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Abstract Over the last three decades, extreme floods have become increasingly frequent in the

Amazon basin, affecting strongly the population and ecosystems of the area. However, the impact of these
extreme events on the tropical Atlantic Ocean is still poorly known. In this study, we use a 1/4° coupled
ocean-atmosphere model to assess the impact of the runoff interannual variability on the sea surface salinity
and sea surface temperature of the area. Twin sensitivity experiments are performed, forced alternatively with
interannually-varying and climatological river runoff. Composite fields for the highest floods and lowest floods
are also compared. This combination of sensitivity tests and composite extremes allows to separate the effect
of runoff interannual variability from the rest of the variability (typically driven by mixing, advection and
precipitation). We show that the runoff interannual variability modulates the sea surface salinity of the Amazon
plume with the same order of magnitude as the salinity variability driven by ocean dynamics and atmospheric
forcing. However, due to vertical mixing, this oceanic imprint of the extreme floods is limited to a few months
and a few hundred kilometers from the mouth. Years of extreme floods generally coincide with anomalous
phases of the Atlantic Meridional Mode, which are associated with large-scale sea surface temperature
anomalies over the tropical Atlantic Ocean. Our results did not reveal any significant modulation of these
temperature anomalies by the runoff interannual variability, at any time of the year, questioning the relevance of
a hydrological feedback on the tropical Atlantic sea surface temperature.

Plain Language Summary The Amazon River, the largest river in the world, regularly experiences
extreme floods that strongly impact the population of the area. Moreover, these extreme events have become
increasingly frequent in recent years because of the climate change already at stake. This study aims at
understanding the impact of these extreme floods on the western tropical Atlantic Ocean, and especially on

the salinity and the temperature of the region. To do so, we use a coupled ocean-atmosphere model of the
tropical Atlantic Ocean, in which we include or discard the year-to-year variability of the river discharge. The
comparison between the two simulations shows us that the extreme floods of the Amazon have a significant
impact on regional salinity. However, despite the strong salinity change, the temperature does not seem to be
affected by the Amazon floods.

1. Introduction

The Amazon basin is regularly affected by extreme droughts and floods, which have a strong impact on the
population and the ecosystems of the region (e.g., Espinoza et al., 2016; Fassoni-Andrade et al., 2021; Filizola
et al., 2014; Marengo et al., 2013). These extreme hydrological events are mainly associated with well-identified
modes of tropical variability such as El Nifio Southern Oscillation (ENSO) and the Atlantic Meridional Mode
(AMM) (Drumond et al., 2014; Marengo & Espinoza, 2016; Towner et al., 2020). ENSO impacts the precipi-
tation over South America, with El Nifio events being generally associated with lower precipitation and river
discharge in most of the Amazon basin while La Nifia events are associated with higher precipitation and river
discharge in the basin (e.g., Espinoza, Ronchail, et al., 2009; Ronchail et al., 2005; Ropelewski & Halpert, 1987;
Towner et al., 2020). The influence of AMM on the extreme events of Amazon discharge is similar in magnitude
to that of ENSO (Yoon & Zeng, 2010; Zeng et al., 2008). The positive AMM phase is linked to a decrease in the
trade winds, a sea surface temperature (SST) increase in the North tropical Atlantic and a northward shift of the
intertropical convergence zone (ITCZ), leading to a decrease in precipitation and therefore drought in the Amazon
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basin (Marengo et al., 2008, 2011; Xie & Carton, 2004). Conversely, the negative AMM phase is linked to a SST
increase in the South tropical Atlantic and a southward shift of the ITCZ, leading to floods in the Amazon basin.

Over the last three decades, the hydrological cycle of the Amazon basin has intensified and extreme hydrolog-
ical events are more frequent than in the early twentieth century (Barichivich et al., 2018; Espinoza, Guyot,
etal., 2009; Gloor et al., 2013; Marengo & Espinoza, 2016). This intensification of the hydrological cycle is char-
acterized by both a decrease of precipitation and river runoff during the dry season and an increase in precipita-
tion and river runoff during the wet season (Espinoza, Guyot, et al., 2009; Espinoza, Ronchail, et al., 2009; Gloor
et al., 2015, 2013; Liang et al., 2020). It is probably due to a warming trend in the tropical Atlantic, leading to a
cooling of the eastern tropical Pacific, a strengthening of the Walker circulation and an enhancement of the mois-
ture flux from the tropical Atlantic Ocean to the Amazon basin (Barichivich et al., 2018; Friedman et al., 2021;
Li et al., 2016; McGregor et al., 2014; Wang et al., 2018).

