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Abstract

The 2017 Pacific Coastal Nifio Event was the strongest of its type. It caused torrential rainfall and devastating flooding
in Peru and Ecuador and thus rapidly caught the attention of the scientific community. From reanalysis data, three simi-
lar events, occurring in 2008, 2012 and 2014, are identified which are however all weaker, peaked later during the year
and led to very little socioeconomic impact. This study focuses on the role of seasonality for the evolution and impact
of Coastal Nifio events. Reanalysis products as well as historical simulations from a coupled climate model and targeted
model sensitivity experiments are utilized to assess the seasonal varying contributions of surface heat fluxes, horizontal
advection and subsurface processes to the modulation of sea surface temperatures off the Peruvian coast. As the atmo-
spheric conditions underlay a strong seasonal cycle with convection only occurring between December and April, warm
events in this season are shown to lead to stronger precipitation anomalies. Pacific coastal Nifio events in general are
shown to be primarily forced via oceanic processes, but in individual cases local atmospheric forcing plays an important
role. However, there is a very high variability between the individual events, with especially the 2017 event standing out

due to its forcing, timing, strength and associated precipitation response.
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1 Introduction

In February 2017, Sea Surface Temperature (SST) anoma-
lies of more than 5 K were recorded at the coast of Peru
(Echevin et al. 2018) causing strong anomalous rainfall and
devastating flooding in the otherwise arid coastal region.
Such warm anomalies are usually connected to the El Nifio-
Southern Oscillation (ENSO) and especially its warm phase
(El Nifio) characterised by an equatorial Pacific-wide warm-
ing. The warming in 2017, however, was confined to the
coast with no significant SST anomalies in the central-to-
eastern equatorial Pacific (Fig. 1). While the impact of SST
anomalies on local rainfall especially during boreal spring is
well established, the mechanisms behind such strong warm
events are still a subject of discussion. Therefore, we need
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to gain further understanding of those events and especially
their seasonality.

The coastal region off Peru (0-15°S) is influenced by
both the equatorial and coastal current systems. The latter
includes the northward alongshore Peruvian Coastal Cur-
rent at the surface, which transports cold, recently upwelled
waters into the region. These waters enter the equatorial
current system and are transported westward by the south-
ern South Equatorial Current at around 5°S. Inflow from
the northern hemisphere across the equator is minimal as
the northern South Equatorial Current is located just north
of the equator transporting northern hemisphere waters
westward and thus only marginally entering the region
of interest (Montes et al. 2010 and references therein). In
the subsurface, equatorial currents such as the Equatorial
Undercurrent and the Southern Subsurface Countercurrent
transport warm waters eastward into the coastal region,
which is then advected southward by the Peru Chile Coun-
tercurrent and the Peru Chile Undercurrent. The region also
features the strongest eastern boundary upwelling system
(Chavez and Messi¢ 2009), where surface temperatures are
lowered by vertical advection of colder subsurface waters.
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Fig. 1 Sea surface temperature anomalies during February 2017 from
NOAA OISST v2 (left) and time series of Niflol +2 and Nifio3.4 SST
anomalies (right). The solid rectangles indicate the Nifiol +2 and

The upwelling is mainly driven by the northward along-
shore winds (Brink et al. 1983). This leads to relatively
cool surface waters compared to other tropical regions and
contributes to the arid conditions. Even during the seasonal
peak in March, the SST is still lower than the convective
threshold for tropical regions (~27 °C; Xie and Philander
1994). Atmospheric convection mainly occurs in the inter-
tropical convergence zone (ITCZ), which is located north
of the equator during the whole year. A weaker secondary
ITCZ develops at around 5°S in March and April east of
150°W (Zhang 2001). Hence, the far eastern equatorial
Pacific experiences the presence of different cloud patterns,
including low stratiform clouds as well as high convective
clouds. The distinctive radiative forcing of both cloud types
further modulates SST variations (Chung-Chun Ma et al.
1996; Cronin et al. 20006).

