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ABSTRACT. Ecuador is highly vulnerable to the El Nif®outhen Oscillation (ENSO), with interannual rainfall
patterns significantly influenced by its variability. However,
highly heterogeneous, requiring localized analyses to understand how evolving EN&@iadyaffect the region. The
analysis integrates homogenized and-figgrl daily precipitation observations with multiple sateHitased datasets
(MSWEP, CHIRPS, and IMERG), enabling a comparative assessment of seasonal precipitation charactersstits, dr

wet spell indices, and extreme rainfall metrics. Climatic indices derived from sea surface temperature (SST) anomalies in
the Nifio 1+2, Nifio 3, Nifio 3.4, and Nifio 4 regions are used to evaluate-ENe&€ influences.

To assess multidecadal changes, two-mefiods (19811999 and 2002018) are contrasted. Empirical
Orthogonal Function (EOF) analysis and correlation techniques reveal significant shifts in the dominant modes of
precipitation variability and in their assations with ENSO indices. Results indicate a reorganization of EfeBted
modulation, with a reduced influence of eastern Pacific SST anomalies and an increased role of central Pacific variability
after 2000, particularly affecting dry and wet speltgigence and extreme precipitation indices. The reorganization
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involves three concurrent changes: the source region shifts from the eastern to the central Pacific, the sign of the coupling
reverses, and the trimester of strongest influence migrates frewet season (AMJ) to boreal summer (JAS). These
findings highlight a norstationary ENSOprecipitation relationship in Ecuador, with implications for seasonal
predictability, climate risk assessment, hydrology, hydropower and agriculture managemetfenaitypn a region
characterized by strong topographic and climatic heterogeneity.

Key words i El Nifioi Southern Oscillation (ENSOQWrecipitationvariability, Rainfall extremesClimate indices
Ecuador Satellite rainfall estimates

1. Introduction rainfall deficits along the coast, whereas CP La Nifia
conditions favour enhanced rainfall over the Andean
Ecuador s mainl and c | i maighandse anth thd Amazon mgint with grarkedpsaasonal |
and seasonal variability associated with its complex dependence (Tedescht al, 2013; Sulcaet al, 2018;
geography, including coastal plains influenced by the Campozanet al, 2020).
Humboldt Current, the Andean cordillera, and the humid
Amazon basin (Sheppard, 1930; MofBgjeda et al, Several studies have reported interdecadal changes in
2016; Peter®t al, 2013). Seasonal precipitation patterns ENSO behaviour, with a clear shift around the year 2000,
(Fig. 1) are strongly modulated by largeale tropical including a reduction in amplitude, an increased frequency
climate variability, particularly the EI NificGouthern  of central Pacific events, and a sig¢ghening of the
Oscillation (ENSO), which represerttse dominant mode  Walker circulation (Yehet al, 2009; McPhaderet al,
of interannual variality affecting the tropical Pacific and 2011; Capotondet al, 2015; Huet al, 2017; Caiet al,
adjacent regions (McPhadenal, 2006). 2018). These shifts modify the interaction between ENSO
and regional circulation processes, thereby altering
ENSO arises from coupled océatmosphere precipitation vaability across tropical South America
interactions that generate sea surface temperature (SST)lredeschet al, 2013; Caiet al, 2020). Such changes are
anomalies in the equatorial Pacific and is commonly particularly relevant in the context of monsewtated
classified into El Nifio (warm) and La Nifia (cold) phases variability and predictability under a changing climate, as
(Capotondiet al, 2015). Beyond this binary dsification, emphasized in the Eighth WMO Internat&bnNorkshop
two main ENSO flavours have been identified, broadly on Monsoons (IWM3; WMO, 2025).
distinguishing Eastern Pacific (EP, also termed canonical)
and Central Pacific (CP) events, each associated with Although ENSQGrelated rainfall variability in
distinct SST footprints and atmospheric teleconnectionsEcuador has been widely documented (Beneixal,
(Ashoket al, 2007;Kao and Yu, 2009; Kugt al, 2009; 2011; Campozanet al, 2020), less attention has been
Capotondiet al, 2015). Canonical EP El Nifio events paid to the multidecadal evolution of ENB@ecipitation
typically exhibit maximum positive SST anomalies along relationships and their implications for rainfall
the South American coast (Nifio 1+2 and 3 region), anpredictability, particularly when assessed using multiple
eastward displacement of the Walker circulation, and aobservational and satellitgased precipitation datasetsd
strong enhancement of rainfall along the Ecuadorian andindices of wet, dry, and extreme events. Addressing this
northern Peruvian coast, often accompanied by driergap is essential for improving climate monitoring and
conditions over the Amazon basin and parts of the Andesseasonal prediction in a region highly vulnerable to floods,
(Tedeschiet al, 2013; Sanabriat al, 2018; Caiet al, droughts, and extreme precipitation events (Zekia&l,
2020; Thielenet al, 2023). In contast, CP events are 2015; Horstmeyer, 2@).
characterized by maximum SST anomalies in the central
equatorial Pacific (Nifio 3.4 and 4 region) and a more To address this gap, the present study explicitly aims
zonal anomalous Walker cell with two convective to: (i) characterize the seasonal precipitation patterns and
branches, producing precipitation impacts over Ecuadorthe longterm changes of seasonal precipitationlsotand
that are spatially heteregeous, seasonally complex and of dry-spell, wetspell and extremerecipitation indices
considerably less well documented in the regional (PRCPTOT, CDD, CWD, R95p, R99p, Rx1lday, Rx5days)
literature (Tedeschit al, 2013; Huet al, 2017). In across mainland Ecuador using four precipitation datasets
Ecuador, ENSO impacts therefore vary regionally and (RR-based ground weather stations, MSWEP, CHIRPS
depend on the ENSO flavour: enhanced rainfall andand, for 20002018, IMERG) over th@eriod 19812018;
flooding along tle coast during canonical El Nifio events, (ii) quantify the dominant modes of interannual variability
reduced precipitation in parts of the Andes, and droughtof seasonal precipitation and of these indices via
conditions in the Amazon basin (Vuille, 1999; Mordn Empirical Orthogonal Function (EOF) analysis and their
Tejedaet al, 2016; JiméneMufioz et al, 2016). During correlation with the four standardized HadISST Nifio
cold phases, the impacts broadly mirror the walmase indices (Nifio 1+2Nifio 3, Nifio 3.4, Nifio 4); and (iii)
pattern: canonical (EP) La Nifia events are associated wittevaluate the multidecadal stability of these ENSO

1314



ACOSTAet al.: MODULATION OF RAINFALL VARIABILITY AND POTENTIAL PREDICTABILITY IN ECUADOR

RR JFM (1981-2018) RR AM) (1981-2018) RR JAS (1981-2018) RR OND (1981-2018)
o of i 1) ..
N N aN Y N
k! £3 " B
¢ e ;
0° » [ 0 % l‘. o, X 0 o
. L ¥ ) X
e ¢ y ‘:: iy o
15 o 1o W hes| ¢ A s .
| - R
y y £ - e y y
2°s 2°S 2°S b % ..‘ 2°S
A e
s 35 35 U518 Beshe 35
P apiie >/
’ Wi
s 4s| s = A s
{ f A,

C {
81°W 80°W 79°W 78°W T7°W  76°W B1'W BO'W 79°W 78°W 71°W  76°W B1'W BO°W 79°W 78°W T71°W  76°W B1'W BO'W 79°W 78°W 77°W  76°W

[ T
0 100 200 300 400 500
Seasonal mean precipitation (mm/season)

Fig. 1 Climatol ogi cal seasonal mean precipitation (mm seasgshen T) over
homogenized and gdjpled in situ raingauge network (RR; Guijarro, 2016) over the period 12818. Each filled circle
represents one of the 1,061 RR stations; circle colour indicates the trimestral climatological mean. Provincial boenstaoies ar
in dashed gray; neighbouring atdties are masked in beige to focus on the Ecuadorian territory

precipitation relationships by contrasting two féyiods the Andean cordillera, where the orographic and Racifi
(19811999 and 2002018). This framework allows us influences are most pronounced, and sparser over
to test the hypothesis that the ENSO regime changehe Amazon basin, where station density remains a known
reported around the year 2000 has translated into alimitation for regional climate studies (Espinoza Villar
measurable reorganization of the EN®@:cipitation et al, 2009; Contrerast al, 2018). The station dataevne
modulation in Ecuador, with direct implications for quality-controlled and homogenized using the Climatol
seasonal predictability, climate risk assessment, hydrologyR ~ package (Guijarro, 2016), which  detects

and watefresources management. inhomogeneities by pairwise comparison of each
candidate series against synthetic reference series built
2. Data and methodology from its closest neighbours, applies ethStandard

