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Abstract.

Flooding in the Amazon basin is frequently attributed to modes of large-scale climate variability, but little attention is paid to
how these modes influence the timing and duration of floods despite their importance to early warning systems and the
significant impacts that these flood characteristics can have on communities. In this study, river discharge data from the
Global Flood Awareness System (GIoFAS 2.1) and observed data at 58 gauging stations are used to examine whether
positive/negative phases of several Pacific and Atlantic indices significantly alter the characteristics of river flows
throughout the Amazon basin (1979-2015). Results show significant changes in both flood magnitude and duration,
particularly in the north-eastern Amazon for negative ENSO years when the SST anomaly is positioned in the central
tropical Pacific. This response is not identified for the eastern Pacific index, highlighting how the response can differ
between ENSO types. Although flood magnitude and duration were found to be highly correlated, the impacts of large-scale
climate variability on these characteristics are non-linear; some increases in annual flood maxima coincide with decreases in
flood duration. The impact of flood timing however does not follow any notable pattern for all indices analysed. Finally,
observed and simulated changes are found to be much more highly correlated for negative ENSO years compared to the
positive phase, meaning that GIoFAS struggles to accurately simulate the differences in flood characteristics between El
Nifio and neutral years. These results have important implications for both the social and physical sectors working towards

the improvement of early warning action systems for floods.
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1 Introduction

Flooding in the Amazon basin is frequently attributed to positive and negative phases of large-scale climate variability, such
as the El Nifio Southern Oscillation (ENSO), and to anomalous sea surface temperatures (SSTSs) in the tropical Atlantic
Ocean (Richey et al., 1989; Ronchail et al., 2005a; Marengo et al., 2012; 2013; Satyamurty et al., 2013; Espinoza et al.,
2013; 2014; Marengo and Espinoza, 2016; Barichivich et al., 2018; Espinoza et al., 2019). Such phases are considered to
promote atmospheric anomalies which enhance or weaken moisture and humidity fluxes over the Amazon basin affecting
rainfall and river discharge regimes; and therefore, influencing flood likelihood (Espinoza et al., 2013; 2014). For instance,
flooding is consistently linked to La Nifia conditions and to a configuration of cold (warm) SST anomalies in the tropical
north (south) Atlantic Ocean (Marengo and Espinoza, 2016). Conversely, droughts are commonly attributed to El Nifio
events and to warm SST anomalies in the tropical North Atlantic (TNA), associated with a sustained northward position of

the inter-tropical convergence zone (ITCZ; Zeng et al., 2008; Tomasella et al., 2011).

The impact of different climatic phases tends to cause a similar response for both rainfall and river discharge (Towner et al.,
2020), though the relationship between flooding and rainfall can be non-linear (Stephens et al., 2015; Coughlan de Perez et
al., 2017), with significant differences identified between the mean state of the two variables in response to the same climate
phase (Dettinger and Diaz, 2000). An example of this for the Amazon is detailed by Marengo et al. (2012) in a comparison
study of the 1989, 1999 and 2009 floods, whereby the worst flood event did not correspond with the largest rainfall anomaly.

It is therefore important to consider the effect of climate phases for river discharge specifically.

To date, the scientific community have mainly focused on how anomalous SST conditions affect the magnitude of rainfall or
river discharge (Ronchail et al., 2002; Ronchail et al., 2005b; Espinoza et al., 2009; Yoon and Zeng, 2010, Yoon, 2016),
despite the importance of other characteristics such as flood timing and duration. In early 2018, the Red Cross Climate
Centre (RCCC) led an inter-agency assessment mission to establish how communities living within the Peruvian Amazon
floodplain are affected by exceptional flood events. Impacts of flooding (e.g. lack of food, fresh water, and medical supplies)
were consistently associated to the duration of inundation as opposed to simply the magnitude of flood extent by community
members (Bazo, 2018). A study by Langill and Abizaid (2019) also provided direct feedback from community members
within the Peruvian Amazon when classifying types of flood events and presented both positive and negative feedback for
high, long, early, and late flood events. These interviews provided real life examples of the significance of each flood type.
For instance, long floods were found to have a significant toll on agricultural and food security (e.g. Manioc and plantains
can only survive short flood periods), while also providing more food and income due to a longer fishing season. These
works follow on from previous studies demonstrating that the interannual variability of the Amazon wet season (e.g.
precipitation onset date, and timing of peak river flows) has important consequences for fisheries, hydroelectricity

production, and transport, with irregular inundation periods know to influence the length and productivity of the growing
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season (Marengo et al., 2001; Schéngart and Junk, 2007; Coomes et al., 2016; Langill and Abizaid, 2019). Finally, the
timing of peak river flows in coinciding tributaries is known to control the magnitude of the travelling flood wave
(Tomasella et al., 2010), and is commonly associated with exceptional flood events (e.g. 2012 in Peru; Tomasella et al.,
2010; Marengo et al., 2012; Espinoza et al., 2013). Therefore, the understanding of how variations in large-scale climate
features impact flood timing and duration is also of significant importance in the Amazon basin, and for early warning
system (EWS) protocols, such as forecast-based-financing (FbF; Coughlan de Perez et al., 2015).

Previous studies examining the seasonality of the Amazon wet season have found a link between the onset and end dates of
rainfall and SST anomalies (e.g. Fu et al., 2001; Liebmann and Marengo, 2001; Marengo et al., 2001; Yin et al., 2014),
though the period of analysis is often restricted to before the millennium, only focuses on rainfall, and is predominately for
the Brazilian Amazon. Marengo et al. (2001) found that when SSTs in the Pacific (South tropical Atlantic) are anomalously
warm (cold) there is a delayed onset and early withdrawal of the Amazon wet season, determined using rainfall pentads. This
configuration of SSTs acts to delay the seasonal migration of convection from the northern to the southern hemisphere (i.e.
the ITCZ migration). The relationship was found to be the strongest in the northern Amazon and towards the mouth of the
Amazon River, with little association in the southern Amazon. This is supported by Fu et al. (1999) who found that land
surface heating has a stronger influence on wet season length in southern catchments relative to SSTs. Finally, Liebmann and
Marengo (2001) find that the association with SSTs is stronger during the transitional period between the wet and dry
seasons, and that for areas which exhibit strong correlations, SSTs influences the timing of rainfall in a similar fashion to the
correlation with seasonal rainfall totals. Thus, the predictability of wet season onset could provide skill in determining

seasonal rainfall totals.