The impact of the Amazon runoff on the tropical Atlantic Ocean has been largely studied. A common way
of doing so is by using ocean circulation models in which the Amazon runoff is alternatively included or
removed (Coles et al., 2013; Hernandez et al., 2016; Huang & Mehta, 2010; Jahfer et al., 2017, 2020; Masson &
Delecluse, 2001; Newinger & Toumi, 2015; Varona et al., 2019). The other usual way is to analyze satellite and
in-situ observations (Ffield, 2007; Fournier et al., 2017; Pailler et al., 1999; Zeng et al., 2008). Both observa-
tional and modeling studies concluded to a strong impact of Amazon runoff on the sea surface salinity (SSS), the
salinity stratification and the plume extent. However, the SSS and the plume extent seasonal cycles are not caused
by the seasonal cycle of Amazon runoff but by the seasonal cycle of the oceanic circulation (Coles et al., 2013;
Masson & Delecluse, 2001). The impact of the Amazon runoff on the tropical Atlantic SST is controversial, with
observational studies suggesting a strong impact on SST (Ffield, 2007; Fournier et al., 2017; Jury, 2019; Pailler
et al., 1999) while modeling studies find a weak impact on SST (Coles et al., 2013; Hernandez et al., 2016;
Huang & Mehta, 2010; Jahfer et al., 2017, 2020; Masson & Delecluse, 2001; Newinger & Toumi, 2015; Varona
et al., 2019). Moreover, the Amazon plume region is regularly crossed by a large number of cyclones, and the
influence of the Amazon plume on the development and the intensification of these cyclones is still under debate
(e.g., Balaguru et al., 2012, 2020; Hernandez et al., 2016; Newinger & Toumi, 2015; Yan et al., 2017).

The impact of the Amazon runoff interannual variability has been less extensively studied, with published results
that can appear contradictory. Several studies have found a link between the variability of Amazon runoff and
the SSS variability of different areas: Barbados (Hellweger & Gordon, 2002), the Antilles (Jury, 2019), the
north-equatorial countercurrent (NECC, Gouveia et al., 2019), and along the Amazon plume trajectory (Salisbury
et al.,, 2011). However, Grodsky et al. (2014) observed that the ocean surface was saltier in 2012, despite a
stronger Amazon runoff this year, and Fournier et al. (2017) found no evidence of a river discharge influence on
SSS east of the lesser Antilles. Moreover, the modeling study of Grodsky et al. (2015) found a SSS variability in
the Caribbean Sea very close to observations while their model considered a climatological runoff, leading them
to conclude that the interannual variability of the Amazon does not have a significant impact on the SSS inter-
annual variability in this area. Regarding SST, a positive correlation is found between the interannual variability
of the Lesser Antilles SST and the Amazon runoff (Jury, 2019), and between the SST and the SSS to the east
of the Lesser Antilles (Fournier et al., 2017). However, Fournier et al. (2017) also mention a strong interannual
variability of SST linked with the AMM that could impact these results.

The studies on the impact of the interannual variability of the Amazon discharge were usually conducted with ocean
observations, which present several problems. One of them is that the correlations found are highly dependent on
the discharge estimates used (Reeves Eyre & Zeng, 2021), and that the Obidos stream gauge commonly used to
estimate the Amazon discharge at the river mouth misrepresents the seasonal cycle (Reeves Eyre & Zeng, 2021;
Salisbury et al., 2011). Another one is that the oceanic impact of runoff variability cannot be separated from the
impact of ocean and atmospheric variability (mixing, advection, atmospheric fluxes), something that can be done
with a model. To our knowledge, no sensitivity test has ever been conducted with a model to isolate the impact
of runoff interannual variability on the Amazon plume region. This is therefore the aim of this paper: to quantify
the impact of runoff interannual variability on the SSS and SST of the region. To address this question, we used
a regional ocean—atmosphere coupled model of the tropical Atlantic Ocean with a 1/4° resolution. The use of a
coupled model is essential since we want to assess changes in the ocean thermodynamics as a whole, including
SST. Indeed, the ocean-atmosphere interactions are very strong in this area, and all the processes at stake would
not be correctly represented in an ocean model forced with a prescribed atmosphere (Gévaudan et al., 2021). We
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analyze two long-term simulations (2001-2015), forced alternatively with daily interannually-varying runoff and
a daily runoff climatology. We focus on the flood season. A composite analysis of the years with abnormally
high and abnormally low floods for both simulations allows us to isolate and quantify precisely the effect of the
extreme floods that occurred in the last decades, and separate the effect of runoff interannual variability from the
effects of ocean and atmospheric interannual variability.

2. Methodology
2.1. Coupled Model Description

The coupled configuration uses the ocean model NEMO v4.0 (Nucleus for European Modeling of the Ocean;
Madec & the NEMO team, 2016), the atmospheric model WRF-ARW v3.7.1 (Weather Research and Forecasting;
Skamarock & Klemp, 2008) and the coupler OASIS3-MCT v4.0 (Craig et al., 2017). The ocean and atmospheric
models share a same Arakawa-C grid, extending from 15°S to 35°N, and from 99°W to 20°E, with a resolu-
tion of 1/4° (~27 km at the equator) and a Mercator projection. MERCATOR-OCEAN daily global reanalysis
GLORYS2v4 (Ferry et al., 2012) is used to prescribe the lateral boundaries of the ocean model, while 6-hourly
fields from ERA-Interim reanalysis (Dee et al., 2011) are used to force the lateral boundaries of the atmospheric
model. This coupled model has already been used by Gévaudan et al. (2021), and the ocean configuration has
been developed by Giffard et al. (2019). The reader is referred to these two papers for further details on the
configurations, and for a comprehensive validation of the coupled model mean state. Note that the ocean color
forcing of the solar radiation penetration scheme has been modified. Following Hernandez et al. (2017), we use
global daily filled chlorophyll data from GlobColour 009_082 (Garnesson et al., 2019; Maritorena et al., 2010),
which is based on a merging of several satellite products, and the empirical parameterization from Morel and
Berthon (1989) to calculate a vertical profile of chlorophyll from surface chlorophyll satellite concentration.