Normal Homogeneity Test (SNHT) to identify break

Daily precipitation data from four independent points, and fills missing values via a normal
sources were used in this study: in situ observations fronratio interpolation; this widely adopted procedure is
the Ecuadorian National Institute of Meteorology and appropriate for daily precipitation in regions of complex
Hydrology (INAMHI; hereafter RR) and three staik topography such as Ecuador. For consistency across
the-art satellitebased products, MSWEP (197918, datasets, all analyses were conducted over the common
0.1° spatial resolution; Beat al, 2017), CHIRPS (1981 period 19812018. All satellite products were extracted at
2018, 0.05° spatial resolution; Geleta and Deressa, 2020)he locations of the 1,061 stations (nearest grid point), so
and IMERG (June 200@018, 0.1° spatial resolution, that every analysis is perfoed on identical, cdocated
Final Run; Huffmaret al, 2020), the latter used only for networks; after homogenization and ¢dling, the
the 20002018 subperiod. These products differ in residual fraction of missing daily values in RR is below
their primary sensing principle: CHIRPS relies on 0.1%, and all 1,061 stations satisfy the completeness
thermalinfrared coldcloud-duration estimates, which requirements of the EOF analyses in both-gabods.
respond mainly to deep convective clouds, whereas
MSWEP and IMERG merge passiw@crowave Sea surface temperature indices for the Nifio 1+2,
retrievals with gage and reanalysis information, making Nifio 3, Nifio 3.4 and Nifio 4 regions were derived from
them comparatively more sensitive to wachoud the Hadley Centre Sea Ice and Sea Surface Temperature
and stratiform rainfall (Funlet al, 2015; Becket al, dataset (HadISST; Raynest al, 2003), accessed as
2017; Huffmanet al, 2020). These differences should monthly mean SST fields cm 1° x 1° grid and averaged
be borne in mind when inmgreting dataset discrepancies over the standard geographical boxes defined by
over the coastal plain and the in#endean valleys. NOAA/CPC. The resulting monthly time series were
The original INAMHI archive contained more than 1,500 detrended (linear) and standardized over 12818 to
stations covering the period 19@018; after applying obtain the four Nifio indices used in this study. Daily
quality control and homogenization, a final netlw precipitation data we aggregated to monthly and
of 1,061 stations with sufficiently long and reliable seasonal (trimester) scales, and anomalies were computed
records was retained for the analysis (FI§. Spatial relative to the corresponding981 2018 climatological
coverage is denser along the Coastal plains andmeans.
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TABLE 1

Climate indices used in this study

Climate Index

Definition

Units

Source

PRCPTOT
CDD

CWD

R95p

R99p

Rx1day

Rx5days

Trimestral totaprecipitation: sum of daily precipitation over all w
days (daily precipitation

Consecutive Dry Days: maximum number of consecutive days
daily precipitation < 1 mm within the trimester.

Consecutive Wet Days: maximum number of consecutive days
daily precipitation O 1

Very Wet Days: trimestral total precipitation accumulated on di
when daily precipitation exceeds the 95th percentile of thelaset
distribution (computed over the 1981018 reference period).

Extremely Wet Days: trimestral total precipitation accumulated
days when daily precipitation exceeds the 99th percentile of the
day distribution (198112018 reference period).

Maximum Xday precipitation: largest daily precipitation amour
recorded within the trimester.

Maximum 5day cumulative precipitation: largest amount
accumulated over 5 consecutive days within the trimester.

mm
days

days

mm

mm

Klein Tanket al (2009); Zhangt
al. (2011); ETCCDI definitions.

Klein Tanket al. (2009); Zhangpt
al. (2011); ETCCDI definitions.

Klein Tanket al. (2009); Zhangt
al. (2011); ETCCDI definitions.

Klein Tanket al. (2009); Zhangpt
al. (2011); ETCCDI definitions.

Klein Tanket al. (2009); Zhanggt
al. (2011); ETCCDI definitions.

Klein Tanket al. (2009); Zhangpt
al. (2011); ETCCDI definitions.

Klein Tanket al. (2009); Zhanggt
al. (2011); ETCCDI definitions.

Seasonal accumulated precipitation (PRCPTOT) andmonth climatology, ltereby removing the intreeasonal
indices characterizing wet and dry conditions as well ascycle; significance was assessed with a-sided Ftest

precipitation extremes (CDD, CWD, R95p,

Rx1lday, Rx5days) were computed following the ETCCDI monthly climatologies. The correlations summarized in

definitions (Klein Tanket al, 2009; Zhanget al, 2011;
see Table 1), allowing a consistent assessment of changedonte Ca | o

the PCIENSO correlation matrix were tested with a

per mutation test

in the frequency, intensity and duration of precipitation 0.01). Finally, the DJF ENSO events shown in.Hig

variability and extremes. Differences between-pahiods
(20002018 minus 19811999) were computed station

of eit

her

the Nifo 1+2

or

by-station for each indexand their statistical significance 0.5, each event being assigned to the indel thie larger

was evaluated by a ngarametric Monte Carlo

permutation test in which the 38 yearly index values were

randomly shuffled 10,000 times to build an empirical null

absolute anomaly.

The leading modes of interannual variability of each

distribution of the difference of means; differences index were identified through an-rSode EOF analysis

excealing the 2.8 7 97.8" percentiles of this distribution

(Bjérnsson and Venegas, 1997; von Storch and Zwiers,

were considered significant at the 95% confidence level (p1999; Hannachet al, 2007), applied separately to each
< 0.05; Wilks, 2019). To quantify the relationship datasetindex, trimester and suferiod: the yearly index
between precipitation variability and ENSO, Pearson values were arranged in a 19 x ns (years x stations)

correlation and ordinary least squarknear regression

matrix, standardized and linearly detrended station by

R99p, whose degrees of freedom account for the estimated

(1,0

were defined when the standardized, detrended anomaly

t

analyses were applied between the leading principalstation, and decomposed by singular value decomposition
component (PC1) of each index and the four standardizedWilks, 2019). The leading PC was theormelated with
HadISST Nifio indices; analytical Student's t thresholdsthe four standardized HadISST Nifio indices (Nifio 1+2, 3,

(I r] & oO.

confidence level.

accumul

of means.

guantified through the ratio of monthly precipitation map, and samplingrror considerations (Nortlet al,
variances (2002018 over 19811999) computed from
monthly anomalies relative to each guériod's calendar

ati
per subperiod), applying Welch'stest for the difference
Changes in

456 for n = 19)

correlation and ordinary least squares linear regression

were computed for eaccombination, with the statistical
Changes in mean seasonal precipitation between subsignificance of the PGNifio correlations assessed by the

periods were additionally assessed using the monthlyMo nt e

ons wi t hin

interannual variability were matrix

1982),
(Section S1).
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Figs. 2(a-p). Seasonal climatology dfimestral mean precipitation (mm) over mainland Ecuador for (columns) JFM, AMJ, JAS and OND
and (rows) the four datasetsi @ RR, (& h) MSWEP, (il) CHIRPS, averaged over 1981018, and (fip) IMERG, averaged
over 20002018. All satellite products arerspled at the locations of the 1,061 RR stations

3. Results anddiscussion and coastal gradients more sharply, whereas MSWEP and
IMERG provde a smoother, spatially coherent lasgale
3.1 Seasonapatterns and dataset comparison signal that tends to underestimate the orographic maxima

of the eastern foothills. These complementary sensitivities
The seasonal climatologies of the four datasets (Fig - rather than the superiority of any single producre

2) show a consistent representation of the main rainfallexploited throughout this study: owclusions are
regimes of mainland Ecuador: the JFMMJ wet season  considered robust where the datasets agree (Section 3.7).
and the JAS dry season over the Coast and the- inter
Andean region, and the yeayund rainfall maxima along 3.2 Longterm changes in dry, wet and extreme
the eastern Andean foothills. The leag spatial patterns precipitation indices
are captured by all products; their differences lie in the
regions that each dataset resolves best. RR and CHIRPS Fig. 3 shows the change in mean seasonal
reproduce localized features of the irferdean valleys  precipitation between 2068018 and 1981999,assessed
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Figs. 3(a-c). Changes between syieriods (20002018 minus 19811999) during OND, the trimester in which the reduction of interannual

variance is largest in all three datasets (Section 3.2).