1.1 Obijectives and research questions

The objective of this work is two-fold. The first and main objective is to establish whether positive or negative phases of
several climate indices significantly alters the magnitude, timing, and duration of floods throughout the Amazon basin. To

achieve this objective, we consider the following research questions.
Do positive/negative phases of different climate indices significantly alter:
a) the magnitude of annual maximum river flows,

b) the timing of annual maximum river flows,

c) flood duration (i.e. days spent above the 95 percentile of the climatology),
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relative to years in which the SSTs are considered neutral. The second objective is to examine and discuss in greater detail
the results for particular areas of the basin to better understand the response of flood characteristics to climate variability and

how the results from the two datasets compare.

2 Data and methods

We first define the climatological baseline for the Amazon basin flow regime, calculating the average magnitude and timing
of peak river flows, in addition to the mean flood duration (i.e. the number of days that river flows exceed the 95" percentile
of the climatology) over the entire 36-year period (Fig. 1). For the calculation of the average flood timing, circular statistics
are used. We use both a hydrological reanalysis and observed gauged dataset to enable the comparison and evaluation of the
ERADS reanalysis dataset which allows for a complete coverage over the full period of analysis without gaps and focuses on
the natural variability of river flow whereby human interventions (e.g. rapid land changes) which impact the observations are
not modelled.

2.1 Observed streamflow

58 station time series of observed river discharge throughout the Amazon basin are obtained from the national institutions
responsible for the hydrological monitoring in countries situated within the Amazon basin. These data are sourced through
the ORE-HYBAM observation service (see https://hybam.obs-mip.fr/, last access: 27 July 2020), in association with the
Institute of Research and Development (IRD) or directly from the national services. Daily water levels are converted to river
discharge using stage and rating curve measurements, determined using an acoustic Doppler current profiler (ADCP). The
locations and details of each gauging station can be found in Fig. S1 and Table S1, respectively. Stations are selected based
on the following criteria:

e At least 18 years’ worth of data over the 36-year analysis period (1979-2015),
e No more than 5 % of missing data in each hydrological year (i.e. Oct-Sep),

e Have at least five hydrological years per climate phase of ENSO and tropical Atlantic variability.

2.2 GIoFAS 2.1 river flow reanalysis

A global daily reanalysis of river discharge is provided at a resolution of 0.1° (~32 km) for the 36-year analysis period
(1979-2015). The data is derived from the operational Global Flood Awareness System, version 2.1 (GloFAS; Alfieri et al.,
2013; Harrigan et al., 2020), where runoff output from the H-TESSEL module of the European Centre for Medium-Range
Weather Forecasts (ECMWF), integrated forecast system (IFS; cycle 41r2), is coupled to the calibrated Lisflood routing
model (van Der Knijff et al., 2010; see Hirpa et al., 2018 for details on calibration), to produce deterministic estimates of

historic river flows. All 58 of the stations used in this study were used within the calibration of Lisflood and was carried out

4
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for parameters controlling the time constants in the upper and lower zones, percolation rate, groundwater loss, channel
Manning’s coefficient, the lake outflow width, the balance between normal and flood storage of a reservoir, and the
multiplier used to adjust the magnitude of the normal outflow from a reservoir (Towner et al., 2019). Meteorological input is
provided by ERAS5, the 5" generation of climate reanalysis at the ECMWF, succeeding ERA-Interim. ERAS5 runs at a high
spatial resolution (~31 km) and covers the period 1950-present, providing a long and consistent record of discharge and
meteorological variables at each grid cell (Hersbach et al., 2018; Zsoter et al., 2019). Towner et al. (2019) showed the
potential benefits of using ERAS to force global hydrological models (GHMs) to produce river discharge time series which
accurately represent annual maximum river flows in the Amazon basin. Reanalysis data is extracted at the locations of the
observed gauging stations for direct comparisons. For access to GIoFAS datasets see http://www.globalfloods.eu/, (last
access: 17 July 2019).

2.3 Land and atmospheric data

Oceanic and atmospheric features are analysed using the ERAS climate reanalysis product of the ECMWF, produced on
latitude-longitude grids at 0.25° x 0.25° resolution, and is available from 1950 to present for the entire globe (Hersbach et al.,
2020). To describe the average conditions during particular climate phases (e.g. negative ENSO years), averaged monthly
data on single levels are obtained for SST anomalies and total rainfall from 1979 to 2015 for the October-November-
December (OND) season. These data were obtained from the Copernicus climate data store (see

https://cds.climate.copernicus.eu/; last access: 12 October 2020).

2.4 Hydroclimatic drivers and modes of variability

Numerous hydroclimatic drivers have been identified to cause anomalous rainfall and river discharge conditions in the
Amazon basin (Towner et al., 2020), with ENSO and tropical Atlantic SST variability considered to be the most influential
(Marengo et al., 1992; Ronchail et al., 2005b; Yoon and Zeng, 2010; Espinoza et al., 2019). Several indices of ENSO are
available, differing on spatial location, variable type and on the number of variables used. Wolter and Timlin (1998; 2011)
express favour towards the use of indices which incorporate a range of atmospheric and oceanic variables over the tropical
Pacific, such as the multivariate ENSO index (MEI), which is described to provide a more complete and flexible description
of ENSO. More recently, Takahashi et al. (2011) provided two new tropical Pacific SST indices, the central and eastern
Pacific indices, (hereafter CP and EP), estimated as the first two EOFs of monthly SST anomaly of the tropical Pacific. The
CP and EP indices have the advantage of having a poor linear relationship amongst themselves and have been found to have
different impacts on South American rainfall (Sulca et al., 2018). In this study, we investigate the influence of four different
ENSO indices, in addition to two tropical Atlantic SST modes (i.e. TNA and TSA,; Enfield et al., 1999) on the magnitude,
timing and duration of high river flows in the Amazon basin. ENSO indices used include: the conventional ENSO index in
the Nifio 3.4 region (hereafter EN3.4), the CP and EP indices (Takahashi et al., 2011), and the MEI v.2 (Wolter and Timlin,
2011), which is based on the original MEI index (Wolter and Timlin, 1993). Correlations between most ENSO indices are

5
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strong, particularly for boreal winter (Wolter and Timlin, 2011), with the exception of the CP and EP indices (Sulca et al.,
2018), but multiple options have been included to provide a more comprehensive evaluation. Other indices such as the
Madden Julian Oscillation (MJO) have been linked to wetter or drier conditions across South America (Shimizu et al., 2017),

but have not been included in this study owing to the intraseasonal frequency at which the index operates.