2.2. Simulations

The ocean component of the coupled model is initialized from World Ocean Atlas (Locarnini et al., 2018; Zweng
et al., 2019), and then spun up alone from 1970 to 1999 using DFS5.2 atmospheric forcing (Dussin et al., 2016)
with a bulk formulation (Large & Yeager, 2009). Two coupled simulations of 16 years each are then conducted,
with the last 15 years—from 2001 to 2015—being analyzed. The aim of these twin experiments is to assess the
impact of the runoff interannual variability. Therefore, the first simulation, REF, has interannual daily runoff forc-
ing while the second simulation, CLIM, has a daily climatological runoff forcing averaged from 2001 to 2015.
Runoff data were obtained from the ISBA-CTRIP land surface model (Decharme et al., 2019). Their reliability to
properly represent the large river plume properties of the tropical Atlantic was assessed in Giffard et al. (2019).
Moreover, Newinger and Toumi (2015) showed that the highly turbid waters of the Amazon plume prevent the
sunlight from reaching the deeper ocean, enhancing the warming of the surface layer and simultaneously limiting
the warming of the subsurface layer. The ocean color is thus of great importance in the good representation of
the impact of Amazon plume on the air-sea heat fluxes. Therefore, we decided to use chlorophyll fields consist-
ent with the runoff forcing: we used interannual daily fields of chlorophyll for the REF experiment, and a daily
climatology averaged from 2001 to 2015 for the CLIM experiment.

2.3. Validation

The mean state of the model has already been extensively validated in Gévaudan et al. (2021). Therefore, we only
assess the ability of the model to reproduce the mean state and the interannual variability of the regional salinity.
For this purpose, we used observed spaceborne salinity data from the Climate Change Initiative project (CCI,
Boutin et al., 2020) from 2010 to 2015, which is the common period between the model simulations and CCI data
set. We also used in-situ salinity data from the Service d'Observation on Sea Surface Salinity (SO-SSS) network
(Delcroix et al., 2002). In the Amazon plume, these data consist of thermosalinograph transects from ships
plying bi-monthly between French Guiana (5°N, 53°W) and France, recorded between 2005 and 2015 (Alory
et al., 2015). Figures 1a and 1b show the mean SSS for the REF simulation and for CCI respectively. The model
is overall in good agreement with the observations, except for a slightly too high SSS in the subtropical gyre. In
particular, the Amazon-Orinoco plume is well reproduced, apart from the fact that the plume extends a little too
far into the Caribbean Sea. The lower SSS area in the central tropical Atlantic, associated with the ITCZ and the
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Figure 1. Maps from 2010 to 2015 for REF simulation of (a) sea surface salinity (SSS) mean and (c) monthly SSS standard deviation; (b and d): same as (a and c)
respectively, but for Climate Change Initiative project (CCI) data; (e) time series of monthly SSS anomalies with respect to the monthly SSS climatology from 2010
to 2015 for REF (in red), CLIM (in blue) and CCI data (in black), averaged in the Amazon-Orinoco low salinity plume; (f) time series of SSS of in-situ data from
thermosalinograph transects (in black), REF (in red) and CCI data (in blue), averaged on the thermosalinograph transects between 5°N and 10°N, and between 48°W
and 53°W. The mouths of the Amazon and Orinoco rivers are indicated by arrows on (a). The white curve in (c) shows the 35 PSU mean SSS contour from 2001 to
2015, delineating the Amazon-Orinoco plume.