The pronounced SST anomalies observed in 2017 in the
Nifiol + 2 region (90°W-80°W;0-10°S) are the fourth stron-
gest on record, with higher anomalies only observed during
the major El Nifio events in 1983, 1998 and 2016. These
basin-wide events, defined by SST anomalies in the Nifio3.4
region (170°W-120°W; 5°N-5°5), have been studied exten-
sively. The theoretical background and forcing mechanisms
of El Nifio events are well described in the literature (e.g.
Timmermann et al. 2018; Neelin et al. 1998; Harrison and
Larkin 1998). Westerly wind bursts in the western equato-
rial Pacific excite downwelling equatorial Kelvin waves
which propagate eastward along the equator, causing an ini-
tial warming in the eastern equatorial Pacific. This warming
in turn influences the Walker circulation and causes further
weakening of the equatorial easterlies, which marks the
beginning of the Bjerknes Feedback (Bjerknes 1969). The
knowledge of these mechanisms allows the prediction of El
Niflo events with a lead time of several months. This was
not the case for the strong coastal warming of 2017, which
took place without a corresponding warming in the equato-
rial Pacific. This event was not predicted, further enhancing
its socioeconomic impacts (Ramirez and Briones 2017).
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There are several forcing mechanisms for the 2017 event
proposed in recent studies, which however do not fully
agree with each other. Garreaud (2018) found little contri-
bution by Kelvin waves but instead attributed the warm-
ing to a relaxation of the south-easterly trade winds at the
coast and the following weakening of the coastal upwell-
ing and evaporative cooling. Local atmospheric forcing is
also identified as the main driver by Echevin et al. (2018)
who showed that the initial warming was caused by surface
fluxes and enhanced by wind stress curl-induced weakened
entrainment. Other studies suggest that the role of equatorial
Kelvin waves is of similar amplitude (Zhao and Karamperi-
dou 2022; Peng et al. 2019).

Extreme coastal Nifio events accompanied by neutral or
negative SST anomalies in the central Pacific as in 2017
are rare and the only other extreme events mentioned in
the literature occurred in 1891 and 1925 (Echevin et al.
2018). Hardly any information is available for 1891, but
the warming from February to April 1925 is well described
in Takahashi and Martinez (2019). Similar to 2017 it was
accompanied by neutral conditions in the central Pacific
but in contrast to 2017, this event developed into a basin-
wide warming in the following boreal winter (Liibbecke et
al. 2019). The forcing was associated with northerly wind
anomalies along the coast and a strengthening of the south-
ern branch of the ITCZ. Both events occurred during the
annual peak of SST and provoked non-linear feedbacks,
leading to a rapid onset of strong anomalies. Similar but
less extreme coastal Niflos were observed in 2008 and 2014
(Hu et al. 2019). Due to their lack of rainfall anomalies and
impacts on society, they are not as extensively studied as
the 2017 event. Hu et al. (2019) suggest that in 2014 remote
equatorial forcing caused the warming while in 2008 local
wind anomalies similar to 2017 were at play. Coastal warm-
ings caused by equatorial Kelvin waves were also present
in 1974 and 1975 (McPhaden et al. 2015), but they were
too weak and too short to be recognized as coastal Nifios in
recent studies.
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In this study, we revisit the 2017 event and compare it
with other coastal warm events from observational records
and as simulated by a fully coupled climate model, to com-
pare involved mechanisms and feedbacks. We particularly
highlight the role of seasonality, not only for the SST anom-
alies causing strong rainfall but also for the development of
the warming itself. Hence, after the data and methodology
are presented in Sect. 2, the seasonality of terms modulat-
ing SST as well as the cloudiness is investigated in Sect. 3.
Afterwards, coastal Nifio events from observations and
model simulations are analysed in Sect. 4. In Sect. 5 we take
a closer look at selected mechanisms by analysing targeted
model experiments with respect to the strength of mecha-
nisms and feedbacks during different seasons, followed by
a summary and discussion of the main findings in Sect. 6.

2 Data and methods
2.1 Reanalysis products

Atmospheric variables, such as wind speed, cloudiness and
surface heat fluxes are obtained from the fifth-generation
ECMWF reanalysis [ERAS, Hersbach et al. 2023]. This
data is available hourly on a 0.25° x 0.25° horizontal grid.
For this study, daily averages are used. Three-dimensional
oceanic variables such as subsurface temperature and veloc-
ities are taken from the CMEMS Global Ocean Reanalysis
(GLORYS, https://doi.org/10.48670/moi-00024) distributed
by E.U. Copernicus Marine Service Information, available
ona (0.25° x 0.25° grid with 75 vertical levels and daily tem-
poral resolution. From both data sets, the common period
from 1993 to 2020 is used.

2.2 FOCI model

We use the Flexible Ocean Climate Infrastructure (FOCI),
a fully coupled ocean-atmosphere-land model (Matthes et
al. 2020). The ocean component is based on the Nucleus
for European Modelling of the Ocean (NEMO) version 3.6,
ocean sea-ice model (Madec 2016). The Jena Scheme for
Biosphere Atmosphere Coupling in Hamburg (JSBACH,
Reick et al. 2013; Brovkin et al. 2009) is used for lower
atmospheric boundary conditions over land. For the atmo-
spheric component, the European Centre Hamburg general
circulation model (ECHAMS6, Stevens et al. 2013; Miiller
et al. 2018) with the T63L95 configuration is used, cor-
responding to approximately 1.8° in grid point space. The
ocean component has a 0.5° horizontal resolution and 46
depth levels with a vertical grid spacing increasing from
6 m at the surface to 250 m at depth with the application of
partial cells at the seafloor (ORCAOS5 configuration; Barnier

et al. 2006; Biastoch et al. 2008). The surface boundary con-
ditions retrieved from ECHAMBS6 are coupled to the ocean
model via the OASIS3-MCT coupler (Valcke 2013). These
include heat and freshwater fluxes as well as wind stress,
in which calculation ocean current feedbacks are included.
In this study three runs with identical configurations and
historical atmospheric boundary conditions, spanning the
years 1850 to 2013, are analysed. The initial states of the
ocean and atmosphere are taken from a 1,500-year-long
FOCI control simulation described in Matthes et al. (2020).