We use a quantile-based (tercile) approach as adopted by Ficchi and Stephens (2019) for Africa, to categorise negative,
neutral, and positive modes of each climate index. Tercile categories are divided into positive (upper 33 %), neutral (middle
33 %) and negative (bottom 33 %) values and thus, each tercile is represented by 12 years’ worth of data. Conventional
ENSO events (i.e. El Nifio or La Nifia) are classified using the Oceanic Nifio Index (ONI) from the NOAA Climate
Prediction Center (CPC). The dataset consists of monthly mean SST anomalies obtained from the NOAA ERSST.v5 dataset
for the EN3.4 region (170° W to 120° W, 5°N to 5° S; Huang et al., 2017). In this study an EI Nifio (La Nifia) event is
defined when the average August to February monthly SST anomaly is in the top (bottom) 12-year averages of the entire 36-
year dataset. The classification of years for each phase for each index can be found in the Supplementary materials (Tables
S2-7). The period from August to February was chosen as ENSO events tend to span across two years, developing around
boreal spring and typically peak in boreal winter (Emerton et al., 2017), thus aligning with the Amazon wet season and
preceding peak river flows (Fig. 1b). Events for the CP and EP indices are categorised using monthly anomalies from the
ERSST v3b data set (see http://www.met.igp.gob.pe/datos/ EC.txt; last access: 6 August 2020), using the same methodology.
The MEI index is classified using a bi-monthly time series of the leading combined empirical orthogonal function (EOF) of
five variables (sea level pressure, SST, zonal and meridional components of the surface wind and Outgoing Longwave
Radiation (OLR)) over the tropical equatorial Pacific basin (30° S — 30° N and 100° E — 70° W), with events defined
similarly to the EN3.4, CP and EP indices but using bi-monthly values (i.e. Aug/Sep to Jan/Feb).

Tropical Atlantic positive and negative phases are classified using the TNA and TSA indices (Enfield et al., 1999), which are
based on monthly SST data from the HadISST and NOAA 1x1 datasets. SST data is averaged for the region from 5.5° N to
23.5° N and 15° W to 57.5° W (Eq to 20° S and 10° E to 30° W) for the TNA (TSA). Positive and negative phases are
defined as in the ENSO indices (i.e. top/bottom 12 Aug-Feb averages for the upper and lower terciles). TNA SST variability
is known to be modulated by conditions in the tropical Pacific and lags by 4 to 6 months, usually peaking in boreal spring
(Enfield, 1996; Garcia-Serrano et al., 2017). Amazon rainfall and discharge peaks can appear to ‘lead’ North Atlantic SSTs
but were found to be ‘in phase’ with the Amazon wet season when removing the influence of ENSO (Yoon and Zeng, 2010).
Builes-Jaramillo et al. (2018) postulate that the relationship between streamflow and SSTs in TNA may be a two-way
feedback system whereby, hydrological conditions in the Amazon can influence future states of SSTs in the Atlantic Ocean,
and thus the TNA-streamflow teleconnection is still of interest despite flood peaks preceding the development phase of a

positive/negative event.
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2.5 Flood peak magnitude

Throughout the majority of the Amazon, the wet season typically spans between December and April (Yoon and Zeng,
2010), with flood peak occurrences generally taking place between February and July (Fig. 1b). Thus, for each gauging
station/grid point we extract annual maximum river flows over a hydrological year starting from October to the following
September. The difference between the mean of positive and negative phases (e.g. positive years of ENSO) relative to

neutral conditions are calculated and expressed as a percentage to allow comparisons to be drawn between gauging stations.

2.6 Flood peak timing

From the set of extracted values of annual maximum river flows from each river point, we calculate the average seasonality
of peak flows (i.e. the timing of peak river flow occurrence), and their variability using the Burn’s vector (Burn, 1997),
which is an index based on circular statistics (Mardia, 1972). The vector components represent the average timing of peak
river flows (i.e. date of occurrence) and its variability (r), as polar coordinates on a unit circle (Burn, 1997). The date of
occurrence is defined by converting the Julian date (where January 1% is day 1 and December 31% is day 365), of each flood
peak i to an angular value in radians to calculate then the circular mean of all annual peaks. The variability of flood timing
(r), ranges from 0 to 1, where r=0 represents a highly variable regime, with flood peaks occurring evenly throughout the
year, while r=1 indicates a regime where flood peaks occur consistently at the same time of the year. Therefore, higher
values of r represent lower variability, which is expected in larger rivers in the Amazon, as the delay between peaks in
rainfall and river discharge is large. By contrast, lower values of r represent higher variability which could be associated with
rivers where climate phases are found to influence the timing between individual years (Ficchi and Stephens, 2019). We
calculate the difference between the average timing of flood peaks for positive and negative phases against neutral

conditions using circular statistics.

2.7 Flood duration

For each gauging station/grid point we consider the duration of flooding as the number of days spent above the 95t
percentile of the climatology. Although the 95" percentile does not necessarily represent flooding, this threshold has been
chosen to better understand how anomalous oceanic conditions can influence the length of high-water periods throughout the
basin which have been found to have both positive and adverse effects on community members livelihoods (Langill and
Abizaid, 2019). Like for flood magnitude and timing, the average number of days spent above the 95" percentile each year

for positive and negative phases are compared against neutral conditions.

2.8 Significance testing

To test for significance, we apply a non-parametric bootstrapping technique (10,000 replicates) to provide a distribution for

the average magnitude, timing, and duration of flood peaks in each climate phase. Here, each 12-year time series for each
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climate phase is resampled 10,000 times with replacement, to provide a bootstrap distribution in which the mean is taken.
The difference in the means of the distributions of each climate phase is then calculated, with significance determined using
the 95 % confidence interval (i.e. if the confidence interval includes 0, then we can conclude that there is no significant
change between the climate phases and we fail to reject the null hypothesis).

3 Results and discussion

There is widespread agreement between the gauged and reanalysis climatology (i.e. 36-years) of annual maximum river
flows, flood peak timings and its variability (Figure 1). Annual means of peak river flows are similar between the two
datasets (p = 0.9), with largest flows constrained to the main Amazon River and towards the junctions of its major
tributaries, such as the Madeira River stemming from the south (Figs, 1a, d). A strong regional pattern in the timing of
annual flood peaks is evident between the northern and southern halves of the basin owing to the differing precipitation
regimes in association with the alternative warming between the northern and southern hemispheres (Espinoza et al., 2009).
Stations situated in the southern Amazon typically experience peak river flows between February and April, while stations in

the northern half generally peak between May and July (Figs. 1b, e).

Yearly annual maximums from the GIoFAS 2.1 dataset tend to peak slightly earlier (9 days on circular average), particularly
in southern tributaries, where a large quantity of dams exist (Towner et al., 2019), and along parts of the main Amazon River
(Fig. 1e). The timing of peak river flows is highly predictable at most stations, with a median Burn’s vector variability
component (r) of 0.92 and 0.93 across all stations for the observed and reanalysis dataset respectively (Figs. 1¢ and f).
However, flood timing variability is greater at two gauging stations (45, 51) situated towards the north of the basin, with r
values as low as 0.62 within the observed dataset. This variability could be associated with the timing of the annual
migration of the ITCZ which is influenced by the seasonal gradient of SSTs in the tropical Atlantic (Fig. 1c; Marengo et al.,
2012).

