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• 78 years of sea level data on the Peruvian
coast have been analyzed, to quantify its
variability and check if its trend.

• We analyze data since 1942, from Talara,
Callao and Matarani tide gauge stations
located along the Peruvian coast.

• From the analysis, we have observed a
sustained increase in sea level.

• SLR on the Peruvian Coast is dependent
on the time interval. Interannual changes
are observed, due to ENSO phenomenon.
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The present work aims to analyze the variability of the sea level of the Peruvian coast with time series over a long ob-
servation period (Seventy-eight years, from1942 to 2019). Data came from the Talara, Callao andMatarani tide gauge
stations located at the north, center and south of the coast. Variations of sea level as well as air and seawater surface
temperature were analyzed. Among the different scenarios studied, a sea level rise of 6.79, 4.21 and 5.16 mm/year
for Talara, Callao andMatarani, respectively was found during the 1979–1997 nodal cycle. However, these results de-
creased significantly during the next cycle (1998–2016) until values of 1.53, 2.16 and 1.0 mm/year for Talara, Callao
andMatarani, respectively. Thus, it has been demonstrated that sea level rise are highly dependent on the time interval
chosen.Moreover, large interannual changes of up to 200mm/year are observed, due to recurring phenomena, such as
“El Niño”. On the other hand, the trends obtained are slightly lower than those shown by the IPCC up until 2006 but
significantly higher values have been observed. Finally, the results presented herein show the necessity of a local study
of the sea level variability at the coastal areas.
1. Introduction

The measurement and control of sea level variation has great impor-
tance, due to its multiple applications in different branches of science and
Marine, Nautical and Radioelectronic
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ments are: geophysical and oceanographic studies (Vidal et al., 2012;
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tional needs of navigation and ports (Sierra et al., 2017), the design and
Engineering, Puerto Real Campus, CASEM, 11510 Puerto Real, Cadiz, Spain.

ber 2022

le under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2022.160082&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2022.160082
mailto:bismarck.jigena@gm.uca.es
http://dx.doi.org/10.1016/j.scitotenv.2022.160082
http://creativecommons.org/licenses/by-nc/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


B. Jigena-Antelo et al. Science of the Total Environment 859 (2023) 160082
protection of port infrastructures and works (Awang et al., 2019; Pillai
et al., 2019), saline intrusion in aquifers and wetlands (Williams et al.,
1999; Hussain and Javadi, 2016), the impacts on coasts and beaches
(Lanfredi et al., 1998; Shaw et al., 1998; Bernabeu-Tello et al., 2002;
Payo et al., 2018; Cheon and Suh, 2016; Valderrama-Landeros et al.,
2019), the melting of glaciers (Rivera et al., 2002), and the long-term pre-
diction of sea level variation around the world due to the effect of climate
change (Teves et al., 1996; Williams et al., 1999; Cardoso and Benhin,
2011; Payo et al., 2018; Boski et al., 2015; Boretti, 2019; Jigena-Antelo
et al., 2021). All of these have economic impacts that require evaluation
(Bourgeois et al., 1999). Although sea level measurements have been car-
ried out for more than ten decades, their importance has increased dramat-
ically in recent years.

Tidal records are one of the most comprehensive and reliable oceanic
time series in the world. Their independent use and correlation with
other parameters, provides valuable information about the oceanic vari-
ability on seasonal and yearly scales that allow their impact on continental
margins to be monitored. Although there are notable exceptions (e.g.
Hünicke and Zorita, 2016; Andersen and Piccioni, 2016; Orejarena-
Rondón et al., 2019; Lan et al., 2021), in many countries there are insuffi-
cient long-term sea level records to allow comprehensive and predictive
studies to be made. In the majority of the cases, and especially in areas of
difficult access and in developing countries, the data have only been
taken during the summer season, or for specific projects, and, generally,
the data are taken over a year or less duration (Muñoz-Perez and Abarca,
2009; Jigena et al., 2015a, 2015b).