2.3 Model sensitivity experiments

In order to analyse the effect of the seasonality, we conduct
a set of 2-year-long sensitivity experiments, in which we
force a coastal warming off Peru by locally prescribing a
wind stress forcing. The prescribed wind stress is based on
a composite of coastal warm events from a 3000-year-long
pre-industrial control run (piCtrl). As described by Thoma
et al. (2015), we calculate the wind stress anomalies and
add them to the climatology utilizing a partial coupling
approach. Thereby, the forcing only influences the momen-
tum flux but not the surface heat fluxes, as the winds used
for the heat flux calculation are not directly affected by
the applied forcing. Applied anomalies are southward, i.e.
a weakening of the southerly trades, within the Nifiol +2
region and decrease south of 10°S. The forcing is applied
in the coastal area (0°-15°S; 85°W-75°W) with a 5° wide
transition zone where the forcing is linearly decreasing. The
whole forcing is applied for 40 days with a 5-day period
during which the forcing over the whole area is gradually
increasing (decreasing) at the beginning (end). In total we
conduct four sets of experiments by applying the forcing
either on the 10th (JAN) or 100th (APR) day of the year
using two different starting years for each experiment from
the piCtrl run. During both years the equatorial Pacific was
in a neutral state with SST anomalies in the Nifio3.4 and
Niflol + 2 regions close to 0. After the forcing period, the
forcing is turned off and the model can evolve freely. For
each set of experiments, eleven ensemble members are
simulated as well as an eleven-ensemble control simulation
without any prescribed wind forcing.

2.4 Mixed layer heat budget

To determine the importance of different processes for the
temperature evolution in the Coastal Nifio area, a mixed
layer heat budget is calculated as:

T
% = SHF + ADV + subsurface
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describing the temporal change in the mixed layer tempera-
ture (T) due to surface heat fluxes (SHF), horizontal ocean
advection (ADV) and oceanic subsurface processes (subsur-
face) with

h
gHF = Qo , ADV:/ _ 4t 4Ty,

p Cph 0 dx dy

where h is the mixed layer depth, p and C,, are the density
(1025 kg/m?®) and specific heat capacity of seawater (4000 J
K 'kg 1), respectively, and u and v are the zonal and merid-
ional ocean velocities.

The net surface heat flux ( Qg,,¢) consists of the latent heat
flux, the sensible heat flux, the longwave radiation and the
shortwave radiation. For shortwave radiation, only the part
which is absorbed within the mixed layer is considered. This
part is calculated as Q,;,, = SWR*1 — 0.47 /1% (Foltz et
al. 2020), where SWR is the net surface shortwave radiation
and h is the mixed layer depth in meters. The horizontal
advection is calculated for each grid point as the integral
over the mixed layer of the product of horizontal veloci-
ties and temperature gradient. Similar to Peng et al. (2019)
the subsurface term is defined as the residual and includes
processes like vertical entrainment and mixing through the
mixed layer base. For further insights into this term, the
mean upward velocities (UPW) and the vertical tempera-
ture gradient (dT/dz) are calculated. UPW is the area mean
of all upward velocities at the base of the mixed layer plus
the temporal change of the mixed layer depth. The vertical
temperature gradient is calculated as the difference between
the temperature 5 m below the mixed layer and the mean
mixed layer temperature. Mixed layer depth is determined
by a temperature difference of 0.2 K relative to the surface
temperature. For the mixed layer heat budget, the Nifiol + 2
region is extended eastward to the South American coast to
capture coastal processes. This region will be referred to as
the coastal Nifol +2 region (0°-10°S; 90°W — coast).