RR, (b) MSWEP and (c) CHIRPS; outlined circles

Top row: difference in mean monthly precipitation (mmmh 1 1) f
mark stations with significant differences (Welestson monthly

or

accumulations, p < 0.05). Bottom row: ratio of monthhomaly variances (2002018 over 198(11999) computed from

deseasoalized monthly anomalies; outlined circles

mark significant ratios-¢ided Ftest, p < 0.05). The remaining

trimesters are provided in the Supplementary Material

with Welch's ttest on the monthly accumulations within
each trimester (Section 2). In the gatngsed RR dataset,

the clearest signal is a significant drying of the Coastalthe western slopes, whereas significant increases are rare

plain and the western Andean slopes during ONtizally

above 4660 mm per month and JAS, accompanied by weakest reduction occurs in JFM (median 0.77), the only

significant wetting along the eastern Andean foothills in

AMJ and OND and over the southern highlands in JFM. spatial structure after 2000 (Section 3.3). CHIRPS shows

decreases (tweided Ftest, p < 0.05) at 60% and 53% of
the stations, respéeely, concentrated over the Coast and

(below 11% of stations, mostly Andean sites in AMJ). The

season whose leading mode of variabilityaies its

The satellite products reproduce the coastal drying, butthe same seasonal hierarchy (medians 1@48) and

disagree over the int&ndean corridor, where MSWEP
indicatessignificant JFM drying and JASND wetting
not corroborated by the rain gaugesa discrepancy

consistent with the sensor sensitivities discussed ineastern Pacific El Nifio events comparable to 1982/83 and

Section 3.7.

Changes in interannual variability are even more
pronounced (Fig 3). The ratio of monthharomaly
variances (200@Q018 over 19811999) lies below unity at

MSWEP amplifies the reduction everywhere (0.0.84),
without affecting the sign of the signal. This collapse of
Coastal variance largelseflects the absence of extreme

1997/98 during the second spbriod, and anticipates the
reorganization of the leading modes described below.

Indices of dry and wetspell persitence changed
appreciably between the two spbriods, and the three

most stations in all four trimesters: in RR the median ratio datasets describ@ single spatial pattern whose two

falls to 0.45 in OND and 0.54 in JAS, with significant

regional lobes each product resolves with different
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Figs. 4(a-f). Change in dryand wetspell persistence between spdriods (200i 2018 minus 19811999). (dc) @CDD during JAS a
(dif ) ®CWD during JFM for RR, MSWEP and CHI RPS. Brown (green)
conditions; open black circles mark stations significant at the 5% level (Monte g@anfmitation test, 10,000 iterations). The
remaining trimesters are provided in the Supplementary Material (Figuir&251

sensitivity. During the dry seasons (JAS and OND), dry associated of the two indices; the present results reproduce
spells (CDD) shorten across the Andean and Amazonthe first feature but not the second, since in Ecuador wet
basins and lengthen along the Coast {Fidac; spell persistence shows the stronger pting in the
Supplementary FigS1), a dipole spatially consistent with trimester of maximum association (Section 3.4), a
the coastal reduction of mean precipitation documented indifference attributable to spatial scale, as continental
Fig. 3. MSWEP resolves the Andéaxmazon lobe most  gridded analyses do not resolve the coastalean dipole
completely, with nearly all of its significant stations that organizes the Ecuadorian signal. Wet spells (CWD)
sharing the same sign along the imderdean corridor  change in a more regialty differentiated manner during
(Fig. 4b). The coastal lobe, by contrast, is best defined bythe main wet season (JFM; Bigid-f): MSWEP indicates

the raingauge network and by CHIRP8hich agree on a  a coherent shortening along the eastern Andean foothills
lengthening of dry spells over the lowlands west of the (Fig. 4e), whereas the gauge network indicates a
Andes (Figs 4a, 4c; Supplementary Figl). That the  predominant lengthening over the northwestern Sierra and
gauge network contains both lobegn Andean cluster the northern Coast (Fig4d); wetspell changes are
consistent with MSWEP and a coastal cluster consistentherefore interpreted at the regional rather than the
with CHIRPS - indicaes that the datasets are not in national scale, with the remaining trimesters shown in
conflict: each resolves most sharply the region in which its Supplementary FigS2. CHIRPS provides little constraint
observational basis is strongest, an interpretatonon t hi s i ndex, i t soseqppeC® inf i el d
developed in Section 3.7. At the continental scale, all trimesters (Fig4f; Supplementary FigS2), consistent
lacovoneet al. (2020) report that the mean fields of CDD with the limited sensitivity of thermahfrared retrievals

and CWD over South America tend to be spatially to the occurrence and persistence of-lotensity rainfall
opposite and that CDD is the more strongly ENSO (Funket al, 2015; Section 3.7).
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Figs. 5(a-f). Change in percentdeased extreme precipitation between-pebods (20002018 minus 19811999) during OND, the only
trimester in which the three datasets agree on the sign of the change (Sectioi3.2). @R95p (fmm) pR"IUp ((dmm)
RR, MSWEP and CHIRPS. Brown (green) shading denotes a decrease (increase); open black circles mark stations significant at the
5% level (Monte Carlo permutation test, 10,000 iterations). The remaining trimesters are provided in Supplementary iFigures S3

Changes in precipitation extremes are consistent withpattern and show the closest intlataset agreement of
the speHlbasedresults and are presented for a single the four: Rxlday and Rx5days both exhibit a dense cluster
trimester to permit a likéor-like comparison across of significant decreases along the Coast in the gauge
indices. The percentilbased indices (R95p, R99p) and network together with a coherent reduction over
the maximumprecipitation indices (Rxlday, Rx5days) are the central Andes in MSWEP, with CHIRPS agreeing in
shown for OND, the only trimester in which the three sign throughout (Fig 6). A distinct senserelated
datasets agree on the sign of the change in R95p, Rxldalgehaviour emerges in JFM and AMJ, where CHIRPS
and Rx5days, and hence the trimester in which the postreports widespread increases over the Andean interior
2000 signal can be regarded as robasbtss independent that are opposite in sign to the decreases indicated
retrieval principles. Larger changes occur in JFM, but thatby MSWEP for all four extreme indices (Supplementary
is also the trimester in which the thernwefrared and  Figs S3 S6). This divergence follows the contrasting
merged passivenicrowave products diverge most retrieval principles of théwo products (Funlet al, 2015;
strongly (see below); the remaining trimesters are Beck et al, 2017), is examined in Section 3.7, and is
therefore documented ithe Supplementary Material the reason the weteason fields are not used to
(Figs S3-S6). During OND, R95p decreases significantly characterize the pe&000 change in the main text. Taken
over both the Coastal and the Andean regions in the gaugigether, these regional tendencies contragh whe
network, MSWEP reproduces the reduction over thepredominantly increasing heayyecipitation indices
central Andes, and CHIRPS shows the same sign withreported for South America as a whole (Skaesial,
markedly weakeamplitude (Fig 5ac). R99p reproduces 2013), an assessment based on a sparse station
this behaviour in the gauge network alone, with smaller network along the tropical Andes and the Pacific coast.
amplitude and fewer significant stations, whereas theln the densehomogenized network used here, all four
satellite products retain little signal at this more restrictive extreme indices decrease in every trimester, indicating
percentile (Fig5d-) - consistent witlthe low ranking of ~ that western Ecuador has instead experienced a joint
R99p in the coupling hierarchy established in Section 3.5.reduction of mean rainfall and of its interannual variance
The maximuraprecipitation indices follow the same OND after 2000 (Fig3).
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Figs. 6(a-f). As Figure 5, for the maximumday and &day precipitation amounts during ONDi¢a) @Rx 1diay apRad 5¢€dys ( mm) .
The remaining trimesters are provided in Supplementary Figuie36S5

3.3 Shifts in the leading modes ofainfall convection over the coastal plainr a local,
variability and their ENSO coupling thermodynamically drive response.
The results presented above point to substantial After 2000, this coastal mode is no longer the

changes in seasonal precipitation and in the frequency ofeading mode: EOF1 reorganizes toward the Andes in all
dry andwet spells and extremes after 2000. This raises theseasons (explained variance falling from 63 to 52% in
guestion of whether the interannual variability of rainfall AMJ and from 73 to 58% in OND), with the coast
and its dominant spatial organizationalso changed contributing weakly. Concurrently, theeasons carrying
between the two superiods. To address this, the EOF an ENSO signal shift to JFM and JAS, where the Andean
analysis was performed separatetyr 19811999 and  mode correlates negatively with the central Pacific indices
20002018 for each season, and the leading modes weréFig. 9): warm central Pacific conditions favour dry
related to ENSO through the correlation matrix of. Big anomalies over the highlands, consistent with a remote,

dynamically driven response- a westwaredisplaced
Figs 7 and 8 compare the leading EOF mode of Walker circulation and anomalous subsidence over

seasonal precipitation (RR) between pabiods for AMJ northwestern South America rather than local SST
and OND, and for JFM andAS, respectively. During forcing. The 2017 coastal El Nifio still appears as a strong
19811999, the AMJ and OND modes are coastal wet excursion (JFM, AMJ), indicating that coastal forcing
monopoles- loadings above 0.8 west of the Andes, with remans active but no longer organizes the dominant mode
the Amazon largely decoupleaxplaining 6373% of the of variability.