Moreover, according to Woodworth et al. (2019), the fluctuation in sea
level change is due to various physical forces (such as atmospheric pressure,
wind stress, precipitation, river runoff, ice melting, ocean current or steric
component), many of which that are difficult to predict accurately, but ac-
curate prediction are essential to managing risks of coastal flooding (Rey
et al., 2018; Rey et al., 2021) and coastal erosion (Aboitiz et al., 2008;
Payo et al., 2008; Wahl et al., 2014). This is the reason why estimating
the amplitude changes in the seasonal sea level cycle is so crucial and
useful.

Since the 1990s the use of remote sensing techniques in monitoring of
water level variations has become a powerful tool, considering the amount
of ungauged waterbodies all over the world. Satellite Altimetry has been
successfully used to measure in oceans (Birol et al., 2006; Gómez-Enri
et al., 2007; Laiz et al., 2012; López-García et al., 2019), lakes (Medina
et al., 2008, 2010), rivers (Koblinsky et al., 1993; Da Silva et al., 2010;
Becker et al., 2014; Sulistioadi et al., 2015; Chembolu et al., 2019;
Apaéstegui et al., 2009; Fassoni-Andrade et al., 2021) and wetland stages
(Cai and Ji, 2009; Lee et al., 2009; Da Silva et al., 2012; Ovando et al.,
2018). The progress achieved by this methodology in the fields of global
and coastal oceanography, hydrology, geodesy, and cryospheric sciences
has been very important to advancing scientific knowledge in ocean dy-
namics and the Earth observation from space (International Altimetry
Team, 2021; Aviso, 2022a, 2022b).

There are abundant studies and references which demonstrate that
global warming is a reality with the consequent rise of sea level (Church
andWhite, 2006; Goodman et al., 2018; Lavine et al., 2019). Some realistic
forecasts have been made on this phenomenon around the world, e.g., in
some countries and regions of America, such as Argentina (Lanfredi et al.,
1998), Canada (Shaw et al., 1998), Florida (Williams et al., 1999), Chile
(Rivera et al., 2002), Colombia (Cardoso and Benhin, 2011), Brazil (Boski
et al., 2015) or Mexico (Boretti, 2019) among others (Holgate and
Woodworth, 2004; Yin et al., 2017). In that sense, to evaluate the increase
of sea level at the Peruvian coast, the main references considered were the
most significant projections made and presented in the fourth and fifth
evaluation reports of the Intergovernmental Panel on Climate Change
(IPCC) (IPCC 2007 and IPCC 2013–2014), as well as the special reports
on the impacts of “a global warming of 1.5 °C” (IPCC, 2014, 2018) and
on “the oceans and the cryosphere in a changing climate” (IPCC, 2019).
All those reports were developed in the context of the preparation of the
IPCC Sixth Assessment cycle, which will terminate in 2022.
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Research by the IPCC indicates that the sea will rise progressively,
mainly affecting the coastal zones (IPCC, 2001). These estimations are
based on the tidal records that have been monitored worldwide, together
with other indicators, such as air andwater temperatures and others that af-
fect these changes. These measurements include those provided by Peru
from its National Tide Gauge Network, which are incorporated into the da-
tabase and numerically modeled for different greenhouse gas emission sce-
narios (Matellini et al., 2007; Quispe and Purca, 2009; Rodríguez-Morata
et al., 2019; Estrada, 2020).

These types of generalized IPCC reports have been used to create scenar-
ios for the coast of Lima (Teves, 1993; Teves et al., 1996). Nevertheless, no
study of the sea level rise, with real data for the Peruvian coast, has been
made until now.

Therefore, the objective of this article is to present the existing database
on the Peruvian coast, to analyze the data of the last 78 years, to compare
the trends obtained with the IPCC predictions, and to present the conclu-
sions derived from their discussion.

2. Materials and methods

In Peru, the studies on the sea level and its variations are made by the
Directorate of Hydrography and Navigation of the Navy (DHNM), through
the Department of Oceanography. This directorate manages and maintains
the stations of the Peruvian National Tide Gauge Network (PTGN), that are
installed along its coastline, and which continuously record variations in
sea level.

2.1. Study area

The study area is the Peruvian coast, specifically the tide gauge stations
installed in the ports of Talara, Callao and Matarani, whose records consti-
tute the most extensive and representative time series of sea level measure-
ments for the North, Center and South sectors of the Peruvian coast,
(Estrada, 2010; DHNM, 2001, 2020). The location of the PTGN stations
on the Peruvian coast is shown in Fig. 1.