2.5 Definition of coastal Nifio events

Coastal Nifio events have been defined by different criteria
in the literature. The Comité encargado del Estudio Nacio-
nal del Fenémeno El Nifio (ENFEN, Peru) uses a 3-month-
running-mean Nifiol +2 SST index (L’Heureux et al. 2017).
Ramirez and Briones (2017) discussed the shortcomings of
this index for the 2017 event, as it can neither capture the
full magnitude nor is it suitable for such a rapidly devel-
oping event. Therefore, we propose here different criteria
to determine a Coastal Nifio event using daily SST anoma-
lies (SSTa), roughly following Liibbecke et al. (2019). As
we are looking for events without any basin-wide anoma-
lies we also include the Nifio3.4 SSTa. For an event to be
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considered as a Coastal Niflo in this study the 30-day run-
ning mean SSTa in the Nifiol +2 region has to exceed its
standard deviation, while it must not exceed 70% of its stan-
dard deviation in the Nifio3.4 region. Further, the difference
between the Nifiol +2 SSTa and Nifio3.4 SSTa has to be at
least 0.5 K. All three conditions have to be fulfilled for 50
consecutive days. We further focus on events that do not
show any warming in the central Pacific directly before or
after the coastal warming. These will be referred to as Stand
Alone Coastal Nifio Events (Liibbecke et al. 2019). All
events are separated into three phases, the build-up, the peak
and the decay phase. The peak phase is characterized by
Niflol +2 SSTa higher than 80% of the maximum reached
in each respective event. The build-up phase describes the
period before the peak phase with positive and increasing
Nifiol +2 SSTa, while the decay phase subsequently fol-
lows the peak phase and is defined by positive but decreas-
ing Nifiol +2 SSTa.

3 Seasonal cycle

In this section, we examine which terms are dominating
the mixed layer temperature evolution throughout the year
in order to assess how certain feedbacks and interactions
might differ between the seasons. It further serves as an
important comparison between model and reanalysis prod-
ucts, as differences in feedbacks might be caused by differ-
ent climatologies.

In the coastal Niflol+2 region, the climatologically
highest SST is reached in March. Compared to the reanaly-
sis, the model runs show a consistently higher SST during
the whole warm season (Fig. 2a). However, the subsequent
cooling is also stronger leading to comparable SST from
May to August. Minimum temperatures are reached already
in August in the model, while reanalysis data shows a mini-
mum in September. To better understand which processes
contribute to the seasonal changes, a mixed-layer heat bud-
get is calculated (Fig. 2b, ¢, d). Surface heat fluxes warm the
region throughout the year while subsurface processes pro-
vide the main cooling mechanism. The generally too warm
upwelling region is a common bias in global climate models
which has various reasons (Richter 2015). In the following,
we focus on the discrepancies of the processes responsible
for seasonal cooling and warming.

The reanalysis products present the strongest warming
by surface heat fluxes during the warming phase in boreal
winter and the weakest in boreal summer. Subsurface cool-
ing, which mainly consists of the upwelling of cold sub-
surface waters and vertical mixing through the mixed layer
base, is strong throughout the year with its highest values
after the seasonal peak in SST when upwelling velocities
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Fig. 2 Seasonal cycle for the coastal Nifio 1+ 2 region (0-10°S;90°W
- coast) of (a) SST and Mixed Layer Heat budget terms based on (b)
ERAS and GLORYS reanalysis, (¢) mean of all three historical model

are strongest. During the time of highest SST, the vertical
temperature gradient is strongest causing strong subsurface
cooling even with lower upwelling velocities. Horizon-
tal advection provides additional cooling of 10-20 W/m?
throughout the whole year (Fig. 2b).

The heat budgets calculated from the model simulations
(Fig. 2¢ and d) resemble each other. However, they display
some differences to the reanalysis data. First, the magnitude
of the surface heat fluxes and the subsurface term is much
smaller and second, during the seasonal warming from
August to January the horizontal advection term becomes
positive, while it is negative throughout the whole year in
the reanalysis data. Discrepancies in horizontal advection
are caused by an artificial southward coastal current in the
model, transporting warmer waters from north of the equa-
tor into the Nifiol 42 region. This current is visible along
the coast, even at the southern boundary of the Ninol +2
region where reanalysis products indicate a northward
inflow of colder waters with the Peru-Chile Current. In the
model simulations, this inflow of colder waters is shifted
offshore, balancing the error to some extent. The biggest dif-
ferences are found north of 5°S in the coastal region. During
the first half of the year, the alongshore northward advection
is rather small and hence the relatively poor representation
in the model runs does not cause major offsets, whereas from
July to December the biases are much larger for the meridi-
onal advection at both the northern and southern boundary
of the Nifiol +2 region. Additionally, the offshore trans-
port is underestimated in the model throughout the year,
which further contributes to too little oceanic cooling in the
Niflol + 2 region. These biases in horizontal advection are
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runs and (d) reference runs for model sensitivity experiments. Shading
in (a) indicates two standard deviations

a general problem in global climate models (e.g. de Szoeke
et al. 2010). The poor representation of coastal currents in
the model thus does not allow for a detailed analysis of the
advection, especially in the second half of the year. How-
ever, general changes in advection are still reasonable for
the first half of the year, which is the focus of our study.