variance, and their PC1 series are dominated by the

extreme eastern PaicifEl Nifio events of 1982/83 and Fig. 9 summarizes the correlations between the
1997/98. This mode is the imprint of coastal El Nifio leading principal component (PC1l) of seasonal
conditions: anomalously warm SSTs off the Ecuadorian precipitation anomalies and the four Nifio SST indices for
coast destabilize the lower troposphere and fuelboth subperiods During 19811999 (Fig 9a), significant
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(a) EOF1 AM) 1981-1999 (fvar=63.38%) (b) EOF1 AM]) 2000-2018 (fvar=51.93%)
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Figs. 7(a-d). Leading EOF mode of seasonal precipitation totals (PRCPTOT, RR) for AMJ (top block) and OND (bottom block). Each block
shows the statiariPC1 correlation maps for (a) 198099 and (b) 200®018 ('+ significant at the 5% level) and the
standardized PC1 series for (c) 188399 and (d) 200018, with the explained variance fraction (fvar) in the panel titles. The
coastal monopole of 1981999, whose PC1 is dominated by the extreme eastern Pacifiifi&levents of 1982/83 and
1997/98, is replaced after 2000 by an Andeantred mode. The sign convention is such that positive PC1 corresponds to wet
anomalies
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(a) EOF1 JFM 1981-1999 (fvar=55.92%) (b) EOF1 JFM 2000-2018 (fvar=69.46%)
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Figs. 8(ad). As Figure 7, for JFM (top block) and JAS (bottom block), the trimester<éngt the central Pacific ENSO signal after 2000

(cf. Figure 9)
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positive correlations concentrate in the easternmost The comparison shows that the leading mode is not
indices (Nifio 3 and Nifio 1+2) and occur in nearly every stationary. For seasonal accumulated precipitation
season: JFM (MSWEP, r = 0:8283), AMJ (all datasets, (PRCPTQOT), the variance explained by EOF1 falls from
r = 0630.85), JAS (RR, r = 0.84) and OND (RR 63.4% to 51.9% in AMJ and from 72.7% to 58.5% in
and CHIRPS r = 0.640.73). This eastward OND (Figs 7 and 8), and the spatial pattern changes
intensification indicates that rainfall variability was accordingly: during 19811999 the significant loadings
dominated by eastern Pacific ENSO forcing throughout form a dense monopole covering the entire Coastal plain,
the annual cycle, consistent with canonicdl Mifio whereas during 200@018 the coastal loaatjs weaken
events. and the significant stations concentrate along the -inter
Andean corridor. The same reorganization characterizes
After 2000 (Fig 9b), this coupling reorganizes the spell and extreme indices examined beld®OF1 of
substantially: significant correlations shift toward the CWD in AMJ falls from 57.9% to 51.5% (Fid1) and
westernmost indices (Nifio 4 and Nifio 3.4), change sign,EOF1 of Rx5days in AMJ fror68.1% to 46.0% (Figl2),
and migrate to different seasods J FM ( r = T1i9both tases$ with the significant loadings migrating from
1T0.65) and ¢specitall.lby5 JtAoS the0Co8sb JowardR ¢he PAedes. CDD in AMJ is an
than an inversion of the same mode, this sign changeexception in amplitude but not in structure: the explained
reflects the replacement of the coastal EP mode by thevariance is essentially unchanged (53.2% and 53.7%), yet
CP-coupled Andean mode documented in Figsand 8.  the coatali Andean dipole of the first suberiod is
The formerly robust AMJ and OND signals largely replaced by a single positive band spanning both regions
disappear: in AMJ wnly two opposing cells remain (Fig. 10). The leading mode of interannual rainfall
significant6 RR (r = T10. 56, Ni § o variabilitya mdpredseSOAME Bcugdor is= therefore both
+0.56, Nifio 1+2)0 revealing a transitional season in weaker and geographically displaced relativent bf the
which the Andean CP regime and a residual coastal EPL980s and 1990s.
signal coexist, each dataset favouring one of them; in
OND only MSWEP retains significant correlations (r = Because ENSO is the dominant source of interannual
0.62°0.73), tied to a coaigtighlands dipolar mode that the rainfall variability over Ecuador, the following two sub
other datasets do not rank first (Section 3.7). The eastersections quantify the coupling between these leading
Pacific influence thus practically vanishes in the secondmodes and SST anomalies in the four Nifio regions, first
subperiod, while central Pacific vability emerges as the for 1981 1999 (Section 3.4) and then for 20@D18
dominant driver, with its imprint displaced toward boreal (Section 3.5). Each index is presented in AMJ, the
summer; the following subsections examine both regimestrimester in which its leading mode shows the widest
in detail. crossdataset consensus with the eastern Pacific indices
during 19811999 (Table 2), and that trimester is netal
3.4. ENSQ precipitation modulation during 1981  for both subperiods, so that the two epochs are compared
1999 (Eastern Pacific dominance) like for like; the remaining trimesters are provided in the
Supplementary Material.
The results presented & describe a change in the
mean state: mean seasonal precipitation and its interannual  During 19811999, the leading modes of several
variance decrease over western Ecuador after 200@recipitation indices are strongly modwddt by eastern
(Section 3.1), dry - and wetspell persistence Pacific ENSO variability. The PC1 of consecutive dry
is redistributed between the Coast and Awdes, and days (CDD) in AMJ correlates negatively with Nifio 1+2
the extremeprecipitation indices decrease in every ( r = T10.68 i n RR and 10.75
trimester in the gauge network (Section 3.2). A changeMSWEP directionally consistent), and the corresponding
of this magnitude raises a further question that theloading map (Figl0a) indicateshat warm eastern Pacific
preceding analysis does not address: whether theanomalies were associated with reduced -shgll
structure of interannual variability has been modified persistence over the Coastal region, the western Andean
as well - that is, whether the spatial pattern that slopes and the inteékndean valleys. A stronger and fully
organizes yeaio-year rainfall fluctuations is the consistent signal is found for consecutive wet days
same before and after 2000. To examine this, an(CWD) in the same trimester, whose leading mode shows
Smode EOF analysis was applied separately to eachthe highest positive correlation of the entire analysis (r =
subperiod with the trimester held fixed, so that +0.83 in RR; r_max = +0.87 in CHIRPS; p < 0.001;.Fig
the leading mode (EOF1) and its principal component11a). Likewise, the PC1 of maximum fhday cumulative
(PC1) for 19811999 can be compared directly with precipitation (Rx5days) in AMJ is robustly celated with
those for 20002018 for the same season and the Nifio 1+2 (r = +0.81 in RR, with full crosfataset
same index (Section 2). consensus in Table 2; 58.1% of the variaexplained; p
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(a) 1981-1999 (b) 2000-2018
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Figs. Ya&b). Correlation between the leading principal component (PC1) of trimestral precipitation totals and the four Nifiac8§Tond
(a) 19811999 and (b) 2002018. Rows are grouped by trimester (JFM, AMJ, JAS, OND) and, within each trimester, by
dataset (RR, MSWEP, IMERG, CHIRPS; IMERG is available for 220@8 only); columns run from the central (Nifio 4) to
the eastern (Nio 1+2) Pacific. Circle size and colour give the correlation coefficient (blue positive, red negative) and black
outlines mark correlations significant at the 1% level (Monte Carlo permutation test, 1,000 permutations). The percentage in
each row label ishe variance explained by EOF1. Comparison of the two panels shows the three components e2@®8 post
reorganization discussed in Section 3.5: the migration of significance from the eastern to the central Pacific columns, the
reversal from positive toagative correlations, and the displacement of the most strongly coupled trimester from AMJ to JAS
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(a) EOF1 AM) 1981-1999 (fvar=53.23%) (b) EOF1 AM) 2000-2018 (fvar=53.70%)
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Figs. 10(ad). Leading mode of interannual variability of the maximum number of consecutive dry days (CDD) in AMJ for ihaugen
network (RR), computed separately in each-gebod. (a, b) Correlation between the CDD series of each station and PC1
for 1981 1999 and200Q 2018, respectively; crosses mark stations significant at the 5% level. (c, d) Standardized PC1 series
for the same superiods. The fraction of variance explained by EOF1 is indicated in each panel title. AMJ is the trimester in
which the CDD leadingnode is most strongly coupled to eastern Pacific SST during 1982 (Section 3.4); the remaining
trimesters are provided in the Supplementary Material (FigureS®7

TABLE 2

Regression and significant correlation between El Nifio indices and the PC1 of climatic indices using rainfall data from
Observation, MSWEP, IMERG, and CHIRPS.