eastward transport of the Amazon-Orinoco plume by the NECC (e.g., Coles et al., 2013) is also well reproduced.
Figures 1c and 1d show the standard deviation (STD) of monthly SSS for the REF simulation and for CCI respec-
tively. The patterns are well reproduced by the model, but the interannual variability near the Amazon mouth is
slightly higher in the model than in the observed data. Figure le shows SSS monthly anomalies with respect to
a 2010-2015 SSS monthly climatology for REF (in red) and CCI (in black), averaged in the Amazon-Orinoco
plume. The two time series are overall in good agreement from 2012 onwards. In 2010, the SSS peak in REF
does not appear in CCI observations, even though it coincides with one of the most severe Amazon droughts ever
recorded (e.g., Barichivich et al., 2018). Some salinity drops are also present in our model but not in the CCI
observations (2011, 2014). These discrepancies can be due to the underestimation of SSS on the Amazon shelf
in the model due to the too coarse resolution of the model and/or to the absence of tides (Ruault et al., 2020).
They can also be caused by a lower accuracy of satellite data near the coast and in areas of high variability such
as river plumes, despite an improvement of the algorithms in recent years (Boutin et al., 2018; Reul et al., 2020).
Finally, we compare the model and CCI data with in-situ data from the thermosalinograph transects (Figure 1f).
We can see that both the model and CCI data are in very good agreement with the in-situ measurements, which
strengthens our confidence in the model to accurately reproduce the SSS variability, and underlines the progress
made in salinity retrieval algorithms.
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Figure 2. Time series of (a) Amazon and (b) Orinoco discharge for the REF and CLIM experiments. The dots indicate the
years with the lowest Amazon floods while the stars indicate the years with the highest Amazon floods.
2.4. Methods
2.4.1. Composites Calculation
A composite analysis is conducted in the rest of the paper to analyze the consequences of the anomalous Amazon
discharges during the flood season, resulting either from abnormally high floods or abnormally low floods, on the
tropical Atlantic Ocean. Since the Amazon River has the largest discharge of the world and accounts for around
70% of the total discharge received by the northwestern tropical Atlantic, we based our composite analysis on
the Amazon runoff, shown on Figure 2a. The 4 years with the highest floods, 2006, 2008, 2009 and 2014, are
averaged to give the highest floods composite or HF, while the 4 years with the lowest floods, 2003, 2004, 2007
and 2010, are averaged to give the lowest floods composite, or LF. The years of highest and lowest floods are
chosen by comparing the maximum discharge value of each year. We chose to study the flood season because the
seasonal cycle of interannual discharge STD peaks at this time (not shown), indicating that variability is greater
during this season. The composite analysis is performed on both REF and CLIM simulations. In the following,
REF,;;: and CLIM,y; refer to the two composites for the highest floods years, and REF, . and CLIM, . refer to the
two composites for the lowest floods years. The seasonal maxima of runoff is around 345,000 m?s for REF,,
around 267,000 m?¥'s for REF, , and around 305,000 m?*/s for the CLIM experiment, giving a 25% relative change
between the peak runoff of the REF,;. and REF, . composites.
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2.4.2. Differences Between Composites

In the following, differences between composites are analyzed. This allows to assess the impact of runoff inter-
annual variability independently of the ocean and atmospheric variability (mixing, advection, atmospheric fluxes
of freshwater and heat). The difference between REF. and REF, | represents the sum of all variabilities: river
runoff, ocean dynamics and atmospheric fluxes. The difference between CLIM,;; and CLIM, . represents the
impact of ocean and atmospheric variability only. Indeed, the river runoff is climatological in the CLIM exper-
iment, which means that the runoff interannual variability is removed, leaving only the ocean and atmospheric
variability. Therefore, the difference between REF and CLIM composites—that is (REF,; — REF, ;) - (CLIMy,. —
CLIM, )—represents the sole influence of runoff variability.

The error of these differences has been calculated as follows: the differences between composites have been
calculated for all the individual years in pairs, giving 16 differences values. The STD of these 16 values has then
been calculated, and represents the error.

2.4.3. Mixed Layer Salt Budget

A mixed layer salt budget was calculated online, and is expressed as follows:

E-P)<S

U< S>h= <—udS—00,S >y + <D >y + LIS

—_—— — —— h
—_——

Total tendency Horizontal Advection Lateral Diffusion
Atmospheric Forcing
(K:0:5) oh
=—h t
< —woS >p+ ——= + = (Sop— < S >n) M
N —— h h
J/ . J/

Vertical Advection v

Vertical Diffusion Entrainment

.

Vertical Processes

<->—l/0- 2)
h—h B

where § is the model salinity, u the zonal current, v the meridional current, w the vertical current, K, the vertical

with

diffusion coefficient and D, the lateral diffusion. E — P is the air-sea freshwater flux, with E the evaporation and
P the precipitation. S_, is the salinity at the mixed layer base, and 4 is the mixed layer depth (MLD). The MLD is
computed as the depth where the density is equal to the 10-m density plus Ac, with Ac = 0.01 kg/m? (de Boyer
Montégut et al., 2007). Note that the river runoff is imposed as a divergence of the flow at the coastal point closest
to the river mouth, and is therefore included in the advection term.

2.4.4. Definition of the Amazon-Orinoco Plume

In the following, some analyses are conducted in the low salinity plume associated with the Amazon and Orinoco
rivers. Following Coles et al. (2013), the plume is defined as the area where the annual SSS averaged from 2001
to 2015 is under 35 PSU, and is shown in Figure 1c (white contour).

3. Results
3.1. Impact of Runoff Interannual Variability on SSS

The first aim of this study is to investigate the impact of the runoff interannual variability on SSS. The curves
in Figure 3 represent the seasonal cycle of SSS in the Amazon-Orinoco plume in REF (solid lines) and CLIM
(dashed lines) for the highest floods (blue lines) and lowest floods (red lines) composites. At the beginning of
the year, SSS is similar for all composites. Then, as the flood season peaks, anomalies develop. For both REF
and CLIM, the differences between highest floods and lowest floods years are the largest from mid-April to July.
They subside afterward and have completely disappeared by October: the anomalies vanish in a few months only.

