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W) Check for updates

Seasonal forecasts of the world’s coastal waterline: what to
expect from the coming El Nifio?

Julien Boucharel '2*, Rafael Almar@®'™ and Boris Dewitte>*>

The central-eastern tropical Pacific is currently significantly warmer than normal, and the likelihood of a strong El Nifio developing
by early 2024 is 75-85%, according to the National Weather Service’s Climate Prediction Center. Disruptions in ecosystem services
and increased vulnerability, in particular in the coastal zones, are expected in many parts of the world. In this comment, we review
the latest seasonal forecasts and showcase the potential for predicting the world’s coastlines based on data-driven modeling.

npj Climate and Atmospheric Science (2024)7:37 ; https://doi.org/10.1038/s41612-024-00570-z

BEYOND THE CRYSTAL BALL: STATE-OF-THE-ART SEASONAL
EL NINO FORECASTS

El Niflo Southern Oscillation (ENSO) is one of the most significant
climate phenomena on Earth, with far-reaching impacts on
weather patterns, agriculture, ecosystems and socio-economic
systems'. Accurate forecasting of ENSO events is critical for
governments, industries and communities to prepare for and
respond effectively to the risks and opportunities they present®. A
better understanding of oceanic and atmospheric dynamics,
together with increased computing power, has led to significant
advances in coupled general circulation models, which can now
realistically simulate ocean-atmosphere interactions, allowing a
better representation of ENSO dynamical processes and enhanced
predictive capabilities over longer lead times>*. In addition, the
use of ensemble forecasts has become standard practice in ENSO
forecasting, allowing for uncertainties in the model physics and
initial state data to be taken into account, and therefore leading to
significantly improved forecasts®~’.

Based on such state-of-the-art model resource for seasonal
predictions, we present the tropical Pacific forecasts for the
upcoming months from the North American Multi-Model Ensem-
ble (NMME) project (Table 1), a forecast system that includes
models from operational centers in the USA and Canada®. Figure 1
shows the multi-model ensemble forecasts of monthly interannual
sea surface temperature (SST) anomalies, initialized on October
1st, for the period October 2023 to May 2024. Large SST anomalies
along South America and extending into the eastern equatorial
Pacific reveal an Eastern Pacific El Nifio pattern already strongly
established in the boreal fall (Fig. 1a, b). In fact, the SST anomalies
along the Peruvian coast have already been so large even earlier
this spring, reaching 6°C above climatology on 4 April 2023
according to data from the Multiscale Ultrahigh Resolution Sea
Surface Temperature project, that Peru’s National Meteorological
and Hydrological Service declared the area to be experiencing a
coastal El Nifio as early as March 2023°. Warm anomalies in the far
eastern tropical Pacific are expected to persist until the end of the
boreal autumn (Fig. 1a), when they begin to move away along the
equator into the central Pacific (Fig. 1b, c), consistent with the
westward propagating residual annual SST mode in this region'®
and also a common feature of the “canonical” El Nifio (i.e., starting
in the east and propagating westward'"). This leads to a pattern of

SST anomalies more similar to the Central Pacific El Nifio type in
the heart of the boreal winter (Figure 1d-f). Finally, the models
predict that SST anomalies across the equatorial Pacific will finally
begin to decline significantly by the end of the winter and into the
following spring (Fig. 1f, g), returning to near-neutral values by
May 2024 (Fig. 1h). Figure 1i, j shows the predicted temporal
evolution of the two classical ENSO indices, Niflo3 and Nifo4 (see
definition in Fig.1 caption) for the individual NMME models, the
multi-model ensemble average and the observed indices for the
two strongest El Nifo episodes on record, the 1997-98 and
2015-16 events as a benchmark for assessing the amplitude of the
current event. Both indices are predicted to peak in early winter,
with values well above the El Nifio threshold in both the eastern
and western Pacificc, meaning that the upcoming event is
expected to be a mix between the eastern and central Pacific
modes'>'3, comparable to the 2015-16 event, although with a
weaker imprint in the eastern part of the basin.