The lower magnitude of the surface heat fluxes in the
model can be explained by the general warm bias of the
coastal region, which increases outgoing longwave radia-
tion and evaporation and thus dampens the warming by sur-
face heat fluxes. Differences in the seasonal cycle of heat
fluxes are further attributed to seasonal differences in the
mixed layer depth (MLD). While the mean MLD for the
Niflol +2 region in the reanalysis data ranges from 17 m
in February and March to about 33 m in August, the model
only shows MLD from 13 m in February to 20 m in July.
This enhances the part of the shortwave radiation which
penetrates through the mixed layer in the model. Further,
the latent heat flux is weakest in JJA in the model while
they are strongest during these months from reanalysis. In
combination, this diminishes the magnitude of the annual
cycle of the surface heat flux in the model. Additionally, the
surface heat fluxes are strongly influenced by clouds. In the
far eastern tropical Pacific the usually biannual cycle of the
sun in the tropics is modulated by the cloudiness resulting in
an annual cycle of shortwave radiation (Ma et al. 1996). The
main features determining the cloud patterns in the tropical
Pacific are the cold tongue and the emergence of the double
ITCZ in boreal spring. On smaller scales, SST-cloud inter-
actions play an important role.

@ Springer
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The total cloud coverage (TCC) in the coastal Nifiol + 2
region only experiences slight changes throughout the year,
ranging from 0.6 in boreal spring to 0.8 in boreal autumn
(Fig. 3a and c). The mechanisms creating the clouds how-
ever differ between those seasons. For most of the year,
subsiding air masses over the stable atmosphere due to rela-
tively low SSTs create low stratiform clouds as described by
Ma et al. (1996). During the presence of the double ITCZ in
boreal spring, deep convection can be observed also south
of the equator (Gu et al. 2005). This leads to TCC being
nearly identical to the low cloud coverage (LCC) for most
of the year, but differing strongly from January to April
when convective clouds are present (Fig. 3a). This season-
ality is well captured by the model (Fig. 3c).

Since there are different processes responsible for cloudi-
ness, the relationship between anomalies in SST and cloud
coverage varies seasonally. The general correlation of TCC
and SST anomalies is around 0.3 in FMA and —0.3 from
June to November in the reanalysis data. In the model, the
correlation is slightly weaker with 0.2 in FMA and —0.3
during the rest of the year. However, due to the large amount
of data considered, the regression values are statistically
significant. While in February and March, the regression
coefficient of TCC against SST is strongly positive (roughly
5%/K), it is slightly negative throughout most of the year

(Fig. 3b and d). Hence, in the climatologically warmest
boreal spring, additional warming leads to more convection
and subsequently more clouds. As a consequence, less solar
radiation reaches the sea surface and dampens the warming.
Outside of this convective season, positive SST anomalies
warm the cold upwelling water, reducing atmospheric sta-
bility and the subsiding of air masses which in turn reduces
cloudiness, often referred to as the low cloud cover (LCC)
- SST relationship (e.g. Cesana et al. 2019 and reference
therein) which is still challenging to simulate even for higher
resolution coupled climate models (Moreno-Chamarro et al.
2022). A warming during this season thus leads to a weak
but positive shortwave radiation feedback. The seasonality
of the regression coefficients is also represented well by the
model (Fig. 3d) with a slightly stronger negative correlation
between SST and low clouds. However, the LCC-SST rela-
tionship only dominates when no deep convection is trig-
gered. February to April are the only months with a positive
correlation between TCC which includes LCC and SST,
in agreement with the convective season visible from the
reanalysis (Fig. 3b, d).

In summary, we find that the mechanisms governing
SST changes in the Nifio 1+2 region vary over the year.
Additionally, the SST-cloud interactions also differ between
boreal spring, when atmospheric convection plays an
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important role and the rest of the year when low stratiform
clouds are dominant. This raises the question how this influ-
ences the seasonality of coastal Nifio events, which are the
focus of the next section.

4 Coastal Nino events

Based on the findings in Sect. 3, we here identify and char-
acterise coastal Niflo events in our data sets and investigate
involved mechanisms with respect to their seasonality.

In the Reanalysis products, four Stand Alone Coastal
Nifio Events are identified based on the criteria introduced
in Sect. 2.5. These events occurred in 2008, 2012, 2014 and
2017. A fifth coastal Niflo event occurred in 1998 in the
aftermath of the strong basin-wide El Nifio of 1997/1998
but is not considered in this study as it is not classified as a
Stand Alone event. In the three independent historical FOCI
model runs that we analysed, 14 such events occurred.
The simulated events display a clear maximum of SSTa in
the Nifnol +2 region, extending along the equator into the
central Pacific, but are hardly reaching the Niflo3.4 region
(Fig. 4a). Compared to the 2017 coastal Nifio (Fig. 1) the
warming along the coast is more confined to the region
north of 10°S and less intense along the Peruvian coast.

As displayed in Fig. 5a, the majority of simulated events
peak in boreal winter (DJF) while three of the four observed
events have their peak in boreal summer (JJA). The main
outlier is the 2017 event which peaked in boreal spring.
It is also the strongest of all observed events concerning
Niflol +2 SSTa. Overall, the events from the reanalysis
product are slightly stronger in terms of maximum Nifiol +2
SSTa (1.93 K compared to 1.54 K) but comparable in

duration (79 days) to the ones found in the model simula-
tions (78 days). Due to the high event-to-event variability
in terms of timing, duration and intensity, we separate each
event into three phases as introduced in Sect. 2.5.