To quantify the impact of the runoff interannual variability on SSS, we now analyze differences between compos-
ites of SSS seasonal cycle (Figure 3, bar chart). As explained in Section 2.4.2, these differences allow to disentan-
gle the different forcings driving the SSS anomalies. First, we can see that the change between the highest and
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Figure 3. Sea surface salinity (SSS) seasonal cycle in the Amazon-Orinoco plume of each composite (curves) and of the
differences between composites with their errors (bar chart).

lowest floods years when the whole variability is considered is very important in spring and summer: up to
1.7 PSU in June (Figure 3, black bars). This change is due almost equally to runoff interannual variability (Figure 3,
green bars) and to ocean and atmospheric variability (Figure 3, gray bars), with nonetheless a larger share of the
variability explained by runoff in May-June-July. This indicates that the interannual variability of the Amazon does
not explain all of SSS variability in the region: other factors such as the surface currents (and especially the North
Brazil Current, or NBC), the precipitation and the wind-induced mixing and currents influence the SSS variability
in the same way as the runoff, reinforcing the fresh anomalies during the years of excess runoff (Coles et al., 2013;
Fournier et al., 2017; Masson & Delecluse, 2001; Molleri et al., 2010). This result is in disagreement with Grodsky
et al. (2014) and Grodsky et al. (2015), who suggested that runoff interannual variability has no impact on SSS
variability. It stands therefore in agreement with the studies observing a correlation between SSS and runoff vari-
abilities (Gouveia et al., 2019; Hellweger & Gordon, 2002; Jury, 2019; Salisbury et al., 2011).

Impacts are not expected to be similar between the near-shore and offshore portions of the plume. This is
confirmed by maps of SSS difference between REF composites in spring (Figure 4a) and summer (Figure 4b),
the two seasons of greatest change. A strong SSS decrease is observed in spring close to the river mouth and
along the Guiana coast. In summer, the decrease has already partially vanished and has moved toward the lesser
Antilles, while an increase in SSS is observed to the east, at the location of the NBC retroflection and the NECC.

To quantify the part of SSS variability that can be attributed to runoff interannual variability, we now analyze
maps of SSS difference between REF and CLIM composites for spring (Figure 4c) and summer (Figure 4d). In
spring, the runoff interannual variability leads to an important freshening near the Amazon mouth (more than
3 PSU) and over the whole Amazon plume, decreasing with the distance from the mouth (more than 1 PSU up
to 9°N and 0.2 PSU in the Lesser Antilles). In summer, the changes are still noticeable but their magnitude has
diminished by a factor of 2-3.

The patterns of SSS differences driven by ocean and atmospheric variability are captured by the CLIM experi-
ment (Figures 4e and 4f). In spring, the map of SSS difference between years of highest floods and years of lowest
floods shows a dipole with positive anomalies near Guiana and in the Lesser Antilles, and a strong negative
anomaly near the Amazon mouth. These anomalies are consistent with changes in the currents, as can be seen
in Figure 4g. At this time of the year, the Amazon plume is mainly advected northwestward along the coast by
the NBC and the Guiana current (Coles et al., 2013). Figure 4g shows a weakening of these currents in highest
floods years compared to lowest floods years, leading on the one hand to an accumulation of freshwater near
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Figure 4. Spring (April-May-June, AMJ) maps of sea surface salinity (SSS) differences between highest floods and lowest floods composites for (a) REF, (c) REF
— CLIM and (e) CLIM; (b, d and f): same as (a, ¢ and e) respectively but for the summer season (July-August-September, JAS); the arrows on (e and f) represent

the current anomalies with a norm greater than 0.1 m/s. (g and h): zoom at the Amazon mouth of (e and f) respectively. The contours represent the SSS of CLIM;
(contours are every 2 PSU) and the arrows represent the currents anomalies of (CLIM,; — CLIM, p) for each season.
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Figure 5. Seasonal cycle of the mixed layer salt budget in the Amazon-Orinoco plume.

the Amazon mouth, and on the other hand to a lesser northwestward along-shore freshwater transport and thus
a positive SSS anomaly along the Guiana coast. Furthermore, these changes occur in the Amazon plume front
region, an area of very strong SSS gradients (see contours of Figure 4g), which explains the high amplitude of
the negative anomaly (down to —9 PSU). A southward shift of the NECC can also be observed (see arrows on
Figure 4e). In summer, the anomaly of the currents near the Amazon mouth disappears (Figure 4h), as well as the
SSS anomaly dipole. A strengthening of the NBC and a weakening of the NBC retroflection are observed (see
arrows on Figure 4f), leading to an increase of freshwater transport toward the Lesser Antilles and a decrease of
freshwater transport by the NECC. Finally, we note here again that the contribution of runoff interannual vari-
ability is similar in magnitude to the contribution of ocean and atmospheric variability in spring and summer.