ONE OF EL NINO’S FOOTPRINTS: RESHAPING AND FLOODING
THE WORLD’S COASTLINES

Numerous studies investigating the effects of El Nifio have shown
that it has a profound impact on regional climates and
ecosystems, extending well beyond its primary area of influence.
These widespread impacts include various aspects such as disease
incidence'®, susceptibility to mass coral bleaching’, changes in
fire'S, in fish abundance and distribution'?, and even its effects on
national economies, sectors, and food security'®'°. Because 600
million people live in coastal areas less than 10 meters above sea
level, the links between ENSO and coastal vulnerability have been
studied extensively?°=°. In particular, a recent study has built on
the many theoretical breakthroughs in understanding the
complex and diverse regimes of ENSO and their teleconnections?',
including their remote effects on drivers of coastal variability (e.g.,
waves, sea level, and rivers)*?% to formulate a climate-based
conceptual model of global coastal waterline evolution3 taking
advantage of a new data resource allowing to assess multi-year
fluctuations in its position.

The Earth’s coastal waterline is a remarkably dynamic interface
over a wide range of timescales, and even small shifts in its
position can induce coastal erosion and increased flooding risks
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thus having pronounced economic and societal impacts. As an
illustration, Fig. 2a shows the amplitude of seasonal variations in
global waterline position from a monthly dataset of satellite-

Table 1. Name of the different models of the NMME multi-model
ensemble forecasts system used in this study and characteristics of
their seasonal predictions.

Models Max lead Forecast period
CanCM4i 9 months October 2023-June 2024
GEM-NEMO - -

GFDL-SPEAR - -

NASA-GEOSS2S - -

NCEP-CFSv2 - -

NCAR-CCSM4 - -

NCAR-CESM1 - -

derived waterlines spanning the period 1999 to 2019. These
variations range from 0 to ~25m and are generally small in the
tropics and large in the extratropics, especially below the mid-
latitude storm tracks, reflecting the amplitude of the seasonal
change in wind-driven sea level and wave activity, which are the
dominant contributors to the seasonal variation of coastal water
level and thus the waterline position. The recently proposed
conceptual model®> of waterline position uses as predictors
different ENSO indices (i.e.,, Nifio3, Nifo4 and their respective
annual combinations®>3%) and other indices representative of
basin wide modes of climate variability to simulate the interannual
evolution of its position. After training this model using historical
values of the climate indices and the satellite-derived waterline
positions, it is used in forecast mode using the climate indices
predicted by the NMME system. Figure 2b presents the model
ensemble forecasts at the predicted peak of the upcoming El Nifio
(November 2023-January 2024 mean). Notably, the ENSO indices
convey the greater source of predictability, while other climate
modes (the Indian Ocean Dipole, Southern Annular Mode and
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Fig. 1 El Nifio forecasts. North American Multi-Model Ensemble (NMME) average forecasts of monthly interannual sea surface temperature
(SST) anomalies (in °C), initialized on October 1st, for the month of October (a), November (b), December (c) 2023, January (d), February (e),
March (f), April (g) and May (h) 2024 (contours are every 0.5 °C). Predicted temporal evolution of Nifo4 (i) and Nifo3 (j) (SST anomalies
averaged over the region [5°N-5°S, 150°W-160°E-150°W] delineated in red in (g) and [5°N-5°S, 150°W-90°W] delineated in blue in (h),
respectively) for the individual NMME model’s ensemble average forecast (colored lines), the multi-model ensemble average forecast (thick
black lines) and the observed indices for the 1997-98 and 2015-16 events (dashed black lines).
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Fig. 2 Waterline position anomalies forecasts. a Amplitude in meters of seasonal variations in global coastal waterline position from a
dataset of satellite-derived monthly waterline spanning the period 1999 to 2019. b Ensemble average predictions of anomalies (in m) in the
waterline positions (November 2023 - January 2004 mean) using the model (Eg. 1) trained for the period 1999-2019 and for an ensemble of
predictions constructed with the Nifo3 and Nifio4 monthly values from the NMME multi-model ensemble forecasts (first row of
Supplementary Table 1) and 1000 different monthly values of each climate index (Indian Ocean Dipole, Southern Annular Mode, and North
Atlantic Oscillation) covering their historical variations. Green dots in Fig. 2b indicate predictions that are significant with respect to seasonal
amplitude (predictions greater or less than half the seasonal variation) and to non-ENSO climate variability, i.e., if the spread (4+/— one
standard deviation, cf. Supplementary Fig. 1) of the predicted waterline anomalies remains of the same sign across all values of the other
climate mode indices Observed (c) and simulated (i.e., hindcast) (d) interannual anomalies of waterline position averaged in November

2015-January 2016.