The tides of the coast of Peru are semidiurnal, i.e., two alternate
high tides and two low tides are recorded every day. The range varies
from 0.54 to 2.44 m, with northern stations registering the highest
values. The greatest sea level heights were recorded during the extraor-
dinary “El Niño” events of the 1982–83 and 1997–98, with positive
anomalies of 40 cm with respect to the mean sea level (NCC, 2015;
DHNM, 2020).

Table 1 details the specific locations of the main PTGN stations, with
their geodetic coordinates linked to the Geocentric Reference System for
the Americas (SIRGAS) that is part of the International Terrestrial Refer-
ence Frame for epoch 2000.0 (ITRF2000). For more detail, see Altamimi
et al. (2002), Brunini (2007), SIRGAS (2018). The reference to the Tide
Gauge Bench Mark (TGBM), termed locally as BM Geonica (BMG), is also
linked to the mean sea level of the Callao tide gauge, which is the funda-
mental reference of the Peruvian National Geodetic Leveling Network.
Fig. 2 shows the reference heights of the three main PTGN stations, all rel-
ative to the TGBM at Callao.

Generally, the climatologic conditions at the Peruvian coast are influ-
enced by the dynamics of the wind system that derives from the Eastern
South Pacific Anticyclone, and seasonally, during the summer, by the dy-
namics of the Atlantic Anticyclone which, in its Western position, causes
the moisture transfer towards the Pacific side (Matellini et al., 2007; Aral
and Guan, 2016; Manzanas and Gutiérrez, 2019).

The coast is also influenced by the cold Peru Current, which acts as a
thermo-regulator mechanism, and by the Andes mountain range, whose
orographic effect regulates the persistence of the direction of trade winds
and, therefore, of the coastal outcrop (Ñiquen et al., 1999; Quispe and
Purca, 2009; Fasullo and Nerem, 2016; Serrano-Vincenti et al., 2016).
The coast is characterized by being a dry area, with a seasonal rainfall re-
gime of very light rains in the summer, and absent during the rest of the
year. However, they are significant and they increase in frequency,



Fig. 1. Location of the RMNP stations (a). On the right, the three main station installations, Talara (b), Callao (c) and Matarani (d).
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intensity and duration, with the coming of the “El Niño” phenomenon
(Sulca et al., 2018; Rodríguez-Morata et al., 2019).

The Air Temperature (AT) presents a cyclical behavior during the year,
with a marked monthly variation between the winter and summer months,
February being considered as the hottest, and the coldest between August
and September. The multiannual monthly average air temperature values
vary between 15.6° and 25.8 °C, where the values are similar in Callao
and Matarani, and this increases from the south to the north. This can be
seen in Fig. 3, which shows the correlation between the annual variation
of the water temperature with the air temperature (AT), and the annual
Table 1
Location of the Tide Gauge Stations, referred to the mean sea level of the Callao tide ga
added in 2000 and continue operation. Radar gauges were added in 2010 and continue
Geodetic Leveling Network can be found in Fig. 2.

Area Station Latitude (S) Longitude (W) Location

North Talara 04° 34′ 30.36″ 081° 16′ 57.93″ Petroperu Dock
Center Callao 12° 04′ 08.21″ 077° 10′ 00.42″ Peruvian Naval Academy -
South Matarani 17° 00′ 03.52″ S 072° 06′ 31.65″ TISUR Dock

3

variation of the mean sea level at the Talara, Callao and Matarani stations
(Quispe and Purca, 2009; Montenegro-Agreda, 2014).