To understand more precisely the changes in salinity observed, and especially the fast disappearance of the SSS
anomaly (Figure 3), we analyze the seasonal cycle of mixed layer salt budget averaged over the Amazon-Orinoco
plume (Figure 5). Two main processes dominate this salt budget: the horizontal advection and the vertical diffu-
sion. The atmospheric freshwater fluxes (evaporation and precipitation) are negligible. The horizontal advection
term is strongly negative since it corresponds to the transport of freshwater from the river runoff, and it dominates
the total tendency at the beginning of the year. However, it is immediately counterbalanced by a strongly positive
vertical diffusion term that mixes the underlying salty water into the ML. Therefore, the total tendency becomes
positive as early as June. These results are consistent with Ferry and Reverdin (2004), who also found a strong
contribution of horizontal advection at the beginning of the year, followed by a damping by vertical mixing and

entrainment. It is also consistent with Foltz et al. (2004), who found that hori-

zontal advection was an important component of the salt budget in the north-

western tropical Atlantic due to strong SSS gradients. Camara et al. (2015)

M
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Table 1

Differences Between REF and CLIM Simulations and Their Associated
Errors for the Two Main Terms of the Mixed Layer Salt Budget During
Their Season of Maximum Change: The Vertical Diffusion (Averaged
Between May and August, MJJA), and the Horizontal Advection (Averaged
Between April and July, AMJJ)

Salinity budget term REF — CLIMe REF, . — CLIM,
Vertical diffusion (MJJA) 0.19 £ 0.12 -0.19 +0.11
Horizontal advection (AMIJJ) —-0.33 +£0.20 0.30 £ 0.06

Note. The error is calculated as follows: the seasonal means are calculated for
each year of the composites differences, giving 4 different values; the error is
then calculated as the standard deviation of these 4 values.

found a more prominent effect of the vertical mixing year-round and lesser
impact of horizontal advection, but their analysis domain lies further east and
is not representative of the whole plume. Finally, if we observe the differ-
ent curves on Figure 5 individually, we can see that the runoff interannual
variability impacts the salt budget. In summer, the horizontal advection and
vertical diffusion are stronger in REF, . (solid lines) than in CLIM, (dashed
lines): adding the runoff interannual variability exacerbates the response
during the highest floods years (see also Table 1). Conversely, REF,
(dashed-dotted lines) shows weaker horizontal advection and weaker vertical
diffusion than CLIM, ;. (dotted lines)in summer (see also Table 1). Note that
the errors associated with some of the salinity budget terms are relatively
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Figure 6. Seasonal cycle of the plume extent of each composite (curves), and of the differences between composites with
their errors (bar chart).

large, but the values are significant nonetheless. This means that the effect of the extreme floods on the salinity
budget may be smaller in some years, but is consistently detectable.

3.2. Impact of Runoff Interannual Variability on the Plume Area

Another relevant and commonly studied feature is the plume extent, whose seasonal cycle is shown in Figure 6 for
the two simulations, for the lowest and highest floods years. The plume extent is at its lowest in winter, increases
during spring and reaches its highest values in summer and fall. This is consistent with Coles et al. (2013), but
not exactly with Molleri et al. (2010), who found smaller values of plume extent, and a seasonal cycle peaking
in July and decreasing shortly after. However, Molleri et al. (2010) used a different threshold value for the plume
(34 instead of 35 PSU) and their area of analysis is smaller. We obtain a comparable seasonal cycle by using the
same criterion as them (not shown).

The impact of the runoff interannual variability on the plume extent is also substantial. During the season of larg-
est plume extent, that is August-September-October (ASO), the total change in plume extent (i.e., the difference
between REF composites, Figure 6, black bars) is around 16%. Around three quarters of this change is explained
by runoff interannual variability (i.e., the difference between REF and CLIM composites, Figure 6, gray bars).
This is in perfect agreement with Molleri et al. (2010), who found that runoff interannual variability explained
74% of the plume extent variability. This is also in agreement with Zeng et al. (2008), who did not quantify the
impact of runoff variability on the plume extent, but found a strong correlation between Amazon runoff and
plume extent interannual anomalies.

3.3. Impact of Runoff Interannual Variability on SST

As done for the SSS, we isolate the effect of the runoff interannual variability on the SST (Figures 7a and 7b)
from the changes due to the other forcings (Figures 7c and 7d). Despite a strong impact on SSS (Figure 4c¢), the
runoff interannual variability leads to very weak changes in SST in spring (Figure 7a). More importantly, these
changes are negligible compared to the strong changes in SST induced by ocean and atmospheric variability
(Figure 7¢), which can most likely be related to the AMM (see Section 4.1). During an AMM event, the SST
anomalies associated with this event tend to disappear from July onwards (e.g., Foltz et al., 2012). This explains
the weakening of the SST anomalies due to ocean and atmospheric variability observed in summer (Figure 7d):
the negative anomaly decreases from —0.5°C in spring to —0.1°C in summer (average on 0-20°N, 80°-20°W).
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Figure 7. Spring (April-May-June) maps of SST differences between highest floods and lowest floods for (a) CLIM and (c) REF minus CLIM; (b and d): same as (a
and c) respectively but in summer (July-August-September).

