noted in upper levels (200 hPa), which for 1983–1998 is northerly. From previous analysis, it can
be inferred that upper-level divergence moves north from its climatological position. The north–south
migration is noted in the moisture anomaly of this cross-section with higher values for 1983–1998
than for 2016. Thus, the positive anomaly moisture feeds the deep convection in the EP for 1983–1998.
Therefore, the northerly and southerly upper winds modulate the magnitude and extension of rainfall
in the EP. Over the Amazon, humidity in mid-levels (700–500 hPa) is a positive anomaly in 2016, which
opposes the negative anomaly in 1983. This is consistent with the out-of-phase pattern between El
Niño 2016 and 1983. We think the 2016 precipitation response to El Niño is related to the observed
global warming in recent years [51–55]. The north migration of upper-level (100 to 300 hPa) winds is
linked to moisture influx coming from Amazonian in El Niño 2016 (Figure 7a,b), due to the relaxation
of the suppression on the Amazon. In the 1983 event, these high-level divergent winds move south
and strengthen the large-scale subsidence over the Amazon, blocking the moisture transport toward
the Andes (Figure 7a). The regional mechanism is driven by a continental land-sea breeze with impact
in the tropical Andes. In both cases, the Andes is fed by positive anomalies of moist air. The only
differences are the sources of the dominant humidity. During 2016, it comes from the Amazon, and
from 1983 to1998, it comes from the Pacific Ocean. The low-level specific humidity (850 hPa; Figure 7)
→

is coherent with the pattern of the Q flux band in the EP (Figure 4b) and in El Niño 2016, humidity is
→

concentrated in the coastal region (80◦ W), and Q flux moves away from the coast of northern Perú
and Ecuador for this case; therefore, the regional scale of the land-sea breeze is responsible for the deep
convection in the tropical Andes.

positive anomalies of moist air. The only differences are the sources of the dominant humidity.
During 2016, it comes from the Amazon, and from 1983 to1998, it comes from the Pacific Ocean. The
low-level specific humidity (850 hPa; Figure 7) is coherent with the pattern of the 𝑄⃗ flux band in the
EP (Figure 4b) and in El Niño 2016, humidity is concentrated in the coastal region (80° W), and 𝑄⃗
flux
moves
away
from the coast of northern Perú and Ecuador for this case; therefore, the regional
Atmosphere
2019,
10, 768
11 of 16
scale of the land-sea breeze is responsible for the deep convection in the tropical Andes.

Figure 7. January through April (JFMA) composites of specific moisture vertical cross-section for El
Niño 1983, 1998, and 2016. The specific moisture anomalies (g kg−1 ) in shaded color is superimposed
with meridional wind anomalies (m s−1 ) in colored lines from the south (north) indicated by positive
(solid lines) (negative (dotted lines)) values (a) and zonal wind anomalies (m s−1 ) from the western
(eastern) indicated by positive (solid lines) (negative (dotted lines)) values (b). Solid black lines are the
zero values that highlight the transition from negative to positive values. The average is computed
between 2◦ S and 7.5◦ S. Respective climatology is defined over the 1979–2016 period. The continuous
shading indicates significant values at the 95% confidence level using the Student’s t-test.

with meridional wind anomalies (m s−1) in colored lines from the south (north) indicated by positive
(solid lines) (negative (dotted lines)) values (a) and zonal wind anomalies (m s−1) from the western
(eastern) indicated by positive (solid lines) (negative (dotted lines)) values (b). Solid black lines are
the zero values that highlight the transition from negative to positive values. The average is computed
Atmosphere
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between
and 7.5° S. Respective climatology is defined over the 1979–2016 period. The continuous
shading indicates significant values at the 95% confidence level using the Student’s t-test.