The seasonal cyclical character of the summer causes a slight increase,
both in Seawater Surface Temperature (SST) and the monthly Mean Sea
Level (MSL), in relation to winter where their minimum values occur. Re-
garding to the SST, the greatest fluctuations are registered in the north
with 5 °C, and 2 °C in the central and south coastal zones. With respect to
the MSL, there are generally recorded variations of about 0.10 m, between
summer andwinter (Matellini et al., 2007; Aral and Guan, 2016). SST is the
water temperature close to the ocean's Surface, between 1 mm and 20 m
uge. Mechanical float gauges operated from 1942 until 2011. Pressure gauges were
operation. The elevation of the instruments with respect to the Peruvian National

Type Sensor Pressure sensor altitude rel
TGBM (m)

Primary Radar/pressure −5.47
North breakwater Primary Radar/pressure/float −3.32

Primary Radar/pressure/float −5.12



Fig. 2. Reference heights at the Talara, Callao andMatarani stations, referred to the
Callao tide gauge benchmark (TGBM).
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below the sea surface. For this reason, the SST is governed by both atmo-
spheric and oceanic processes. On the atmospheric side, wind speed, air
temperature, cloudiness, and humidity are the dominant factors regulating
the exchange of energy at the sea surface. On the oceanic side, heat trans-
port by currents, vertical mixing, and boundary layer depth influence SST
(Deser et al., 2010; NASA, 2022). The SST values have been acquired in
situ for each station and the annual averages have been obtained for their
analysis in this research. To obtain the graphs (Fig. 3), we have worked
with the following time series, Talara (1950–2019), Callao (1979–2019),
and Matarani (1986–2019).

2.2. Peruvian Tide Gauge Network (PTGN)

Sea level measurements in Peru began in 1942, with the installation of
mechanical tide gauges at the ports of Talara, Callao and Matarani, by the
Inter American Geodetic Survey (IAGS), in coordinationwith the Naval Hy-
drographic and Lighthouse Service (now the DHNM).

Starting in 1970, the DHNM took over the maintenance and control of
the tide gauges that had been established. At the end of 2000, and through
an Agreement with theWorld Bank, related to the Improvement of the Abil-
ity to Forecast and Evaluate the “El Niño” Phenomenon for the prevention
and mitigation of disasters in Peru (Naylamp Project), it allowed the tide
gauge stations to be updated by installing Sutron brand pressure sensors,
which couldmake hourly readings and transmit them every 3 h by satellite.
These were connected to the GOES-8 satellite, forming automatic ocean
meteorological stations which also housed sensors of other environmental
4

factors such as seawater temperature and air temperature, oxygen, salinity,
humidity and atmospheric pressure, among others. Thus, information on
the sea level along the coast of Peru, in quasi-real time, has been available
since that date. In addition, and regardless of the installed measurement
sensors, a tide gauge staff was installed in each of the stations.

After the earthquakes of August 2007 and February 2010, which caused
a local tsunami at the coasts of Peru and Chile, respectively, the need was
prioritized to strengthen the early warning systems against tsunamis to
thus reduce coastal vulnerability. In that sense, the DHNM, as responsible
for the National Tsunami Alert System, acquired ten Geonica RADAR
level sensors, inMay 2010. These sensors transmit every 10min via cellular
GPRS (General Packet Radio Service, an enhanced extension of GSM or
Global System for Mobile communications), which allows the automatic
confirmation of the presence of a tsunami in the Pacific Ocean.

Another equipment improvement took place in September 2010, through
the University of Hawaii Sea Level Center (UHSLC), with financing from the
National Oceanic and Atmospheric Administration of the United States
(NOAA), and in support to the Pacific Tsunami Warning Center (PTWC).
The information from these three stations is available in the Global Telecom-
munication System (GTS) in the World Bank World Sea Level Rise Dataset
(http://www.ioc-sealevelmonitoring.org/station.php?code=call).

2.3. Sea level measurement sensor

The time series of monthly mean sea level records come from the first
measurement equipment that was installed in 1942 in the ports of Talara,
Callao and Matarani, established by the IAGS in coordination with the
DHNM. These old mechanical Standard tide gauges made continuous ana-
log recordings. They are made up of a system of digital timepieces, pulleys,
well and float, and their processing was subject to the monthly shipment of
tide gauge rolls by land (DHNM, 2001).

Since the end of 2000s the three Gauge Stations have installed Sutron
Pressure Sensors, which have been acquiring hourly data and transmitting
it by satellite to the DHNM control center. The automatization andmodern-
ization of the stations was undertaken in May 2010, with the acquisition of
the afore mentioned Geonica RADAR level sensors, sampling per second
and averaged records per minute, with a double data transmission system:
via the cellular GPRS network, every 10 min, and by the INMARSAT satel-
lite systemwith the same frequency. In this way, the reception of data in the
control center is guaranteed in near real time. (Estrada, 2010; Danezis et al.,
2020). The installation of the Standard and Geonica sensors is shown in
Fig. 4.