For each phase of each event, the anomalies of all mixed
layer heat budget terms are computed. Due to differences
in duration and total SSTa change during build-up or decay
phases, the contributions are normalised by the sum of all
terms and displayed as relative contributions (Fig. 5b-¢).
For the observed and simulated events, the dominant terms
during the build-up phase are horizontal advection and sub-
surface processes. Surface heat fluxes mostly act as a damp-
ing, even during the build-up phase. The only observed
event forced by surface heat fluxes is the 2017 event. For
the decay of the observed events subsurface terms are con-
sistently the main driver, with very little contribution by
surface heat fluxes and horizontal advection. In the model
simulations the contributions during the build-up phase
agree with the observed ones. However, the decay phase dif-
fers strongly. Dominant terms in the model are surface heat
fluxes and horizontal advection, while subsurface terms are
slowing down the decay.

From the observed events, the 2017 event stands out not
only as the strongest but also due to its anomalous atmo-
spheric forcing. In comparison to the other observed events,
it occurs much earlier in the year. Correspondingly, the sim-
ulated events which show significant forcing by surface heat
fluxes also peak in December or January. However, there
are also simulated events peaking in December or Janu-
ary without any contribution from surface heat fluxes. For
more insights into the effect of seasonality on the effective-
ness of wind forcing and possible feedback mechanisms we
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Fig.4 (Upper) Composite SST Map of Stand Alone Coastal Nifio Events from FOCI historical model simulation and (lower) exemplary time series
of Niflol + 2 and Nifio3.4 SST anomalies. Red shading indicates Stand Alone Coastal Nifio events
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Fig. 5 Timing of all events (a) with red, green and blue indicating the
build-up, peak and decay phase, respectively. Observed events are
denoted by their year while simulated events are numbered consecu-
tively (M_XX). Dashed black lines indicate the time when the crite-
ria for a Coastal Nino are fulfilled. b) and ¢) show normalised rela-

conducted model sensitivity experiments which are anal-
ysed in the following section.

5 Seasonality of feedback mechanisms

While the observed events happened either during or right
after the convective season in FMA, in the historical simu-
lations only a few events did. The peculiarity of the 2017
event also raises the question of whether this is related to
the different timing. To address this question and to enlarge
the number of events simulated during the same seasons,
we conducted model sensitivity experiments. In this section,
we present the results of 4 different ensembles containing
11 members each. The forcing (described in Sect. 2.5) is
applied either on the 10th or 100th day of the year, i.e. the
warming is either forced in January or April and the experi-
ments are labelled JAN and APR accordingly. This is done
for two different starting years to further add variations to
the results. Hence, there are 22 runs with a warming forced
in January and the same amount with a warming forced in
April. For each experiment there is a control simulation with
an identical configuration but without any forcing applied.
The JAN experiments are representative of events occur-
ring during the season when atmospheric deep convection
is likely as for example the event in 2017. The timing of

@ Springer

tive contributions by subsurface processes, horizontal advection and
surface heat flux to the respective SST anomaly change for observed
events. Coloured bars show the median and black dots indicate single
events. d) and e) are the same as b) and ¢) but for the events from
historical model runs

the APR events is similar to the ones observed in 2012 and
2014.

In the runs with the wind forcing applied, significant
warming is produced at the South American coast for
both seasons (Fig. 6). For JAN events, the strongest SST
anomalies are located at the South American coast between
5°-15°S, whereas for APR events the warming reaches fur-
ther north to the equator and westward until 90°W, span-
ning almost the entire Nifiol 42 region. As a consequence,
the average Nifiol +2 SST anomalies are much stronger for
APR events, even though the local maxima are of similar
magnitude.

In the following sections, the oceanic response to the
wind stress forcing and the atmospheric response to the ini-
tiated warming will be analysed.

5.1 Dynamicresponse to local wind forcing

In this section, we focus on the period during which the
forcing is applied. The different terms influencing mixed
layer temperatures are calculated to see how the wind stress
forcing produces the coastal warming.

The immediate response to the forcing is a reduction in
mixed layer depth, upwelling and subsurface cooling. The
warming via horizontal advection is slowly increasing dur-
ing the forcing period and reaching its maximum towards
the end. Warming via subsurface processes is reduced with
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Fig. 8 Averages over the Niflol +2 region for a) sea surface tempera-
ture, b) shortwave radiation, ¢) latent heat flux and d) precipitation for
peak and decay phase for Coastal Nifio events from sensitivity experi-
ments. Displayed values are differences between model experiments

time as the vertical temperature gradient increases due to the
surface warming so that the horizontal advection becomes
the dominant warming term. Upwelling anomalies and
MLD anomalies are constant throughout most of the forcing

period.