From here on, the results are broken down to match the research questions outlined in Sect. 1.1, with reference to individual

gauging stations denoted by the station numbers in italics as indicated in Fig. S1 and Table S1.

3.1 Flood magnitude
3.1.1ENSO

48 (51) out of 58 gauging stations observe a decrease in annual maximum river flows during El Nifio years relative to neutral
conditions, with a median deficit of 7 % (13 %) across stations that acknowledged a reduction in peak river flows for the
observed (GIoFAS 2.1) dataset (Figs. 2a, €). These results are consistent to what has been previously identified in the

literature, with drier conditions and droughts more common when SSTs in the equatorial Pacific are anomalously warm

8
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(Marengo et al., 1992; Foley et al., 2002; Ronchail et al., 2005b; Espinoza et al., 2009). SST anomalies are created via the
slowdown of the trade winds inducing anomalies in the east-west Walker circulation, whereby convection is more prominent
over the central equatorial Pacific and subsidence that inhibits rainfall is found over most of central and eastern locations of
the Amazon basin (Panisset et al., 2018). Largest decreases are acknowledged in central to south-western regions (Fig. 2a, e),
particularly along the Purus River (13-15), where Ronchail et al. (2005b) previously noted decreases of river discharge up to
25 % during EI Nifio phases (based on the period 1981-2002). A similar pattern is observed for the MEI index (Figs. 2c, g),
with the exception of several stations (2,4, 5, 9, 11, 32, 34) situated along and near to the main stem of the Solim&es-Amazon
River. Here, the percentage change is relatively small for MEI-based positive years (mainly between -5 and 5 %, grey
circles), with no significant findings despite the EN3.4 and MEI indices differing by just two years for their positive phases
(see Tables S2 and S3). The reasoning for this is due to peak river flows being higher for the neutral years of the EN3.4
index in comparison to neutral years of the MEI index. When taking the difference between MEI positive and EN3.4 neutral
years the median across the aforementioned stations goes from -1 % to -5 %, with slightly higher peak river flows found for

the MEI positive index relative to the EN3.4 positive index.

The impact of La Nifia on flood peaks is hot symmetric, nor as strong as El Nifio at most gauging stations for all of the
ENSO indices, including the CP and EP, particularly in central locations of the basin (Figs. 2b, d and 3b, d). Typically,
above normal river flows and flooding in parts of the north-western Amazon are associated with cooler than usual SSTs in
the equatorial Pacific Ocean (Marengo et al., 2012; Espinoza et al., 2013; Espinoza et al., 2014). These conditions favour a
configuration of positive 850-hPa geopotential heights anomalies which maintain a strong humidity flux convergence over
the Amazon (see Espinoza et al., 2013), and a westward displacement of the Walker Circulation, whereby its ascending limb
is situated over the Amazon basin, as opposed to the Pacific Ocean, increasing rainfall totals (Satyamurty et al., 2013).
However, a median deficit of 2 % (8 %) are observed for peak river flows during the cold phase of ENSO for observed
(GloFAS 2.1), with the majority of the basin witnessing a decrease relative to neutral years for GIoFAS 2.1 (Figs. 2b, f).
Tributaries in the north-eastern Amazon stand out for negative ENSQO years, with significant increases in annual flood peaks
for three out of four of the ENSO indices (EN3.4, MEI, and CP), for both datasets (Figs. 2 and 3). The most notable
increases are observed at the Arapari (39) and Boca Do Inferno (40) gauging stations, with an average increase of > 60 % at
both stations for EN3.4 (Fig. 2b). These findings in the northeast have been previously identified for both rainfall (Ronchail
et al., 2002) and river discharge (Ronchail et al., 2005b), who also found lower discharge levels during La Nifia throughout

the southern Amazon.

No wet signal is found in the north-eastern Amazon basin for observed negative EP years (Fig. 3d) contrasting to what was
identified for the negative phases of the other ENSO indices (i.e. EN3.4, MEI and CP). This indicates that the wet response
in the north east is restricted to years when the cooling of tropical Pacific SSTs is constrained to the central equatorial

Pacific. Observing Figure 3c (i.e. Positive EP), the typical drying trend associated with warm SST anomalies in the tropical
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Pacific is shifted further towards the north eastern Amazon showing the opposite pattern to negative EN3.4 years in this
region. This could potentially be associated with the descending limb of the Walker Circulation being displaced further east
in response to the eastward shift of anomalously warm SSTs in EP El Nifio years (Alizadeh-Choobari, 2017). Positive CP
years (Fig. 3a) shows a similar pattern to EN3.4 (Fig. 2a), as expected owing to them occupying similar spatial locations
across the equatorial Pacific and differing by just one year for their warm phases (see Tables S2 and S4). However, the
number of significant values is notably less (3 compared to 11), with largest differences found along and near to the Amazon
River in Brazil. Negative CP years (Fig. 3b) are almost identical to the negative EN3.4 index (Fig. 2b) with a handful of
stations showing increased (decreased) peak flows in the north-eastern (south-eastern) basin, which is also shown for
GIoFAS 2.1 (Figs. 2f and 3f).

3.1.2 Tropical Atlantic

For positive TNA years 57 % of stations experience a decrease relative to neutral conditions, with a minimal percentage
change (median = -4 % for stations that observe a decrease and +5 % for stations observing an increase) (Fig.4a). The
contrast between positive and negative phases for both tropical Atlantic indices is far less apparent than for the Pacific
indices, with a prevalence of grey circles for the observed datasets results (Figs. 4a-d), highlighting that the signal is weak
for all phases (i.e. positive, neutral and negative). Decreases in river flow were to be expected for positive TNA years based
on previous results for both rainfall and river discharge. For instance, Yoon and Zeng (2010) identified that warmer TNA
SSTs were found to induce subsidence over the Amazon basin, resulting in reduced moisture convergence over the basin and
thus less rainfall. The same was identified for abnormally low river discharge in the upper Solimdes River, the head waters
to the Amazon River, where low-discharge years (i.e. 1995, 2005 and 2010) were associated with higher than usual SSTs in
the north Atlantic Ocean (Espinoza et al., 2011).