The old mechanical tide gauges worked until mid-2011 and were used
to calibrate the automatic Geonica RADAR sensors. Thus, the historical se-
ries in these stations has continued uninterrupted. Also, as already men-
tioned, each station (see Fig. 2) has a tidal pole, a monitoring camera that
allows the occurrence of wild sea conditions and/or anomalies of sea
level variations to be verified, and a TGBM, termed locally as BM Geonica
(BMG).

2.4. Methodology for the determination of the mean sea level (MSL)

The MSL is a tidal datum, or vertical reference level (see Fig. 2), and its
determination, corresponds to the arithmetic mean of the tidal heights ob-
served continuously in one place, separated by the same time interval, car-
ried out during periods linked to the main tidal cycles (amonth, a year, or a
lunar nodal cycle) [DHNM, 2020]. This plane is linked to the Peruvian Na-
tional Geodetic Leveling Network, established by the IGN (Peruvian Na-
tional Geographic Institute), which is the vertical datum and the level “0”
of topographic reference for the entire country. Themost complete calcula-
tion is obtained using a lunar nodal cycle, which is a period of approxi-
mately 18.61 Julian years required for the regression of the Moon's nodes
to complete a circuit of 360° of longitude. It is accompanied by a corre-
sponding cycle of changing inclination of the Moon's orbit relative to the
plane of the Earth's Equator, with resulting inequalities in the rise and fall
of the tide and speed of the tidal current (NOAA, 2000).

http://www.ioc-sealevelmonitoring.org/station.php?code=call


Fig. 3. These graphs show the monthly climatological variability of the three variables, Air Temperature (AT), Mean Sea Level (MSL) relative to local sensor reference, and
Sea-water Surface Temperature (SST) at the Talara, Callao and Matarani main tide gauge stations.
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Fig. 4. Standard (left), and Geonica (right) sea level sensors used in the PTGN (Peruvian Tide Gauge Network).
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The altimetric linking was performed using geometric first order geo-
detic leveling, whose accuracy is 0.7 mm per kilometer of double leveling.
The TGBMs are linked to altimetric geodetic vertices of the official geodetic
networks of Peru, which have been established and are under the responsi-
bility of the IGN. The altimeter geo-referencing has been carried out accord-
ing to the specifications of UNESCO (1994), very similar to the criteria
stated by Jigena et al. (2015a, 2015b, 2018).

Values of the sea level have been acquired using different means, me-
chanical tide gauges (1942–2000), pressure sensors (2000–2010), and
both Geonica RADAR level and pressure sensors from 2010 until now. De-
pending on the availability all data were corrected by air pressure. With re-
gard to the data acquired by pressure sensors, to convert hydrostatic
pressure into a sea level equivalent height (h) we used Eq. (1), the well-
known inverted barometer effect or hydrostatic equation was used:

h ¼ P � Pað Þ=ρg (1)

where P is the instantaneous pressure registered by the tide gauge sensor,
Pa is the reference atmospheric pressure for each station, g is the accelera-
tion due to gravity, and the standard values for each station are shown in
Table 2.

Density values of the seawater (ρ) were calculated with data recorded
by the temperature and conductivity sensors in each station according to
UNESCO (1981) and UALM (2019), see Table 2. The pressure sensor
measures the total pressure, and therefore includes the effects of variations
in atmospheric pressure, though to the extent that the inverted barometer
Table 2
Atmospheric pressure, gravity, density of water and tidal characteristics at the Tide
Gauge Main Stations at the Peruvian Coast.