Even though the main mechanisms causing the warm-
ing are the same, there are substantial differences between

and respective control runs. Events with a maximum SSTa of less than
0.5 K are excluded. Black dots show values for individual ensemble
members

the two seasons. For the APR events, both the vertical and
advective terms are stronger, leading to a stronger surface
warming in those experiments (Figs. 7 and 8a). However, in
both seasons the wind stress reduction leads to a decrease in
MLD and upwelling. These signals are stronger for the APR
events by a factor of two (Fig. 7). Differences in the reac-
tion to the wind stress forcing can be attributed to different
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background conditions during those seasons as described
below.

The JAN period is characterised by seasonally weaker
winds and therefore a shallower mixed layer and weaker
upwelling to begin with. Further, the vertical temperature
gradient and cooling via horizontal advection are weaker. At
the same time, the atmospheric heat fluxes are at their maxi-
mum. Hence, the heat budget is governed by atmospheric
fluxes rather than wind-driven ocean dynamics (Fig. 2b-
d). As a consequence, a wind stress weakening can further
weaken oceanic cooling and shoal the mixed layer but does
not lead to strong SST anomalies, as those are not the terms
dominating the temperature evolution during this time.

For the APR period, the situation is very different. Sea-
sonally the SST is decreasing as the surface heat fluxes are
weaker and cooling via subsurface processes is dominant
(Fig. 2b-d). The deepened mixed layer, stronger upwelling
and a stronger vertical temperature gradient all contribute
to that. Decreasing the wind stress can substantially slow
down the seasonal cooling, leading to strong warm anoma-
lies. The strong signal in dT/dz (Fig. 7) is a consequence of
the surface warming rather than a direct reaction to the wind
stress forcing. dT/dz mainly depends on mixed layer depth
and mixed layer temperature. While for the JAN events, the
mixed layer shoaling and warming cancel each other out,
for the APR events the warming dominates and creates a
stronger vertical temperature gradient.

5.2 Atmospheric response to initial warming

Once there is a substantial warming of the surface ocean, the
atmosphere reacts to this, potentially resulting in feedback
processes.

Figure 8 shows the differences between the sensitiv-
ity experiment and the respective control runs for the peak
and decay phases of the forced events. For each forced
warm event the peak and decay phases are defined and cor-
responding anomalies to the control run are calculated. It
can be seen that SST anomalies during the peak phase of
the APR events are about twice as strong compared to JAN
events (Fig. 8a). This leads to stronger reactions in short-
wave radiation and latent heat flux. Increased SSTs lead to
enhanced latent heat flux, which provides the main atmo-
spheric damping. Latent heat fluxes are enhanced by 10%
and 25% for JAN and APR, respectively (Fig. 8c). On the
other hand, short-wave radiation shows consistent positive
anomalies for both seasons, but these only account for 3%
and 11% of the climatological values of the respective sea-
sons. In total the heat flux changes offset each other and
do not lead to any significant feedbacks. The precipitation
anomalies caused by the warming, however, show a signifi-
cant difference. The weaker warming in January/February
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causes stronger local precipitation anomalies compared to
the April/May season (Fig. 8d). Also, the reduction of wind
speed as a response to the warming is about 4 times stronger
for the JAN events (not shown).

In none of the experiments, the coastal anomalies were
self-contained through ocean-atmosphere feedbacks. We
also do not observe any spreading of the anomalies further
offshore than 90°W. Due to the shallow warming, the ver-
tical temperature gradient increases drastically and allows
the vertical advection to act as a strong damping once the
forcing is switched off and upwelling velocities return to
normal. The resulting weakened meridional wind is dimin-
ishing south of 5°S and upwelling intensity is hardly weak-
ened. This suggests that for a longer-lasting event or events
that spread into the equatorial Pacific, additional external
forcing is necessary or the initial warming needs to also
include the subsurface ocean to hinder vertical processes to
rapidly dampen the warming.

6 Summary and discussion

In this study, we examined the seasonal cycle of the mixed
layer heat budget in the region where Coastal Nifio events
take place, i.e. the far eastern tropical Pacific. We find that
the seasonal cycle of mixed layer temperature mainly fol-
lows the seasonal cycle of the surface heat fluxes that act
to warm the mixed layer throughout the year. Cooling is
provided by subsurface processes and oceanic horizontal
advection with the subsurface term being dominant. In trop-
ical regions, solar radiation usually shows a semi-annual
cycle. Off Peru, the combination with the annual cycle of
cloudiness leads to an annual cycle of incoming solar radia-
tion, which is the main driver of variations in the heat fluxes,
highlighting the role of clouds for the Nifiol + 2 region.