The impact of interannual runoff variability remains weak (Figure 7b), which was expected since the salinity
anomaly is already fading in summer (Figure 4d).

4. Discussion
4.1. Influence of the Atlantic Meridional Mode

A large part of the variability captured by the chosen composites is likely caused by the AMM. First of all, runoff
interannual variability can be linked to AMM. The 2009 Amazon flood has been directly related to a negative
AMM event (Foltz et al., 2012). Moreover, several Amazon droughts occurred during warm events in the North
tropical Atlantic, characteristic of positive AMM phases, while several Amazon floods occurred during warm
events in the South tropical Atlantic, characteristic of negative AMM phases (e.g., Marengo & Espinoza, 2016).
The difference between highest floods and lowest floods composites can therefore be associated with a nega-
tive AMM phase. And indeed, some patterns that emerge are very characteristic of a negative AMM event, as
described below.

AMM is primarily characterized by a dipole of SST anomalies, which peaks in spring. For a negative AMM
event, the SST anomalies are negative in the northern hemisphere, and positive in the southern hemisphere. This
pattern is identical to what is observed in spring in the map of SST difference between the REF composites (not
shown, but very similar to Figure 7c). This is also consistent with results from Fournier et al. (2017), who found
strong negative SST anomalies in 2014 (one of the years composing our highest floods composite), and strong
positive anomalies in 2010 (one of the years composing our lowest floods composite).

The SST dipole generates a southward shift of the ITCZ during negative AMM phase, and therefore an increase
in precipitation over the Amazon basin (Grodsky et al., 2018; Rugg et al., 2016; Xie & Carton, 2004), leading to
higher Amazon floods in the process. This ITCZ shift is clearly observed in the map of precipitation difference
between the REF composites (Figure 8), and it is similar to what Jury (2019) observed when doing a difference
between fresh and salty years.

The SSS signature of AMM has been extracted by Awo et al. (2018), and is similar to what is obtained here
(Figure 4a). Moreover, the changes in currents previously identified as drivers of SSS variability are likely caused
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Figure 8. Map of (a) precipitation and (b) mixed layer depth in spring (April-May-June), difference between the REF
composites. The contours of the Orinoco (in blue) and Amazon (in red) watersheds are represented on (a).

by the AMM, especially the southward shift of NECC in spring (Hormann et al., 2012), the increase in NBC and
the decrease in NBC retroflection in summer (Jury, 2019).

Finally, it is interesting to note that the MLD is also strongly impacted by the AMM: during negative AMM
events, a deepening of the ML is observed in the northwestern part of the basin (including the Amazon plume),
despite the strong SSS decrease and the increase in salinity stratification induced by Amazon extreme floods
(Rugg et al., 2016, see also Figure 8). This shows that the Amazon extreme floods do not have a strong impact
on the vertical dynamics in the Amazon plume. This ML deepening is most likely related to a wind increase (not
shown, see Rugg et al., 2016), but also to the SST decrease previously discussed, which suggests that temperature
changes linked to AMM have a stronger control on stratification than salinity changes due to extreme floods.

4.2. SSS Changes in the Orinoco Plume

A strong positive anomaly (62°W, 10°N) can be observed in Figure 4b, which corresponds to the location of the
Orinoco river mouth. Indeed, the variability of the Orinoco discharge is generally opposite to that of the Amazon.
First, the monthly Amazon and Orinoco discharge are anticorrelated, albeit weakly (R = —0.30 with a 3-month
lag). Moreover, this opposite variability is very noticeable during extreme flood events: years of low floods of
the Amazon (2003, 2004, 2007, 2010) correspond to years of high floods for the Orinoco, and some of the major
Amazon floods (2009, 2014) coincide with years of low floods for the Orinoco (see Figures 2a and 2b). This is
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driven by ITCZ interannual variability. Indeed, Amazon floods usually occur when the ITCZ is anomalously far
south. This ITCZ shift, usually due to a negative AMM phase, then leads to a lack of precipitation in the north
of the Amazon watershed and in the Orinoco watershed (see Figure 8a). One can also note that the effect of the
Orinoco is not observed in spring (Figure 4a) but only in summer (Figure 4b). This is due to the fact that summer
is the time of year when the Orinoco discharge is the highest (Miiller-Karger et al., 1989) and has the largest
effect on SSS.

Nevertheless, this process is not sufficient to explain the whole response near the Orinoco mouth: Figure 4f shows
that ocean and atmospheric processes also are important.