4. Conclusions
4. Conclusions
This study evaluates whether moisture transport from the Amazon could be responsible for
This study evaluates whether moisture transport from the Amazon could be responsible for
extreme rainfall in both the Eastern Pacific (EP) basin and the Andes-in the tropics of Ecuador and
extreme rainfall in both the Eastern Pacific (EP) basin and the Andes-in the tropics of Ecuador and
northern Perú. Our results suggest that the EP can experience opposite (out-of-phase) patterns of
northern Perú. Our results suggest that the EP can experience opposite (out-of-phase) patterns of
precipitation in “similar” El Niño events; however, the precipitation pattern in the Andes shows no
precipitation in “similar” El Niño events; however, the precipitation pattern in the Andes shows no
change. We used the reanalysis of the Era-interim-during the last three El Niños 1983, 1998, and 2016
change. We used the reanalysis of the Era-interim-during the last three El Niños 1983, 1998, and 2016
to evaluate regional and large-scale continental spatiotemporal variability concerning the occurrence
to evaluate regional and large-scale continental spatiotemporal variability concerning
the occurrence
→
of
extreme
rainfall.
This
analysis
assessed
atmospheric
moisture
transport
(
Q)
with
a
focus
⃗
onwater
water
of extreme rainfall. This analysis assessed atmospheric moisture transport (𝑄 ) with a focus on
→
vaporsources
sourcesand
andmoisture
moistureconvergence
convergence(−∇·
(−∇Q)
∙ 𝑄⃗as
) as
a proxy
precipitation.
vapor
a proxy
forfor
precipitation.
Although the
the strongest
strongest El
El Niño
Niño 1983–1998
1983–1998 and
and 2016,
2016, evaluated
evaluated in
in the
the1950–2016
1950–2016 period,
period, have
have
Although
similarlarge-scale
large-scalecirculation
circulationdrivers
drivers(Niño
(Niño3.4),
3.4),El
ElNiño
Niño2016
2016has
hasaaclear
clearout-of-phase
out-of-phaserainfall
rainfallpattern
pattern
similar
ataaregional
regionalscale
scaleininthe
the
This
precipitation
pattern
is consistent
the transport
of moisture
at
EP.EP.
This
precipitation
pattern
is consistent
withwith
the transport
of moisture
and
and atmospheric
subsidence
of vertical
Fundamentally,
it is the well-known
Walker
atmospheric
subsidence
of vertical
motion. motion.
Fundamentally,
it is the well-known
Walker circulation
circulation
that can
the large-scale
source contributors).
that
can explain
theexplain
large-scale
variabilityvariability
(moisture(moisture
source contributors).
DuringDuring
the wetthe
EP,wet
a
EP, a descending
branch
the Walker
cell over
Amazon
basin
is classically
portrayedfor
forthe
theevent
event
descending
branch
of theofWalker
cell over
the the
Amazon
basin
is classically
portrayed
1983–1998, and during
forfor
thethe
event
2016
is observed
(Figure
8). The
1983–1998,
during the
thedry
dryEP,
EP,an
anascending
ascendingbranch
branch
event
2016
is observed
(Figure
8).
process
is thermodynamically
maintained
byby
the
the Amazon
Amazon
The
process
is thermodynamically
maintained
theanomalous
anomalousmoisture
moistureininthe
the EP
EP and the
basin. Therefore,
Therefore,the
the large-scale
large-scaleatmospheric
atmosphericdifference
differencebetween
betweenEl
ElNiño
Niño2016
2016and
and1983–1998
1983–1998involves
involves
basin.
coherentopposite
oppositeout-of-phase
out-of-phasepattern
patternassociated
associatedwith
withdominant
dominantsubsidence
subsidencein
inboth
bothregions:
regions: the
the
aacoherent
EastPacific
Pacific(in
(in2016)
2016)and
andthe
theAmazon
Amazonbasin
basin(for
(for1983–1998),
1983–1998), forced
forcedby
bySST
SSTanomalies
anomalies [48,49].
[48,49]. Thus,
Thus,
East
◦ N
convection during
during El
El Niño
Niño 2016
2016 migrated
migrated north
north around
around 44°
Nfrom
fromits
itsclimatological
climatologicalNiño
Niñoposition
position
convection
◦
(South around
around 4
4° S),
airair
from
thethe
Amazon
basin
andand
a strengthened
sub(South
S), which
whichisissustained
sustainedbybymoist
moist
from
Amazon
basin
a strengthened
→
⃗
tropical anticyclone.
As El
2016
exhibits
−∇−∇·
∙ 𝑄Q<<00over
this flow
flow eventually
eventually
sub-tropical
anticyclone.
As Niño
El Niño
2016
exhibits
over the
the Amazon,
Amazon, this
reaches
the
highlands
of
northern
Perú
and
Ecuador.
reaches the highlands of northern Perú and Ecuador.

Figure 8. A schematic diagram of the Walker circulation cell during El Niño: 1983–1998 (a) and 2016
(b).
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The anomalous convection in the Amazon facilitates the dry subsidence in the EP to match the water
balance associated with this circulation. However, precipitation along the Andes (4◦ S, 2◦ N) shows
no changes to a dry sign due to a regional land-sea breeze effect noted at low levels (900 hPa) in the
Pacific and clearly exceeding the range of the climatology (Figure 7). The extended band of available
humidity and land-sea breeze mechanism triggers convection by orographic uplifting [9–11,48,56],
but the results presented here are limited to the evaluation of only one case, which is, unfortunately,
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the status of the available data. In the EP, the −∇·Q from the Pacific and Amazonian regions seems to
be more important than local processes to suppress rainfall in the 2016 case. Instead, the orographic
convection due to the limited—but important—transport moisture seems to be the main mechanism
still generating rainfall along the Andes. Therefore, the Andes will experience extreme rainfall over
this out-of-phase Niño.
The complexity of El Niño related to rainfall in the EP and the tropical Andes needs to consider
other factors, such as the quasi-biennial oscillation (QBO) and the South American low-level jet.
An extended analysis could reveal a more comprehensive role of moisture transport in the EP and
the Andes regions, which might have implications in its prediction during strong El Niño events.
The authors are aware that this work is based on one realization, as this is the first case documented.
Therefore, determining statistical thresholds of the role of moisture may help to inform stakeholders
about extreme rainfall in order to manage flood risk prevention. In a scenario where enhanced moisture
flows from both the Pacific and Amazonia concur, it would intensify convection similar to El Niño 2016
and generate serious impacts with fatalities throughout the region, leading to floods and landslides,
causing damages with serious implications in the productive sectors and economic services for these
countries [15,57,58].
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/10/12/768/s1,
→

Figure S1: January through April (JFMA) composite of (a) the vertically integrated water vapor transport (Q)
→

anomalies (kg m−1 s−1 ; in vectors) and its convergence (−∇·Q) (mm/day; in shaded) for El Niño 1983, 1998 and
→

→

2016. The Q and −∇·Q were integrated between 1000 and 300 hPa. The shading also indicates significant values at
the 95% level using the Student’s t-test.
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