The decrease observed in peak river flows from our results is not as strong as those found previously for rainfall and river
discharge (e.g. Yoon and Zeng, 2010; Espinoza et al., 2011) due to the signal being stronger for the Amazon dry season
(July-October), particularly for the southern Amazon when the influence of ENSO is more limited. A similar case was
identified in Ronchail et al. (2005b) study where negative TNA years were found to cause higher than usual low flows in a
large portion of the Amazon basin along the main-stem during the dry season but not for the wet season. As we focus on
floods, the period of analysis precedes and aligns with the Amazon wet season (i.e. Aug-Feb), where the influence is found
to be less substantial, concluding that tropical Atlantic SSTs are less important at most locations with regards to peak river
flow variability. Focusing on Figure 4, notable results are prevalent in the western Amazon for positive TNA years (Fig. 4a)
and along the Madeira River, the largest southern tributary during positive TSA years (Fig. 4c). This result in the Madeira
River is replicated for modelled data (Fig. 4g).
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3.2 Flood timing
3.2.1 ENSO

Results in changes to peak flow timing are less obvious with no clear spatial coherence (Figs. 5-7). 52 and 48 % of stations
observe earlier (later) flood peaks for positive EN3.4 years for observed data, with a median change of -6 (8) days for
stations that observe earlier (later) peaks. Only Estirao Do Repouso gauging station (3), shows changes in peak flow timing
between positive and neutral phases (EN3.4) greater than one month (48 days earlier), while three stations (4, 31, 48) show
changes greater than one month between the negative and neutral phase (EN3.4 and MEI). Sucunduri station (48), in the
central north of the Amazon (Negro River) is of interest as the flood timing becomes significantly later relative to neutral
years (between 21 and 42 days) for both positive and negative phases for all ENSO indices with the exception of negative EP
years (Figs. 5a-d and 6a-d), and both tropical Atlantic indices (Fig. 7a-d). As was the case for changes to peak river flows
(Figs. 2a, b and 3a, b), peak flow timing results are comparable between the two central equatorial Pacific indices (i.e. EN3.4
and CP) (Figs. 5a, b and 64, b).

3.2.2 Tropical Atlantic

Largest and consistent differences in flood timing are found for negative TSA years relative to neutral conditions (Figs. 7d,
h), where 70 % of observed stations witness earlier flood peaks (median = 9 days early across stations observing earlier
peaks). For GIoFAS 2.1 modelled data, a consistent earlier peak is observed in northern sub-basins (Fig. 7h), while the
observed data shows earlier flood peaks are more common along the main Amazon River and towards south-western
tributaries in the Acre state (Fig. 7d). Here, flood peak timings are observed much earlier in the upper headwater of the
Marafion River (34 days; 1), the main western Amazon River tributary, with significant results found along the Brazilian
stretch of the Amazon River (11, 32, 34). These significant results are likely due to earlier peaks found in and around the

Jurud River (6, 7, 8, 10), where annual peaks are 20 days earlier on average.

3.3 Flood duration
3.3.1 ENSO

Decreases in flood duration (i.e. the number of days spent above the 95" percentile) are common throughout the basin during
El Nifio years relative to neutral conditions (Fig. 8a, €), this result is consistent with reduced peak river flows (Fig. 2a, €),
though more significant. 47(46) out of 58 gauging stations observe decreases in days over threshold, with a median decrease
of 12(8) days across stations that observed a decrease for EN3.4 (MEI). Largest and most significant decreases are
concentrated within the central Amazon, where a decrease of 31 days is identified at the Fazenda Vista Alegre gauging
station (35), situated near to the mouth of the southern Madeira River for EN3.4. The increase in peak river flows observed
in the north-eastern Amazon for negative ENSO years (Figs. 2b, d, f, h) is replicated for flood duration for both EN3.4 and
MEI indices (Figs. 8b, d, f, h).
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The influence of La Nifia is stronger in downstream tributaries of the Amazon River compared to tributaries upstream (Fig.
8b). At Obidos (38), an average of 19 extra days are spent above the 95t percentile of the climatology relative to neutral
years, while a decrease in DOT is observed at the start of the Solimdes River in the Peruvian Amazon at Tamshiyacu (2).
This highlights the hydrological regime between the upper and lower Amazon can respond differently to particular climate
phases, as has been previously highlighted for the extreme flooding in 2009 which affected central and eastern part of the
basin, but not the upstream Peruvian Amazon (Espinoza et al., 2013). Similar results have previously been found in the
southern Amazon basin for rainfall and river discharge (Ronchail et al., 2005b; Ronchail and Gallaire, 2006), where the
effect of climate variability was found to be regionally specific and time dependent. Reasoning for the differences found
between the upper and lower reaches of the Amazon River are likely due to increased rainfall over the eastern Amazon as
opposed to increased contribution of river flow from northern and southern tributaries after the Peruvian Amazon. This is

highlighted by only small or negative changes to annual maximum flows in these tributaries (Fig. 8b).

A reduction in flood duration is common for both the positive and negative phases for the CP index, with a median reduction
of 7 days for each (Figs. 9a, b). Significant results are common at stations situated within or around the Amazon River for
the CP index similar to positive EN3.4 years. The increase in peak flow for negative CP years (Fig. 3b) in the north-east is
not associated with flood duration (Fig. 9b) as it was for the EN3.4 and MEI indices, meaning that although the magnitude is
more likely to increase when SSTs in the CP are colder than usual, the duration of higher flows does not increase. This could

suggest that the increase in peak flow may be short lived (i.e. higher peak flow but lower high flows over the wet season).

3.3.2 Tropical Atlantic

The most significant finding can be observed at stations situated along the Madeira River for positive TSA years for both
datasets (Fig. 10c, g), where large decrease in flood duration are found, matching the results of significant decreases in
annual flood peaks (Fig. 4c). Four out of the five gauging stations (23, 24, 25, 35) along the Madeira River noted at least a
21-day reduction in days over threshold, with the Humaita gauging station (25) seeing a reduction of over one month.
Overall, decreases in flood duration are more common for both Atlantic indices regardless of whether the phase is positive or
negative for the observed dataset (Figs. 10a-d).

3.4 Notable Results

A few regions show distinctive changes to flood characteristics or discrepancies to what is expected relative to previous
studies during certain climate phases. Three particular findings stand out; (a) the absence of significant change at the
Tamshiyacu gauging station (2) in the Peruvian Amazon, where previous floods have been attributed to La Nifia events
(Espinoza et al., 2013), (b) the response to negative ENSO years in the north-eastern Amazon, where increases in peak flow
magnitude and high flow duration are identified for EN3.4, MEI and CP but not for the EP index, and (c) the regional
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similarities and differences found between simulated GIoFAS 2.1 flows and the observed data. To better understand these

results, each are explored in further detail.