S. Summary

In this study, we used a coupled ocean-atmosphere model at a 1/4° resolution to assess the impact of runoff
interannual variability on SSS, plume extent and SST in the western tropical Atlantic. The focus is on the flood
season (viz. boreal spring-summer). The use of a coupled ocean-atmosphere model is motivated by the fact that
the ocean-atmosphere feedback loop must be modeled in order to properly investigate the impacts of the plume
on the SST, in particular to release the constraint that would be exerted on the SST, in a context of forced ocean
modeling, by prescribed and non-interactive atmospheric forcings. Two 15-years experiments are conducted:
a REF experiment with interannual variability of river runoff and ocean color, and a CLIM experiment forced
with 2001-2015 monthly climatologies of runoff and ocean color. To investigate the effect of the extreme floods
observed in recent decades, we calculated composites of the 4 years with the highest floods and the 4 years with
the lowest floods. The runoff change between highest and lowest floods years is about 25%. Finally, we calcu-
lated differences of the two composites, for the REF and CLIM experiment as well as for the REF minus CLIM
difference. This allowed us to isolate the effect of runoff interannual variability from other ocean and atmospheric
processes (mixing, advection, atmospheric water and heat fluxes) whose variability can impact the salinity and
temperature properties of the western tropical Atlantic.

Runoff interannual variability has a strong impact on the SSS of the Amazon plume in spring (freshening of more
than 3 PSU near the Amazon mouth). However, this effect fades rapidly under the action of vertical mixing, and
has completely disappeared by fall. Such a rapid damping of salinity anomalies by vertical mixing has already
been observed in other tropical river plumes, such as the Ganges and Brahmaputra plume in the Bay of Bengal
(Benshila et al., 2014). The ocean and atmospheric variability impacts the SSS to a similar magnitude as runoff.
In spring, a decrease in NBC and in coastal currents leads to an accumulation of freshwater near the Amazon
mouth and a salty anomaly downstream, near the Guiana coast. In summer, a decrease in NBC retroflection leads
to a stronger northwestward freshwater transport into the Lesser Antilles, and less freshwater transport into the
NECC. These currents changes can be associated with AMM.

The plume area is also affected by extreme floods in summer and fall, the period when it is the most extended. In
ASO, a change of 16% in plume area is observed, and runoff interannual variability explains 75% of it.

Finally, we show that years with high and low floods are associated with strong SST anomalies in spring in the
north tropical Atlantic. This anomaly is linked with a negative phase of the AMM and therefore a southward shift
of the ITCZ, which in turn causes Amazon floods. Some of these extreme floods events could also be exacerbated
by ENSO events: moderate to strong El Nifio events occurred in 2003 and 2010, two of the years included in
our lowest floods composite, and a strong La Nifia event occurred in 2008, a year included in our highest floods
composite. But our simulations do not reveal any clear impact of the runoff interannual variability on the SST,
neither in spring nor in summer.

At first glance, these results may seem contradictory with some of the previous observational studies. Indeed, it
has been previously suggested that currents were the main driver of SSS interannual variability, with very weak
impact of the runoff (Fournier et al., 2017; Grodsky et al., 2014, 2015). However, these observational studies
are usually located relatively far from the Amazon mouth and from the core of the Amazon plume: for instance,
Grodsky et al. (2015) studied the Antilles, while Fournier et al. (2017) study is focused on the northern part of the
plume (NPR), between 51°W and 59°W and between 13°N and 22°N. Another issue can be the period studied:
Fournier et al. (2017) focused for instance on the month of August, whereas we saw in this study that the response
to anomalous floods is short-lived, and has almost disappeared at this time of the year.
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The hydrological cycle is currently intensifying, in particular in the Amazon basin (Barichivich et al., 2018;
Espinoza, Guyot, et al., 2009; Gloor et al., 2013; Marengo & Espinoza, 2016). A new record flood affected the
region in 2021 and, including it, it turns out that 7 of the 10 largest Amazon floods have occurred in the last
13 years (Chevuturi et al., 2021). This trend is expected to intensify further under the influence of climate change
(Allan et al., 2020; Skliris et al., 2016). Moreover, the Amazon basin is currently subject to profound anthro-
pogenic changes that also alter the hydrological cycle (e.g., Latrubesse et al., 2017). Deforestation for instance
has been shown to decrease evapotranspiration and increase runoff, and to a lesser extent increase extreme
events intensity (Coe et al., 2009; Guimberteau et al., 2017). The construction of numerous dams in the Amazon
watershed (Anderson et al., 2018) could on the other hand mitigate floods frequency and strength (Boulange
et al., 2021), despite strong impacts on the hydrological cycle, ecosystems and fisheries (e.g., Santos et al., 2018;
Timpe & Kaplan, 2017). This land-use planning is bound to continue, as is climate change, unless a radical shift
in environmental policies occurs. It would therefore be worth revisiting these results in the near future.

Data Availability Statement

The coupled ocean-atmosphere configuration is available here: https://doi.org/10.5281/zenodo.6448250
(Gévaudan et al., 2022). Sea surface salinity data set from ESA Climate Change Initiative project is freely avail-
able at https://www.doi.org/10.5285/4ce685bff631459fb2a30faa699f3fc5 (Boutin et al., 2020). Chlorophyll data
set from GlobColour (009_082) can be obtained at https://www.doi.org/10.48670/moi-00100.
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