Climate Nifio 4 Nifio 3.4 Nifio 3 Nifio 1+2
Index Period
(PC1) JFM AMJ JAS OND JFM AMJ JAS OND JFM AMJ JAS OND JFM AMJ JAS OND
-2
CDD 3 5] 8 8 3 -1 3 3 -1 -1 6} 6} -1 (F10) -1 -1
cwD 1 8 &8 & 1 +1 &8 & 1 43 & +1 8 (;131) +1 42
R95p 11%%}; 2 1 8 8 42 +1: 08+l 43 +2 8+l 43 +2 41 +1
R99p +1 -1 0 0 +3 +1-1 0O +1 +3 +2 +1 +1 +3 +2 +1 +1
Rx1day +1 -1 [s) [s) +1-1 +1-1 0o [s) +2-1 +2-:1 0o +1 +2-1 +2 +1 +1
+3
Rx5days +1 0 o] o] +2 +1 o] o] +2 +2 6] +1 +2 (F12) +1 +1
+1
CDD 8 5] (F10) 8 8 d +1 -1 6} 6} 6} -1 6} 6} 6} -1
cwD (F‘fl) 5 -2 & 1 1 2 & & & -1 & & & &8 8
R95p 22%2% 1 8 1 & & & b8 +1 d &8 b8 +1 b8 8 b8 41
R99p 8 3 -1 -1 8 8 8 -1 8 8 8 -1 8 8 8 -1
Rx1day o) 6] o 5] +1 o) 6} o) +1 o) 0 o) +1 +1 o) o]
-1
Rx5days 1 -1 (F12) 3 -1 3 -1 8 8 8 -1 8 8 8 -1 S}

Cell values indicate the number of datasets (RR, MSWEP, CHIRPS and, from 2000 oiw&R13) in which the PQINifio correlation is

statistically significant at the 1% level (Monte Carlo test). Positive numbers indicate positive correlation; negativesrinditege negative
correlation; combined entri espo(sei.tgi.v,e +a&nd 19t hmeerasn nseogreet ndeaet nmassied osi fsi hcoa
dataset reaches significance. Cells highlighted in light green correspond to the configurations shown in Figies t® main text.
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(a) EOF1 AM) 1981-1999 (fvar=57.87%) (b) EOF1 AM) 2000-2018 (fvar=51.53%)
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Figs. 11(a-d). As Figure 10, for the maximumumber of consecutive wet days (CWD) in AMJ. Positive PC1 values correspond to longer
wet spells. The remaining trimesters are provided in the Supplementary Material (Figur8$210

< 0.00% Fig. 12a), its loading pattern indicating at Nifio 3 and Nifio 1+2; MSWEP up to +0.86) and JFM,
intensified extreme rainfall over the Coastal plain and whereas CHIRPS instead exhibits significant negative
southwestern lowlands during canonical El Nifio events; correlations over the same trimesters 060 to-0.71 in
the coupling during OND, the trimester of the second AMJ). This split reflects tb Andean, deeponvective
Andean rainfall maximum, remains significant but weaker mode preferentially captured by CHIRPS as opposed to
(r = +0.72; Supplementary FEig515) Taken together, the coastal extreme signal captured by RR and MSWEP,
these results show that before 2000 eastern Pacific ENS@nd is revisited in Section 3.7 as a matter of dataset
variability coherently modulated both the persistence of sensitivity to shorturation extremes. The same contrast
wet and dry spells and the magnitude of extremeunderlies he opposite signs reported for CHIRPS
precipitation across mainland Ecuador. and MSWEP in JFM and AMJ in Section 3.2
(Supplementary FigsS3 S6), indicating that it is a
Table 2 reveals several additionaignificant systematic property of the retrieval rather than a feature of
configurations during 1981999 that complement the any single index.
three main figures of this syteriod and reinforce the
eastern Pacific dominance hypothesis. The PC1 of CWD 3.5, ENSQ precipitation modution during 2000

shows full crosslataset consensus (+3) in AMJ x Nifio 2018 (Central Pacific dominance)
1+2 (Fig 11) and AMJ x Nifid3, and remains strong (+2)
in OND x Nifio 1+2, indicating that wespell persistence By contrast, during 200018 the dominant ENSO

in Ecuador was coherently modulated by eastern Pacificprecipitation relationships in Ecuador shift toward central
SST anomalies across multiple seasons and Nifio boxesRacific (Nifio 4) variability, consistent with the p&00
The percentildbased extremes behave similarly, with changes in ENSO behaviour reported in the literature
R95p and R9p reaching full positive consensus (+3) with (Ashok et al, 2007; Yehet al, 2009). During the dry
the easternmost indices (Nifio 3 and Nifio 1+2) in JFM. Inseason (JAS), the PC1 of CDD is positively correlated
contrast, singlalay extremes (Rxlday) reveal a marked with Nifio 4 in the in situ network and directionally
dataset dependence during the wet season: the gaugesonsistent across MSWEP and CHIRPS (r = +0.71 in RR;
network (RR) and MSWEP show positive corrielas p < 0.001; Fig10), indicating that warranomalies in the
with the eastern indices in AMJ (RR: r = +0.67 and +0.83 central Pacific ee associated with longer dry spells over
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Figs.12(a-d). As Figure 10, for the maximumday cumulative precipitation (Rx5days) in AMJ. Positive PC1 values correspond to positive
Rx5days anomalies. AMJ is the trimester in which thBdRys leading mode shows the strongest eastern Pacific coupling and
full crossdataset consensus during 198399 (Table 2, Section 3.4); the remaining trimesters are provided in the
Supplementary Material (Figures SE5)

the Coasdl region, the western Andean slopes and the2000. Dry spells (CDD) mirror this behaviour, turning
southern Sierra. The PC1 of CWD during the main wet positive with Nifio 4 in JAS. The very wdhay index
season (JFM) shows a consistent negative correlation witiR95p retains an OND signal only in MSWEP, whose
Nifio 4 across threéatasets (r =0.59 in RR,-0.58 in coast highlands dipole (Section 3.3) vyields positive
MSWEP and-0.59 in IMERG; p < 0.01; Fig1l), correlations (r = +0.52 te#0.57), while the other datasets
indicating that central Pacific warming shortens wet spellsshow no significant OND coupling. Beyond the CWD
in the rainy season. The PC1 of Rx5days remains coupleatase, full crosslataset consensus becomes rare in 2000
to the central Pacific with reversed sign relative to the pre 2018, in contrast with 1981999, and the total number of
2000 period, showing significant negative correlations in statistically significant cells drops markedly in the post
JAS (CHIRPS: r =-0.60 to -0.70 across all four Nifio 2000 half of Table 2. This loss of coherenctogether
boxes; p < 0.01; Fidl2) and in JFM (RR: r =0.61 and with the shift toward central Pacific indicesuggests that
0.55 at Nifio 4 and Nifio 3.4). Although the agreementthe ENSQ precipitation modulation in Ecuador has not
between datasets is weaker than before 2000, theonly reorganized but also become weaker and more
consistent negative sign across sources supports thdatasetdependent, consistent with the documented
robustnesf the shift toward central Pacifidominated reduction in canonical El Nifio amplitude after 2000 (Yeh
modulation. et al, 2009; Capotondit al, 2015; Huet al, 2017).