3.4.1 Response to SST anomalies in the Peruvian Amazon

Tamshiyacu (2) is one of the key gauging stations for monitoring flooding in the Peruvian Amazon, due to its location
upstream of the city of Iquitos. Extreme floods in this region have been previously associated to La Nifia SSTs in the
equatorial Pacific (e.g. in 1999 and 2012, Espinoza et al., 2013). However, when using a tercile approach for the period
1979-2015, this station observes a small decrease (2-5 days) in the number of days above the 95™ percentile of river flow for
all ENSO indices during the cold phase (Figs. 8b, d), whilst the increase in peak river flow is minimal (+1 %; Figs, 2b, d).
All 12 EN3.4 negative years in this study are classified as La Nifia years when comparing the years identified to the classic
NOAA ONI index classification of positive and negative ENSO years (see Table S2). These results suggest that although La
Nifia conditions have been shown to produce atmospheric anomalies responsible for extreme flooding (e.g. as in Espinoza et
al., 2013), weak cold events (e.g. 5 consecutive 3-month running mean SSTSs just below or at about -0.5° C, based on the
ONI classification) may not be enough to produce high flood characteristics (e.g. increased high flow durations) in the
Peruvian Amazon. It is therefore of interest to understand if a particular threshold of anomalous cooling in the central Pacific

is needed to reproduce the atmospheric response witnessed in the build up to the 2012 event.

In an attempt to better understand the response to tropical Pacific SSTs, we compare annual peak flow magnitude, timing
and the duration of high flows for all years at Tamshiyacu (2) against the preceding OND averaged SSTs in the tropical
Pacific EN3.4 region before the Peruvian Amazon flood season takes place (Fig. 11). Results show a modest but significant
increase (Pearson’s; p <0.05) in annual peak river flows as SSTs become more negative, although high river flows exceeding
50,000 m3s* are recorded regardless of whether SSTs are in a positive, neutral, or negative phase (Fig. 11a). Moreover,
though a negative SST anomaly of -1.08° C in OND 2011 (6™ largest SST anomaly) relates to the largest peak in 2012, a
further five cases with larger negative SST anomalies note lower magnitude river flows indicating that the relationship is
non-linear and multi-variate. Three years (1998, 1999, 2007) with similar SST anomalies (~ -1.5° C) are found to have
differences in peak river flows of up to 7,750 m3s, meaning that other factors (e.g. SST temporal evolution, spatial
complexities, land cover changes, other land surface anomalies, response upstream and SSTs in the Atlantic), beyond the

Pacific SSTs magnitude are likely responsible for the variability seen in annual flood maximums.

The regression line for flood timing (Fig. 11b) is flat, with no significant differences in peak flow timing with SST
variability. In 2004 the peak river flow occurred significantly earlier than usual, taking place in January as opposed to late
April (Fig. 1b), with neutral SST conditions present in the preceding months in the EN3.4 region. The reasoning behind this
deserves further attention, investigating the antecedent and upstream conditions prior to the flood peak, considering variables

including soil moisture, total rainfall, and river levels. Finally, no notable relationship is acknowledged at the Tamshiyacu
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gauging (2) between DOT and SST anomalies, with the longest flood duration occurring during a weak El Nifio event in
2014-2015 (Fig. 11c). Comparing the flood magnitude and duration it shows that although they are closely linked (i.e. as the
magnitude increases, the flood duration generally goes up), they do not have a linear relationship. For instance, in 2012,
Tamshiyacu (2) recorded a flow of 55,400 m3s*, whilst in 2015 the value was slightly under at 53,880 m3s%. Despite the
higher river flow, Tamshiyacu (2) records show that river flows were above the 95" percentile of the station’s climatology
for 70 days in 2012, with the 2015 event totalling 91 days. Examining results further downstream in Brazil at Obidos (38),
no DOT are observed in 2015. This suggests that the flooding was specific to upstream locations and that major tributaries
joining the Amazon River after Peru could have been experiencing decreases in river flow. This agrees with Espinoza et al.
(2013) suggestion that the mechanisms responsible for flooding can differ between upstream and downstream sub-basins of

the Amazon River, with a previous flood in 2009 found to only affect central and eastern regions of the Amazon basin.

Owing to extreme flooding at Tamshiyacu (2) in the Peruvian Amazon commonly coinciding with negative SSTs in the
tropical Pacific (Espinoza et al., 2013) and due to El Nifio events on average producing a slight decrease in flood duration
relative to neutral years at this station (Fig. 8a), an analysis that determines all possible drivers of the 2015 event where a
weak El Nifio features would be of interest. Such analysis could help to understand the atmospheric response for this specific
event and how it differs to previous floods already analysed in the literature (e.g. 2012; Espinoza et al., 2013). Ideally, such
analysis would incorporate stations both upstream and downstream to identify any regional differences and consider SSTs in
all adjacent Oceans.

3.4.2 Response to La Nifia in the North-eastern Amazon

Wetter conditions (i.e. increased annual peak magnitude and flood duration) was a common response in the north-eastern
Amazon to negative SST years in the tropical Pacific for multiple ENSO indices and for both datasets. The exception to this
however was identified for negative EP years where slight decreases in peak river flows and flood duration were identified
(Figs. 3d and 9d). To better understand the similarities and differences between ENSO indices, Figure 12 plots the average
preceding OND SST anomalies and total precipitation over the Amazon basin for the negative years of the EN3.4, CP and
EP indices relative to their associated neutral years (e.g. EN3.4 negative minus EN3.4 neutral). SST anomalies for negative
EN3.4 and CP years are found to be similar, with a concentration of negative SSTs (~ -1.5°C) situated in a long stretch of the
central equatorial Pacific and warmer SSTs common in coastal areas of Indonesia to the west of the Pacific (Figs. 12a, ¢). In
contrast, preceding OND SST anomalies for negative EP years are in general weaker, with slightly negative (~ -0.5°C) SSTs
located off the coast of Peru in the eastern Pacific, with warmer waters spreading further east into the central Pacific Ocean
(Fig. 12e). Other notable differences between the two centrally focused indices (EN3.4 and CP) and the EP can be found in
the sub-tropical to south Atlantic Ocean (20°-50° S), where cooler (warmer) SSTs are situated for the central ENSO indices

(EP index). For EN3.4 and CP negative years, rainfall totals from the ERAS reanalysis (inputs to GIoFAS 2.1) are greater
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relative to neutral conditions in the north-eastern Amazon (Figs. 12b and d), whereas a deficit in rainfall is acknowledged for

negative EP years (Fig. 12f) explaining why flood magnitude and duration did not increase for this climate index.