Further, the cloudiness displays a strong seasonal cycle
with varying cloud patterns between boreal spring (FMA)
and the rest of the year due to the presence of the double
ITCZ (Zhang 2001). This seasonal change in the cloud
regime also leads to a reversal in the sign of the SST-cloud
feedback. Hence, anomalous warming in boreal spring,
i.e. the convective season, enhances cloudiness while it
decreases cloudiness during the rest of the year.

This study highlights the uniqueness of the 2017 Coastal
Niflo event. Consistent with Garreaud (2018), our analysis
suggests that surface heat fluxes have played a substantial
role in creating the warming. For all other events found in
the reanalysis data, surface heat fluxes only played a sec-
ondary role or were not important at all. Additionally, the
2017 event took place roughly three months earlier than
other Stand-Alone Coastal Nifio events. We argue here that
this is crucial not only for its impact on precipitation but
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composites of model sensitivity experiments while ¢) to f) display the observed events

also for its development as different mechanisms are domi-
nant during different seasons.

Our model sensitivity experiments suggest that in gen-
eral wind stress forcing applied in January leads to weaker
warming compared to a forcing applied in April. The wind
stress relaxation leads to a shoaling of the mixed layer and
reduced upwelling. Hence, the reduction of solar radiation
absorbed within the mixed layer damps the warming pro-
cess, caused by drastically decreased cooling via subsurface
processes. In January/February the mixed layer heat bud-
get is dominated by the surface heat fluxes, which are not
directly affected by the applied wind stress forcing in the
model sensitivity experiments. Forced changes in the sub-
surface processes (i.e. upwelling) have less influence on
SST in January/February compared to April/May when sub-
surface cooling dominates over surface fluxes in the mixed
layer heat budget.

Several studies have suggested that coastal wind forcing
was crucial for the development of the 2017 event. While
Echevin et al. (2018) pointed out that the local wind stress
forcing was the main driver, Peng et al. (2019) argued that
Kelvin wave forcing contributed equally in 2017. Both stud-
ies, however, agree that Kelvin waves alone cannot produce
an extreme event as observed in 2017 and that an interplay
of Kelvin waves and northerly coastal wind anomalies is
necessary. It has been suggested that Kelvin waves have a
stronger coastal effect if forced in the eastern Pacific rather
than the central western Pacific (Zhao and Karamperidou
2022). The results presented in this study agree with the

findings of Takahashi and Martinez (2019) who noted that
for the 1925 event surface heat flux and horizontal advec-
tion are the main drivers. They further emphasized that the
seasonality was critical for the warming to provoke strong
feedbacks.

The definition of coastal Nifio events used in this study
also accounts for rather short events but at the same time
focuses on Stand-Alone events that are not connected to
basin-wide El Niflo events. In agreement with Hu et al.
(2019), we find high variability within those events, both
in the small number of observed as well as the simulated
events. Our study thus highlights that there is no canonical
coastal Nifio event as strength, duration and forcing mecha-
nism are highly variable. The seasonality is crucial for very
strong events such as 1925 or 2017, as strong atmospheric
feedbacks can only be triggered when climatological SSTs
are close to the convective threshold. Further, the model
sensitivity experiments show spatial differences in the pre-
cipitation patterns between the seasons. The JAN events,
where the SST anomaly is constrained to the coastal region
south of 5°S, lead to enhanced precipitation at 5°S right at
the Peruvian coast, whereas APR events cause enhanced
precipitation at around 2°S further offshore centred around
85°W (Fig. 9a, b). Thus, while the precipitation response
for the APR events is of similar strength as for JAN, it
falls mainly over the ocean. Indeed, anomalous precipita-
tion directly along the coast (0°-10°S; 78°W-82°W) is sig-
nificantly stronger in JAN events (2.11 mm/day) compared
to APR events (1.27 mm/day). Similar differences in the
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spatial warming and precipitation patterns can be seen for
the observed events (Fig. 9c-f). The 2017 event shows the
strongest warming between 5°S and 10°S and the maximum
precipitation right at the coastal area of northern Peru and
southern Ecuador. For the coastal Nifios in 2008, 2012 and
2014, the warming is more spread towards the equator and
the coastal intensification is less pronounced. The rainfall
patterns further show little precipitation anomalies in the
Niflol + 2 region or over Peru and Ecuador. Strong anoma-
lies are only visible at around 5°N and west of 85°W, sug-
gesting rather a southward extension of the ITCZ than local
convective rainfall.

Model experiments presented in this study show that
wind stress-forced surface warming does not trigger enough
atmospheric feedbacks to sustain itself. All forced events
diminish rapidly after the forcing period as the surface
warming increases the vertical temperature gradient and
hence leads to very effective cooling once the upwelling
returns. The warming events in January, however, show a
relatively stronger response in precipitation (Figs. 8d and
9a and b). Thus, we conclude that warming events earlier
in the year are more likely to be sustainable or reinforced,
but in general additional forcing (e.g. via Kelvin waves) is
necessary for 2017-like events.
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