Table 2 also reveals additional significant Finally, comparing across indices reveals that the
configurations during 200@018 that complement the strength of the pos2000 central Pacific coupling depends
three main figures of the pe2000 sukperiod. A on the temporal organization of rainfall. Indices tied to
particularly novel feature is the emergence ofiladross persistence and muitiay accumulation- wet and dry
dataset negative consensus for the PC1 of CWD in JFM xspells (CWD, CDD) and the fivday maximum
Nifio 4 (3 across RR, MSWEP and IMERG; Fitl), (Rx5days)- retain a significant centrdacificnegative
together with a-2 consensus in JAS: central Pacific signal, whereas the singtlay maximum (Rxl1lday)
warming during the wet and dry seasons is now associatethecomes essentially decoupled from ENSO after 2000, its
with shorter wet spells, a cogfiration absent before only significant correlationbeing a posive, easterriype
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Figs.13(ad). ENSO regime shift around 2000. (a) Standardized and detrended DJF anomalies of the Nifio 1+2 (eastern Pacific, EP; red) and

Nifio 4 (central Pacific, CP; blue) indices, 19810 1 8 ; dashed 1ines marahdthe shadedNadlea5d event

highlights the 20002018 subperiod. (b) DJF anomalies in EBP phase space; colour indicates the dominant index (red EP,
blue CP), open (filled) symbols denote 198399 (20002018), and the strongest events are labelled. (c) Nunfb@d®
events per superiod (light: 19811999; solid: 20002018), classified by the dominant index and phase; values above the bars
give the mean event intensity (mean |z| of the dominant index)

cluster in the highesolution IMERG reord during JFM  first subperiod, warm easta Pacific anomalies being
(r = +0.64 to +0.70), attributable to the 2015/16 El Nifio, associated with wetter conditions, and predominantly
the only ERPdominated warm event of the recent sub negative in the second, warm central Pacific anomalies
period (Section 3.6), and an isolated coastal cell in AMJnow being associated with drier conditions. The third
(MSWEP, r = +0.48 at Nifio 1+2). The percenbigsed least apparent in a seasbyseason reading of the
extremes fall in beveen, with R95p retaining scattered individual figures- is a redistribution across the annual
significance and the rarer R99p losing it almost entirely. cycle. During 19811999 the coupling is significant in all
This yields a hierarchy of coupling strength in the recentfour trimesters and is strongest in AMJ (r = +0.85 with
period (CWD & PRCPTOT > RxNiid d4#2sfor SeasRrtlstptals>andR-OBp for>spell
Rx1day) with a direct implication for predictabilitywhat persistence). During 2002018 that same ritnester
remains potentially predictable from the central Pacific in retains virtually no significant coupling, whereas JAS,
presentday Ecuador is the seasonal persistence andmarginal in the first sulperiod, becomes the most
accumulation of rainfall, rather than its daily peak st rongly <coupled trimester
intensity. Ni Yo 4 for seasonal -gpelt al s
persistence). The trimester thréugshich ENSO exerts its
These changes are summarized in Table 2 andnfluence on Ecuadorian rainfall has therefore moved from
displayed in full in Fig 9, which gives the correlation the wetseason towards the dry season at the same time as
between PC1 and the four Nifio indices for every the source region moved from the eastern to the central
trimester, dataset and speriod. Read together, the two Pacific. This seasonal displacement is why Sections 3.4
panels indicate that the reorganization has three distincand3.5 examine each index in a different trimester in each
components rather than one. The first is the shifthe sub-period, while Figs1Gi 12 hold the trimester fixed: the
Paciic region responsible for the coupling, from the former follows the season in which the coupling is
eastern indices (Nifio 3 and Nifio 1+2) before 2000 to thestrongest, the latter isolates the change in spatial structure
central index (Nifio 4) afterwards. The second is a reversafrom the annual cycle. ltalso carries a practical
of sign: significant correlations are positive throughout the implication - a seasonal forecast calibrated on the- pre
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2000 relationship would target both the wrong predictor sampling can affect both the spatial coherence of the EOF

and the wrong time of year. loading maps and the empirical determination of
percentilebased extreme indices (R95p, R99p) at
3.6. ENSO regime shift around the year 2000 individual stations. CHIRPS combines satellite estimates

with station observationsand its skill in capturing
This shift in the ENSOprecipitation relationships  localized extreme events may be limited where-gginge
takes place against a broader change in ENSO behaviounputs are sparse (Geleta and Deressa, 2020), which is
around the year 2000 (Fid3). The eastern Pacific is consistent with the relatively low number of statistically
represented here by Nifio 1+2 rather than by Nifio 3, thesignificant stations for R99p in CHIRPS (Supplementary
box more commonly used in the BEPP literature, Fig. S4). MSWEP also blends multiple sources and
because Nifio 1+2 covers thacean adjacent to the produces a smoother representation of ssele
Ecuadorian coast and is the index through which the pre extremes than the in situ record. These dassetific
2000 rainfall coupling is expressed (Section 3.4); sensitivities should be considered when interpreting the
repeating the classification with Nifio 3 leaves the resultcrossdataset consistency of the results: rehéhe three
unchanged in its essentialgastern Pacific events decline datasets agree both in direction and significance, the
from seven to three, central Pacific events rise from eight inferred ENSQ@precipitation relationships can be
to eleven, and the increase is again carried entirely by theonsidered robust, whereas datageicific signals -
cold phase, which doubles from three to six particularly for extreme indices should be interpreted
(Supplementary FigS16). The DJF series of the two with caution.
standardized indices (Fi@3a) show that thewo extreme
eastern Pacific events of the record, 1982/83 and 1997/984. Conclusions
have no equivalent after 2000: the only-&#minated
warm event of the recent syeriod, 2015/16, reached a This study examined the modulation of rainfall
comparable amplitude (2. 4 0vasdabildyiandsits implicativesafor seasonal2predidliabilftyo r
earlier pair) butcarried a strong central Pacific signature in mainland Ecuador using multiple observational and
(Fig. 13b). Central Pacific cold events, by contrast, rise satellite precipitation datasets over the period 19818.
from three to seven and become the most frequent ENSO'he consistency amoraatasets supports the robustness of
category of the recent syderiod, whereas central Pacific the identifiedlargescale precipitation patterns captured
warm events remain essentially unchangedumber (six by the leading EOF mode (PC1), while regional
and five; Fig 13c). Because each category contains only adifferences highlight the influence of complex topography
few events, these counts are presented as a description ahd datasespecific sensitivities.
the record rather than as a statistical test of a change in
frequency. Figl3 characterizes the forcing rather than the The analysis reveala general tendency toward
rainfall response, which is documented in Figisl2; read shorter wet spells and a reduction in several extreme
together, the two are consistent with a picture in which theprecipitation indices across key regions and seasons,
disappearance of the extreme eastern Pacific eventparticularly during OND and JFM. These changes indicate
accompanies the loss of the coastal;f&feed mode of a modification of rainfall characteristics rather than a
variability, and the increasedcidence of central Pacific uniform increase or decrease in total precipitation, with
cold events accompanies the emergence of thénkéd potential implications for hydrological impacts such as
Andean mode. This regime change is consistent with thefloods and droughts, especially in coastal and Andean
interdecadal shift widely documented in the literature regions.
(Ashok et al, 2007; Yehet al, 2009; McPhadert al,
2011;Capotondit al, 2015; Cakt al, 2018). A central result of this study is that the ENSO
precipitation relationship over maimd Ecuador is non
3.7. Dataset Ilimitations and cros$ataset  stationary in three respects at once, as summarized in
robustness Table 2 and displayed in full in Fi@®. First, the basin
from which the influence originates changes: significant
Several limitations of the precipitation datasets correlations with the eastern indices (NiBoand Nifio
deserve explicit consideration. While RR is based on1+2) fall from 84 to 17 of the cells examined, a reduction
quality-controlled, homogenized and gélted in situ of 80%, while those with the central index (Nifio 4)
observations (Guijarro, 2016), the ra@jauge network is  double from 10 to 21. Second, the sign of the relationship
not uniform across the country: station density is reverses: 81% of the significant correlations are positive
substantially higher over the Coastal and Andean regionsduring 19811999 and only 26% during 2002018, so
and lower over the Amazon basin, and the number ofthat the anomalies formerly accompanying wetter
available stations varies year by ye#his noruniform conditions are now associated with drier ones. Third, the
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Supplementary Material

This document contains four sections. Section S1 providesuthenathematical formulation of the -@ode
Empirical Orthogonal Function (EOF) analysis used throughout the manuscript. Section S2 presents Supplementary
Figures S1S6 with the betweesubperiod differences of the ETCCDI indices in the trimesters notvshin the main
text (Figures %6). Section S3 presents Supplementary Figuré$ 85 with the periodomparison EOF analyses of CDD,

CWD and Rx5days for the trimesters not shown in Figuréd2.0Section S4 presents Supplementary Figure S16, which
repeatstie ENSO regime classification of Figure 13 with Nifio 3 as the eastern Pacific index.