North Atlantic Oscillation) have either much less persistence or
little skillful predictability beyond a few months. To deal with this,
these other modes are treated as noise forcing in our model
framework, and we have produced a range of predictions with
their values spanning historical variations to account for natural
climate variability occurring outside the Pacific. We mark with
green dots in Fig. 2b predictions that are significant with respect
to seasonal amplitude (predictions greater or less than half the
seasonal variation) and to non-ENSO climate variability, i.e., if the
spread (+/— one standard deviation, cf. Supplementary Fig. 1) of
the predicted waterline anomalies remains of the same sign across
all values of the other climate mode indices. This indicates
locations where the waterline is consistently retreating or
advancing, independent of natural climate variability in other
basins, and where such changes are substantial compared to
normal annual variations. Overall, our predictions tend to remain
significant in the tropical belt, where the influence of ENSO is
dominant and natural seasonal variations in waterline positions
remain small. For comparison, Fig. 2¢c, d shows the respectively
observed and simulated anomalies during the last El Nifio event in
2015-16, which shares commonalities with the upcoming one.
Following the expected seesaw pattern of SLA (Supplementary
Fig. 2a-c) and wave anomalies (Supplementary Fig. 2d-f) across
the Pacific associated with El Nifio, our projections evidence an
important waterline retreat in the eastern Pacific and relative
advance in the Indo-Pacific basin (including Australia). As the
equatorward shift of the North Pacific storm track extends across
the US. into the Atlantic, the associated increased wave activity
and positive SLA tend to promote waterline retreat along the
southern European coasts, while Scandinavia and the U.S. East
Coast are characterized by waterline advance due to decreased
wave activity and negative SLA (Fig. 2b and Supplementary
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Fig. 2f). The coastlines bordering the South Atlantic are generally
characterized by waterline advance. Overall, such patterns
resemble those of the 2015-16 El Nifo although with smaller
values because the upcoming event is expected to be weaker,
thus characterized by weaker teleconnections. The main differ-
ences between the two events are found in the Southern
Hemisphere (e.g., South Chile, Western Australia), which can be
attributed to differences in wave activity due to SAM, whose
seasonal mean values were strongly positive in 2015-16, while our
ensemble average projection emphasizes the impact of El Nifio
alone (cf. Supplementary Fig. 3).

PERSPECTIVES

Uncertainty still surrounds the main ingredients that govern the
evolution of El Niflo. However, since the current forecasts are
initialized beyond the predictability barrier, they are more skillful,
and thus, this event is not likely to develop as a strong event like
the 1997-98 El Nifo. So far, its evolution in the equatorial Pacific
resembles that of the 2015-16 El Nifio, yet with distinct impact
on the world’s coastal waterline, probably due to differences in
global teleconnections and onsets (e.g., occurrence of a strong
coastal El Nino off Peru in March-April 2023). Furthermore, the
picture painted here of El Niflo impacts on coastlines, including
potential flooding and erosion risks, is based on a simple data-
driven model and a relatively coarse-resolution global dataset of
waterline positions inferred from optical satellite imagery, in which
some regions are inherently characterized by low signal-to-noise
ratios. The amplitude of predicted anomalies should thus be taken
with caution. In particular, it cannot be taken as a given for
predicting the evolution of (your) local beach, where small-scale
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dynamics and local effects can drastically alter the regional outlook.
Nevertheless, we believe that this approach can provide a general
sense of the expected regional coastlines patterns driven by El
Nifio, from which a storyline approach can be implemented to
address risk assessment on relevant coastal ecosystem services.