3.4.2 Observed vs GIoFAS 2.1

Significant changes to flood characteristics are present in both datasets for the results presented in Sect. 3. For instance, the
increased flood magnitude and duration witnessed during negative ENSO years are identified at locations of the north-
eastern Amazon for both the observed and reanalysis data, as is the case for the decrease in flood duration witnessed during
positive TSA years (Figs. 2b, f and 10c, g). River flow data produced from global hydrological models form an important
role in the ability to forecast and mitigate floods (Alfieri et al., 2019). This is because observed data is often limited in time,
with a downward trend in global data availability since the 1980s and has a restricted coverage in many parts of the world
(including sparse areas of the Ecuadorian and Colombian Amazon) (Lavers et al., 2020). Though simulated data can extend
the period of analysis back in time and have a wide spatial coverage, the data needs to be sufficient and validated against
observations regularly. Table 1 shows Persons’ correlation coefficients between the results for observation and GIoFAS 2.1
in Sect. 3. It is important to note that both datasets will incur errors that need to be considered. For instance, many gauges in
the Amazon basin are produced based on water levels which are converted to river flow based on the use of the stage-
discharge relation which has large uncertainties due to systematic errors such as sensor drift and calibration errors and does
not take into account non-stationarities (Horner et al., 2018). Extreme flows or flooding can result in changes to the
morphology which in turn could affect the accuracy of these measurements and thus conversion and affect both the archived

observed timeseries and the forecasted product (Lavers et al., 2020).

Flood magnitude and duration have the highest correlation between observed and simulated results, where median values of
0.43 and 0.41 (across all climate indices) are noted, respectively. In contrast, correlation for changes in flood timing are
particularly weak (median = 0.10). As GIoFAS struggles to capture changes to flood timing for all climate indices and
phases, it indicates that the model suffers at capturing peak flow timing in general rather than in one specific climate phase.
Though restricted to just 12 years for each climate phase, the correlation for flood magnitude and duration are much higher
for the negative phases of the ENSO indices, particularly when compared to the positive phases of these indices. For
instance, comparing the correlation values for the percentage changes of flood magnitude, a correlation value of 0.72 is
identified for the EN3.4 negative, dropping to 0.14 for the warm phase. The reasoning for the poorer performance during
warm ENSO years is not yet known but deserves further investigation. It is unlikely due to the number of missing years for
the observed data, with a median of two and one missing years across all stations for the positive and negative EN3.4 phases,
respectively. When removing the stations in the north-east (39, 40, 41, 43) that produce strong changes for both datasets
during negative ENSO years, the correlation is much lower but still remains higher than during the positive phase (r=0.41),

indicating that GIoFAS 2.1 can overall better simulate the response to negative ENSO phases relative to neutral conditions.
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4 Conclusion

This paper has investigated whether the differences between positive/negative and neutral phases of various climate indices
in the tropical Pacific and Atlantic Oceans significantly impact flood characteristics (i.e. flood magnitude, timing, and
duration) in the Amazon basin for the period 1979-2015. Previous research and field work had highlighted the need to
consider flood timing and duration as opposed to simply the magnitude of river flows, with longer floods known to cause
significant impacts to communities situated along rivers within the basin (Bazo et al., 2018; Langill and Abizaid, 2019), and
that the flood timing in coinciding tributaries is known to impact the magnitude of flow in the main travelling flood wave
along the Amazon River (Tomasella et al., 2010; Marengo et al., 2012). While the results presented show regional
differences and varying levels of significance among climate indices, we can draw the following conclusions to answer the

research objectives outlined in Sect. 1.1.

1. Flood magnitude increases at stations situated in the north-eastern Amazon for climate indices where the cooling of
SST anomalies is stronger in the central equatorial Pacific (i.e. EN3.4, CP, and MEI) as identified for both the
observed and reanalysis dataset. This response is not reproduced for years in which the SST cooling is more
concentrated to the eastern Pacific.

2. Positive ENSO years (EN3.4, MEI) result in a reduction of peak river flows and flood duration throughout the
majority of the basin, while the influence of negative ENSO years (i.e. La Nifia conditions) is found to be weak
across much of the Amazon basin, with the exception of areas in north-east.

3. No significant increases are found in peak river flows in the Peruvian Amazon when comparing negative ENSO
years to neutral conditions, with decreases observed in DOT despite previous extreme floods being attributed to La
Nifia events.

4. Flood timing is the least impacted flood characteristic, with limited significant and notable changes across the basin
for most climate indices.

5. Despite strong links between flood characteristics (e.g. flood magnitude and duration), the same climate phase can
impact these characteristics differently. This is evident from the CP index, where flood magnitude increased in the
north-eastern Amazon, with flood duration decreasing during negative years.

6. There is greater agreement between the observed and simulated GIoFAS 2.1 changes to flood magnitude and
duration in negative than positive ENSO years; suggesting the reanalysis is better at representing La Nifia

teleconnections.

Insights into the understanding of how large-scale climate variability influences flood characteristics has the potential to help
predict and prepare for different flood types (e.g. high, long, early, late; Langill and Abizaid, 2019). These findings are

important for highlighting locations such as the north-eastern Amazon that are sensitive to particular oceanic anomalies and
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has the potential to help community members and local businesses (e.g. fisheries and agriculture) with decision making
within the Amazon basin. For example, the results found for the Sao Francisco gauging station (41), located along the Jari
River showed that flood magnitude and duration significantly increase during negative ENSQO years. This gives humanitarian
organisations and local authorities acting within areas such as Laranjal do Jari, located just downstream of this gauging
station, the potential to use these results to better prepare and make decisions based on an increased probability of a longer
high-water period. The next steps should consider specific case studies in locations such as the north-eastern Amazon that
evaluate how certain sectors or livelihoods could be affected by certain climate phases and suggest adaptation measures as
for instance, examining the possible shifts in cropping patterns (i.e. sowing, growing, and harvesting) during particular
climate phases as in Ficchi and Stephens (2019) for rivers in Africa. Further exploratory analysis could consider breaking
this study down further to consider the intensity of climate anomalies, for example, by comparing differences between weak,
medium, and strong EI Nifio events to neutral years. A similar analysis would ideally be performed for observed

precipitation which could help confirm or explain further the results found in this work.
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Table 1. Pearson’s correlation coefficients between observed and GIoFAS 2.1 results of the differences between climate

phases for all indices (e.g. EN3.4 positive minus EN3.4 neutral) for flood magnitude, timing, and duration.