S1. Empirical Orthogonal Function (EOF) analysis: S1.2 Singular Value Decomposition andn$de
formulation PCA
S1.1 Notation and data preparation The Y* matrix is decomposed by Singular Value
Decomposition (Wilks, 2019):
For each combination of precipitation data@eR, Y* #VU (81.3)
MSWEP, CHIRPS and, for the 200018 subperiod,
IMERG), climatic index (PRCPTOT, CDD, CWD, R95p, wi t h U of size N T r, E = dia
R99p, Rxlday, Rxb5days), trimester (JFM, AMJ, JAS, of size r x r and V of size ns x r, where r = miirN 1 1,
OND) and sukperiod (19811999 or 20002018), the ns). This decomposition is mathematigalkequivalent
analysed variable is arranged as a data matrix to the eigendecomposition of the temporal covariance
matrix
Y~ AN xns} (81.1)

C=(NT 1YoY*=Vs Vo 2/(NE 1)S14
where the rows index theN = 19 vyears of ( K 2 2 ( X )
the correspondmg §eﬂnenod and the golumns index and to the eigendecomposition of the alternative
the ns stathns retalned. by the analysis (up to .1,061 dispersion matrix (N 1Yj* Y* . Because we compute
for RR; equivalent locations sampled at the neagest  ps from the standardized anomaly matrix, we adopt the
point for MSWEP, CHIRPS and I.MERGM'S.S'ng value_s S-mode formulation (Bjornsson and Venegas, 1997;
are excluded on a cabg-casebasis; the residual fraction | jnnachiet al, 2007), in which the eigenvectors describe

ﬁf miss"_‘g _dail_y \t;allues ino RR after theClimatol spatial patterns and the principal components describe
omogenization is below 0.1%. their temporal evolution.

Each column (station) is centered and scaled by its own

temporal mean and standard deviation, and its linear trend S1.3 Principal  components,  loadings  and

explained variance

is removed:
Y* {t,i} = (Y_{t,i}(SL2¢ _'Ii'he kth s@n_d@rdizgd pfinfipaycomlpgnpnt is
where & i a nednporal_mean amd estantlande PC_k(t) = a{N 1T 1} @18 _ {t, k}

deviation of station i, and a_i-tis its ordindeastsquares

linear trend. This anomaly matrix Y* is the input to the so that Var[PC_k] = 1 by construction. The associated
SVD. fraction of variance explained is
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fvar _k ad_kJ] 1 E_{(Sta. .

& appears in the title of every panel of FigurédZ& in
the row labels of Figd. The leading mode (k=1) accounts,

majrix) &nd jin|Table 2 are additionally tested with a-non
parametricMonte Carlo permutation test in which the
yearly values of the PC are randomly shuffled 1,000 times

] ) and the empirical significanck e v e | is set to
across the anglyses repor'ted in the manuscnpt, for(WiIks, 2019). This complementary test is more
approxmatgly .4486%0f the mterannual variance of the' conservative than the analyticétudent t threshold
corresponding index. Only the leading mode is analysed in lied to the individual loadinamans and is the
the manuscript, its separation from higloeder modes applied “to he gnap :
being guaranteed by the criterion of Section S1.6. criterion used for the crosslataset consensus codes in

Table 2.
S1.4 Sign convention
S1.6 North et al (1982) separability criterion and
The sign of the kh mode(U_{:,k}, V_{:,k}) is a truncation
free choice of the decomposition. We impose the physical
convention that positive PC values correspond to positive Following Northet al (1982), the sampling error on
(wet) anomalies of the analysed variable: the kth eigenvalue of a covariance matrix estimated from
N independent realisations is approximately
sign(V_{A,k}) chose@l®o that E_i V_{i,k} > 0
la_k & o_k &(2/ N) (S1.10)
This convention § applied identically to every
combination (dataset, index, trimester, gdiod), so that and two consecutive modes are considered separable, in
the PC series and the loading maps of Figuids 7are the sense that their patterns are moxed by sampling
physically comparable across panels. For dry indiceshoise, when their eigenvalue difference exceeds the sum
(CDD), positive PC values correspond to longer dry spell of the two sampling errors:
(i.e., dryanomaly excursions), consistent with the same
rule applied to their own values. a_k 1T o_{k+1} > Ue (8.1Y UGeo_{Kk
S1.5 Homogeneousorrelation maps significance We evaluated (S1.11) for the first two modes of
every analysis presented in the main textevery case in
The spatial loading map shown in Figé12 isthe whi ch the |l eading mode is disp
homogeneous correlation mapi.e., the Pearson 1 &_2 comfortably exceeds Ua_

correlationbetween the standardized station series x_i(t) =

Y*_{-, i} and the principal component PC_Kk(t):
b { ECourx_i(t),PC_Kk®)] = & o -\ {i,k}/std(x_i) (S1.8)

For the standardized anomaly matrix Y* used here,

std(x_i) = 1 and J/_{a{K}1
Values are bounded in [T1,
the fraction of a stationo

by mode k.

leading pattern is well separated from PC2 and its
interpretation is not affected by maodexing.
Consequently, only the leading neds presented in the
main text; higheworder modes are not shown.

S1.7 Software and reproducibility
=1¥._k L V_{i, k} )
1 NI'EQM analygegs in éhis study warencongputed wight a b |
tge Sqnpdg formlatian; desgriged ahove; UgingiPYhoR § ¢ a |
(NumPy for the SVD, pandas for the tempasignment
of stations, xarray and Cartopy for the geospatial handling

Stations reaching the analytical Student t threshold atand plotting). Correlation and Monte Carlo significance

the 95% twesided confidence level are highlightedtie

|l oading maps with a 6+06 ma
freedom, the threshold is

|y | >t _{0.05,17} /| &a{t¢i9.o

The same numerical threshold is used consistently

across Figs7 through 12, since all EOF analyses share N
=19 years within each syferiod.

The correlations between the PC series thedfour
Nifilo SST indices summarised in Figure 9 (correlation

tests were computed with SciPy. The station

homegenizatign gvas peyformed s Rawithithe Clignate) 3.@ e s
package (Guijarro, 2016).

§2; @e;v\}e nrsu
(Figs. S1i S6

C
pejipd f:hanqus ingETQCD}, igdiges
)

S2.1 Overview

Figs 4, 5 and 6 of the main text show the between
subperiod differences (200@018 minus 19811999) of
six ETCCDI indices. Figure 4 presents each spell index in
the season in wbh it is physically informative( CDD in
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(a) RR CDD JFM (b) MSWEP CDD JFM {c) CHIRPS CDD JFM
< <

{
81w 80°wW 79°W 78°W TI°W T6°W 81w 80°wW 79°W 78w 7w 76°W 81°w 80w 79°W 78°W 7w 76°W

(e) MSWEP CDD AM)

3
A CDD (days)
(2000-2018 minus 1981-1999)

81°w 80"W 79w 78"W TI°W 76°W 81'w 80°w 79°wW W 7w 76w

(h) MSWEP CDD OND

(g) RR CDD OND

BO'W  79°W  78°W  TTTW  76°W 81°W  BOSW  79°W  7B°W  77°W  76°W

Fig.SL @CDD (remaining trimesters)

As Figure 4 (top row) of the main text, for the change in the maximum number of consecutive dry days (CDD,
days) between 2002018 and 19811999 during (a'c) JFM, (df) AMJ and (§i) OND, for the raingauge
network (RR), MSWEP and CHIRPS. Brown (green) shading denotes a tendency toward longer (shorter) dry
spells; open black circles mark stations significant at the 5% level (Monte Carlo permutesipnl0,000
iterations). Colour limits are symmetric per figure.

JAS, CWD in JFM), while Figures 5 and 6 present the (Monte Carlo permutation test, 10,000 iterations, open
four extreme indices in OND, the only trimester in which black circles marking stations significant at the 5% level;
the three datasets agree on the sign of the changeofSecti identical basemap, panel layoand colour convention as
3.2). This section provides the same maps for thein the main text). Supplementary Figures Sé are cited
remaining trimesters, produced with an identical pipeline in Section 3.2 of the main text.
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(a) RR CWD AM) (b) MSWEP CWD AM) (c) CHIRPS CWD AM)

1N

5°s
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3
A CWD (days)
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2°s

3°s
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Fig.S2@pCWD (remaining trimesters)

As Figure 4 (bottom row) of the main text, for the change in the maximuumber of consecutive wet days
(CWD, days) between 2002018 and 198111999 during (&c) AMJ, (df) JAS and (i) OND, for RR, MSWEP

and CHIRPS. Green (brown) shading denotes a tendency toward longer (shorter) wet spells; open black circles
mark stations gjnificant at the 5% level (Monte Carlo permutation test, 10,000 iterations)
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(b) MSWEP R95p JFM (c) CHIRPS R95p JFM

(a) RR R95p JFM

150

(d) RR R95p AM)

100

e
A RI5p (mm)
(2000-2018 minus 1981-1939)

w
8

-100

~150

-200

(h) MSWEP R95p JAS

Fig.S3 R95p (remaining trimesters)