METHODS
Shoreline dataset

This study used a comprehensive global waterline dataset that was
resampled using transects spaced at 0.5° (~50 km), following the
same approach as ref. 3, effectively covering approximately 1.5
million kilometers. The initial coastline dataset used was the Global
Self-consistent Hierarchical High-resolution Geography (GSHHG ver-
sion 2.3.6124%”), which facilitated the identification of locations along
the world’s coastlines. Multiple satellite acquisitions from Landsat
missions 5, 7, and 8 were used to derive monthly composites of the
coastal waterline as a proxy of shoreline positions from 1993 to 2019.
Because of the multiple re-passages of satellite after the late 1990s,
we restricted the study period to January 1999 until December 2019.
Satellite images were used to generate Normal Difference Water
Index (NDWI) maps, with an NDWI threshold set at 0. This method
identified pixels corresponding to ocean surfaces for NDWI > 0, and
land surfaces for NDWI< 0%, The shoreline/waterline was then
accurately identified as the interface between these land and ocean
surfaces. Contrary to a shoreline defined as a given coastal elevation
(i.e, a given topography isoline), a waterline (water limit) evolves
under potential morphological changes but also by coastal water
level fluctuations that can be driven by waves, large- and local-scale
sea-level variability and river freshwater flow. Compared to the
dataset used in ref. 33 in this version

1. We used a buffer zone, 500 m and 2000m cross-shore and
along-shore, respectively, to get rid of outliers.

2. Then all points within this buffer zone are projected onto
the cross-shore transect and linearly interpolated over time,
with a running average over 3 months.

3. Finally, all transects are aggregated using a 4-degree spatial
smoothing to average the waterline position.

Seasonal predictions

We used the SST anomaly outputs of seasonal forecasts from the
North American Multi-model Ensemble project (NMME) project, a
multi-model forecast system that includes models from the
operational forecast centers in the United States and Canada’.

Climate-based model for interannual evolution of waterline
positions

The 3-months detrended monthly waterline interannual anomaly
(cleared from the monthly mean climatology) S is then formulated as:

S(x,t) = F(ENSO) + &(x)NAO + {(x)SAM + n(x)IOD, (M
With F(ENSO) = A(x)Nino3 + B(x)Nino4

+(C(x)Nino3 + D(x)Nino4) * cos (w)

@

Where x and t represent the along-shore and temporal dimensions,
respectively, with 0.5° alongshore and monthly resolution, respec-
tively, and the phase ¢ =1 (i.e,, January) so that ENSO is peaking in
December-February. Again, the reader is invited to refer ref. 3> for
more details about the design of the model. The model’s coefficients
(A(), B(x), C(x), D(x), €(x), {(x) and n(x)) have been inferred trough
multiple linear regression over the period 1999-2019.
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To distinguish the El Niflo Southern Oscillation (ENSO) from other
climate modes, we consider the Indian Ocean Dipole (IOD), the
Southern Annular Mode (SAM) in the Southern Hemisphere, and
the North Atlantic Oscillation (NAO) in the Northern Hemisphere.
The SAM index is derived from the zonal pressure difference
between mid-latitudes (40°S) and higher latitudes (65°S) in the
Southern Hemisphere. Meanwhile, the NAO index is calculated from
the difference in pressure at sea level between the subpolar low in
Iceland and the subtropical high in the Azores. As for the IOD, it is
characterized by an anomalous sea surface temperature (SST)
gradient between the western equatorial Indian Ocean (50E-70E
and 10S-10N) and the southeastern equatorial Indian Ocean (90°E-
110°E and 10°S-0°N). Linear detrending was applied to all climate
indices, and the seasonal cycle was removed using a monthly mean
seasonal climatology. This process allows us to focus on the inter-
annual variability, which was further smoothed using a running
mean with a 3-month window over the period 1999-2019. This
approach allows us to effectively analyze the fluctuations and
patterns associated with the interannual variations of these climate
modes, while minimizing the influence of long-term trends and
seasonal variations. All climate indices are downloaded from the
NOAA portal (https://psl.noaa.gov/data/climateindices/list/).

DATA AVAILABILITY

The waterline data are available upon request to rafaelalmar@ird.fr. The climate
indices are available on the data portal: https://psl.noaa.gov/data/climateindices/list/.
The forecasts from the NMME are available on the portal: https://
ftp.cpc.ncep.noaa.gov/NMME/realtime_anom/

CODE AVAILABILITY

The codes are available upon request to julien.boucharel@ird.fr.
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