Index and Phase Magnitude Timing Duration
EN3.4 Pos 0.14 -0.10 0.50
EN3.4 Neg 0.72 -0.27 0.79

MEI Pos 0.13 0.19 0.30
MEI Neg 0.72 0.16 0.64
CP Pos -0.03 0.09 0.32
CP Neg 0.59 -0.25 0.21
EP Pos -0.05 0.21 0.03
EP Neg 0.47 0.11 0.59
TNA Pos 0.56 -0.02 0.56
TNA Neg 0.04 0.28 -0.37
TSA Pos 0.39 0.04 0.67
TSA Neg 0.65 0.10 -0.08
Median 0.43 0.10 0.41
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Figure 1. 36-year climatology of observed (top row) and GIoFAS 2.1 streamflow reanalysis (bottom row) datasets (1979-
2015). For (a, d) mean annual maximum river flows, (b, e), average timing of peak flow occurrences, (c, f) interannual

variability of peak flow timing.
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Figure 2. Percentage change of observed and simulated mean annual peak river flows between different phases of the EN3.4
and MEI indices, for (a, c, €, g) positive with respect to neutral years and (b, d, f, h) negative with respect to neutral years.
Top row represents changes for observations, bottom row shows changes for GIoFAS 2.1 streamflow reanalysis data. Pink
(green) points represent where the average annual peak flow decreases (increases). Significant results at the 95 % confidence

level are denoted using a square (i.e. p <0.05).
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Figure 3. Percentage change of observed and simulated mean annual peak river flows between different phases of the CP
and EP indices, for (a, c, e, g) positive with respect to neutral years and (b, d, f, h) negative with respect to neutral years.

Top row represents changes for observations, bottom row shows changes for GIoFAS 2.1 streamflow reanalysis data. Pink

(green) points represent where the average annual peak flow decreases (increases). Significant results at the 95 % confidence

level are denoted using a square (i.e. p <0.05).

26



10

https://doi.org/10.5194/hess-2020-580 Hydrology and
Preprint. Discussion started: 8 December 2020 Earth System
(© Author(s) 2020. CC BY 4.0 License. Sciences

Discussions
By

(a) TMA Positive - Meutral (B) TMA Megative - Meutral (c) TSA Paositive - Meutral (d) TSA Negative - Meutral
R "\ o & "\
2
Om
@) (
B \w\vf
e) THA Positive - Neutral (f) TMA Negative - Meutral (g) TSA Paositive - Meutral (h) TSA Negative - Meutral

GloFAS 2.1

NE &G
GG

Change in peak river flow (%)

® _100t0-75 © 51010

® 75t0-50 © 10t025
50t0 25 @ 25to 50
25t0-10 @ 50to 75
10to-5 @ 75to 100
5to5 O p=<0.05

Figure 4. Percentage change of observed and simulated mean annual peak river flows between different phases of tropical
Atlantic indices. For (a, c, e, g) positive with respect to neutral years. (b, d, f, h) Negative with respect to neutral years. Top
row represents changes for observations, bottom row shows changes for GIoFAS 2.1 streamflow reanalysis data. Pink
(green) points represent where the average annual peak flow decreases (increases). Significant results at the 95 % confidence

level are denoted using a square (i.e. p <0.05).
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Figure 5. Average change in the timing of observed and simulated annual peak river flows between different phases of the

EN3.4 and MEI indices. For (a, c, €, g) positive with respect to neutral years. (b, d, f, h) Negative with respect to neutral
years. Top row represents changes for observations, bottom row shows changes for GIoFAS 2.1 streamflow reanalysis data.
Pink (green) points represent where flood peaks occur earlier (later) compared to neutral conditions. Significant results at the

95 % confidence level are denoted using a square (i.e. p <0.05).
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Figure 6. Average change in the timing of observed and simulated annual peak river flows between different phases of the

CP and EP indices. For (a, c, e, g) positive with respect to neutral years. (b, d, f, h) Negative with respect to neutral years.
Top row represents changes for observations, bottom row shows changes for GIoFAS 2.1 streamflow reanalysis data. Pink
(green) points represent where flood peaks occur earlier (later) compared to neutral conditions. Significant results at the 95

% confidence level are denoted using a square (i.e. p <0.05).
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Figure 7. Average change in the timing of observed and simulated annual peak river flows between different phases of

tropical Atlantic indices. For (a, c, e, g) positive with respect to neutral years. (b, d, f, h) Negative with respect to neutral
years. Top row represents changes for observations, bottom row shows changes for GIoFAS 2.1 streamflow reanalysis data.
Pink (green) points represent where flood peaks occur earlier (later) compared to neutral conditions. Significant results at the

95 % confidence level are denoted using a square (i.e. p <0.05).
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Figure 8. Changes in flood duration (i.e. mean number of days river flows exceed the 95™ percentile of each stations/grid
point climatology) for different phases of the EN3.4 and MEI indices. For (a, c, e, g) positive with respect to neutral years.
(b, d, f, h) Negative with respect to neutral years. Top row represents changes for observations, bottom row shows changes
for GIoFAS 2.1 streamflow reanalysis data. Pink (green) points represent decreases (increases) in the number of days spent
above the 95 percentile compared to neutral conditions. Significant results at the 95 % confidence level are denoted using a

square (i.e. p <0.05).
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Figure 9. Changes in flood duration (i.e. mean number of days river flows exceed the 95™ percentile of each stations/grid
point climatology) for different phases of the CP and EP indices. For (a, c, €, g) positive with respect to neutral years. (b, d,
f, h) Negative with respect to neutral years. Top row represents changes for observations, bottom row shows changes for
GIloFAS 2.1 streamflow reanalysis data. Pink (green) points represent decreases (increases) in the number of days spent
above the 95" percentile compared to neutral conditions. Significant results at the 95 % confidence level are denoted using a

square (i.e. p <0.05).
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Figure 10. Changes in flood duration (i.e. mean number of days river flows exceed the 95 percentile of each stations/grid
point climatology) for different phases of tropical Atlantic indices. For (a, c, e, g) positive with respect to neutral years. (b,
d, f, h) Negative with respect to neutral years. Top row represents changes for observations, bottom row shows changes for
GIoFAS 2.1 streamflow reanalysis data. Pink (green) points represent decreases (increases) in the number of days spent
above the 95 percentile compared to neutral conditions. Significant results at the 95 % confidence levels are denoted using

a square (i.e. p <0.05).
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Figure 11. Scatterplot of the mean OND SST anomaly in the EN3.4 region vs (a) the annual river flow magnitude, (b) peak
flow timing and (c) flood duration (i.e. days over the 95" percentile of flow) for the Tamshiyacu (2) gauging station, for the
period (1986-2015). Straight black line represents the regression line, with the R? value provided for each. Major flood
events of 1999, 2012, and 2015 are highlighted by text.
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20 Figure 12. Composite analysis of the difference between the preceding OND average SST (°C) (left) and total rainfall (mm)
(right) for the average of the 12 negative years and the average of the 12 neutral years. For the (a, b) EN3.4, (c, d) CP, and

(e, ) EP indices. A list of the negative and neutral years for each index can be found in Tables S2, 4, and 5.
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