As Figure 5 of the main text, for the change in the vegyday precipitation total (R95p, mm) between 2000
2018 and 198111999 during(ai c) JFM, (d f) AMJ and (gi) JAS, for RR, MSWEP and CHIRPS. Green (brown)
shading denotes a wetter (drier) contribution from very wet days; open black circles mark stations significant at
the 5% level (Monte Carlo permutation test, 10,000 iterations)
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(a) RR R99p JFM

(b) MSWEP R99p JFM (c) CHIRPS R99p JFM

o

B1°W  BO°W  79°W  78°W  T7°W  T6°W Bl°W  BO*W  79°W  78°W  T7°W  76°W 81°W  80°W  79°W  78°W  77°W  76°W

100

(d) RR R99p AM)

(e) MSWEP R99p AM] (f) CHIRPS R99p AM]J

0

1°s 1's

AR99p (mm)
(20002018 minus 1981.1999)

a°s

81w 80°W 9°wW 8w TI°W 76°W 2 0w 79°w mw 7w %W 105

(g) RR R99p JAS (h) MSWEP R99p JAS (i) CHIRPS R99p JAS

BO'W  79"W  78'W  TT°W  76°W B1°W  BO'W  79°W  /B°W  77TW  76°W

Fig.S4 pR99p (remaining trimesters)
As Figure 5 of the main text, for the change in the extremetylay precipitation total (R99p, mm) between

20002018 and 19811999 during (&c) JFM, (df) AMJ and (gi) JAS, for RR, MSWEP and CHIRPS.
Convention ad significance criterion as in Figure S3
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(a) RR Rx1day JFM (b) MSWEP Rx1lday JFM (c) CHIRPS Rxlday JFM

1N

(e) MSWEP Rxlday AM] (f) CHIRPS Rx1day AMJ

S
A Rx1day (mm)
(2000-2018 minus 1981-1939)

4°s

-3

(g) RR Rx1lday JAS

Fig.S5 pRx1day (remaining trimesters)

As Figure 6 (top row) of the main text, for the change in the maximday precipitation (Rx1day, mm) between
20002018 and 198111999 during (&c) JFM, (d f) AMJ and(gii) JAS, for RR, MSWEP and CHIRPS. Green
(brown) shading denotes an increase (decrease) in the dilaylenaximum; open black circles mark stations
significant at the 5% level (Monte Carlo permutation test, 10,000 iterations).
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(a) RR Rx5days JFM (b) MSWEP RxS5days JFM (c) CHIRPS Rx5days JFM

76°W

s1°w 80w 79°wW 8w 7w 76°W 81 w 80°wW 79°W ®w 7w %W a1'w 0w 79°W wsw 7w 76°W

(h) MSWEP RxSdays JAS (i) CHIRPS RxSdays JAS

Lok

76°W

Fig.S6. pRx5days (remaining trimesters)

As Figure 6 (bottom row) of the main text, for the change in the maxirday Sumulative precipitation
(Rx5days, mm) between 20@018 and 19811999 during (&c) JFM, (d f) AMJ and (gi) JAS, for RR,
MSWEP and CHIRPS. Ceention and significance criterion as in Figure S5.

S3. Periodcomparison EOF analysis (Figures 97515) trimesters of those three indices, computed with an
identical procedure (@ode EOF on the standardized
S3.1 Overview statiori year matrix, PC1 sign convention and significance

criterion described in Section S1). Supplementégures

Section 3.3 of the main text compares the leadingS7 S15 are cited in Sections 3.4 and 3.5 of the main text
mode of interannual variability (EOF1) and its principal and in the captions of Figuresili®.
component (PC1) between the two gdriods, with the
trimester held fixed so that 1981999 and 2002018 are In every panel, the map shows the correlation
compared like for like. Figures 10, Bhd 12 of the main  between each station series and PC1 of the corresponding
text present this comparison for the rgiuge network  subperiod (the homogewes correlation map, Section
(RR) in AMJ, the trimester in which each index shows the S1.5); crosses mark stations significant at the 5% level
widest crosslataset consensus with the eastern Pacificunder the analytical Student t threshold. The lower panels
indices during 19811999 (Table 2 of the main text). This show the standardized PC1 series, and the fraction of
section povides the same comparison for the remaining variance explained by EOF1 is given in each panel title.
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(a) EOF1 JFM 1981-1999 (fvar=45.39%) (b) EOF1 JFM 2000-2018 (fvar=59.60%)
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Fig. S7. EOF1/PC1 of CDD in JFM (RR)

Leading mode of interannual variability of the maximum number of consecutive dry days
(CDD) in JFM for the raingauge network (RR), computed separately in eackpstibd.

(a, b) Correlation between the CDD seriesegfch station and PC1 for 1981999 and
20002018, respectively; crosses mark stations significant at the 5% level. (c, d)
Standardized PC1 series for the same-gabiods. The fraction of variance explained by
EOF1 is indicated in each panel title. Figut® of the main text shows the same analysis
for AMJ, the trimester in which the CDD leading mode shows the widest-datsset
consensus with the eastern Pacific indices during 19829 (Table 2).

(a) EOF1 JAS 1981-1999 (fvar=49.69%) (b) EOF1 JAS 2000-2018 (fvar=50.89%)
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Fig. S8 EOF1/PC1 of CDD in JAS (RR)

As Figure S7for JAS.
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(a) EOF1 OND 1981-1999 (fvar=65.44%)

(b) EOF1 OND 2000-2018 (fvar=57.37%)
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Fig. S9 EOF1/PC1 of CDD in OND (RR)
As Figure S7, for OND.
(a) EOF1 JFM 1981-1999 (fvar=46.66%) (b) EOF1 JFM 2000-2018 (fvar=53.44%)
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Fig. S10 EOF1/PC1 of CWD in JFM (RR).

As Figure S7, for the maximum number of consecutive wet days (CWD) in JFM. Figure 11

of the main text shows the same analysis for AMJ.
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(a) EOF1 JAS 1981-1999 (fvar=57.91%)

(b) EOF1 JAS 2000-2018 (fvar=52.01%)
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Fig. S11 EOF1/PC1 of CWD in JAS (RR).
As Figure S10, for JAS.
(a) EOF1 OND 1981-1999 (fvar=64.91%) (b) EOF1 OND 2000-2018 (fvar=56.35%)
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Fig. S12 EOF1/PC1 of CWD in OND (RR)

As Figure S10, for OND.
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(a) EOF1 JFM 1981-1999 (fvar=55.63%) (b) EOF1 JFM 2000-2018 (fvar=48.09%)
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Fig. S13 EOF1/PC1 of Rx5days in JFM (RR)

As Figure S7, for the maximuraday cumulative precipitation (Rx5days)JFM. Figure 12

of the main text shows the same analysis for AMJ, the trimester in which the Rx5days
leading mode shows the strongest eastern Pacific coupling and fulldatsset consensus
during 19811999 (Table 2).

(a) EOF1 JAS 1981-1999 (fvar=56.47%) (b) EOF1 JAS 2000-2018 (fvar=52.32%)
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Fig. S14 EOF1/PC1 of Rx5daysn JAS (RR)

As Figure S13, for JAS
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(a) EOF1 OND 1981-1999 (fvar=69.83%) (b) EOF1 OND 2000-2018 (fvar=56.66%)
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Fig. S15 EOF1/PC1 of Rx5days in OND (RR)
As Figure S13, for OND.
3 (a) DJF Nino 3 and Nifno 4 standardized indices
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Fig. S16 ENSO regime shift with Nifio 3 as the eastern Pacific index

As Figure 13 of the main text, but with the eastern Pacific represéytédfio 3, the box
conventionally used in the EEP literature, instead of Nifio 1+2, the box adjacent to the
Ecuadorian coast used in the main text. (a) DJF standardized Nifio 3 and Nifio 4 series; (b)
DJF ER CP phase space, with the dominant index givirng ¢blour and the two sub
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periods distinguished by open and filled symbols; (c) number of DJF events geergudb

and category, with the mean intensity of each category above the bars. Events are classified
as in Figure 13. The qualitative result of Figu3 is unchanged: eastern Pacific events
decline (seven to three, against five to three with Nifio 1+2), central Pacific events increase
(eight to eleven, against nine to twelve), the increase is carried entirely by the cold phase
(three to six, against tee to seven) and central Pacific warm events remain unchanged
(five and five, against six and five). The two extreme eastern Pacific events of 1982/83 and
1997/98 remain the largest of the record under either index. The choice of eastern box
therefore dos not drive the conclusions of Section 3.6.

S4. Sensitivity of the ENSO regime classification to Supplementary References
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