Station Reference
atmospheric
pressure (mb)

Gravity
(m/s2)

Density of
water (ρ)
(kg/m3)

Courtier
index
(F)

Amplitude
average
tides (m)

Amplitude
spring
tides (m)

Talara 1011.6 9.7805 1023.9 0.20 1.21 1.77
Callao 1013.8 9.78259 1025.1 0.69 0.54 0.97
Matarani 1014.3 9.7847 1025.2 0.61 0.66 1.11
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effect holds, where each millibar of increase in atmospheric pressure
(+1 mb) is equivalent to a reduction of approximately one centimeter
(−1 cm) of the level of the sea surface (Muñoz-Perez and Abarca, 2009;
Jigena et al., 2015b), these variations do not produce a signal at the pres-
sure sensor. We have used a reference pressure showed in Table 2 for
each station, as reference atmospheric pressure, to remove the mean
atmospheric pressure. Once corrected, the series in the three stations are
reconstructed, obtaining a complete series for the calculation of sea level
variations. The value obtained is termed the adjusted sea level (ASL).
2.5. Sea level variability

In the majority of cases, the processes of change on the coast can be
much more complex than on the open ocean, mainly due to the dynamics
of the tides, which on the coast are highly influenced by the circulation pro-
cesses in shallow waters (Woodworth et al., 2019). Among the factors that
influence sea level variability, in the short and medium term, the following
must be taken into account:

- The tides caused by periodic astronomical effects (hourly cycles up to
18.6 years). In the case of the Peruvian coast, it is a preponderantly
semi-diurnal regime (DHNM, 2020).

- Meteorological and oceanographic fluctuations (such as wind,
atmospheric pressure, evaporation and precipitation, the configuration
of the ocean basin or the bottom topography), including recurring
phenomena, such as “El Niño” and “La Niña”.

- Finally, seiches and tsunamis that can produce abrupt changes of the sea
level.

Once the sea level time series had been established in the master sta-
tions of the Peruvian coast (Talara, Callao and Matarani), analysis of data
sets over the period of 1942–2019 was carried out, with a coverage of 78
years. For this, the series of hourly recorded heights and the monthly, an-
nual, decadal and nodal arithmetic means, were used. In this basic statisti-
cal analysis for each station, the maximum and minimum values, the
variability trend of the average sea level, its standard deviation and the co-
efficients of correlation of the linear adjustment, were also obtained.



Fig. 5. Monthly sea level variations in the Talara, Callao and Matarani stations.
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Specifically, for the nodal analysis, the following intervals were consid-
ered: 1941–1959, 1960–1978, 1979–1997 and 1998–2016. These cycles
were defined astronomically to study their influence on the tidal amplitude,
taking the specialized publication of the NOAA (2001) as reference. The
specialized software in the Sea Level Data Processing and Analysis of the
Joint Archive for Sea Level (JASL) has also been used (University of Hawaii
and National Center of Oceanographic Data of the National Oceanic and
Atmospheric Administration or NOAA), which utilizes Foreman (1977)
algorithms.

The primary control consisted basically of the review of the monthly tide
gauge records. After this, the graphs of the annual blocks of hourly records
were generated for each station, as well as the residuals, obtained with sub-
programs PLOT and RESID (NMPR2 software). It was verified that there
were no time errors, missing data or significantly erroneous peaks.

Finally,with the certainty of the validity of the recorded data, the sea level
variability (with respect to time) was evaluated by producing and analyzing
the graphs of the monthly and annual averages, and anomalies of the
whole historical series (1942–2019) of the three stations. The anomalies
were calculated by taking the difference between the mean value of the his-
torical series for that month and the mean monthly recorded value. The
main factors influencing the variability were identified and analyzed, from
the short-term and periodic, such as tides and recurring “El Niño” and “La
Niña” phenomena, to the larger-scale, such as the phases of the Pacific
Ocean Decadal Oscillation (PDO), and those induced by climate change.
The statistical programSTLwas also used to perform a seasonal-trend decom-
position procedure based on Loess (see e.g. Cleveland et al., 1990). Thisfilter-
ing procedure has allowed us to decompose the monthly sea level time series
of the standard stations from the period 1942 to 2019, into trend (i.e., low fre-
quency signal), seasonal and residual components.

For the characterization of the local tide, harmonic analyses were per-
formed using the NMPR2 software. Moreover, to assess the repercussion of
the El Niño – Southern Oscillation (ENSO) phenomena and its phases (the
warmth of “El Niño” and the cold of “La Niña”), sea levels were analyzed, to-
gether with the surface temperature of the sea, recorded at the same locations.
The correlation coefficients were determined between these parameters and
the “El Niño” Coastal Index (ENCI), which corresponds to the three-month
moving average of monthly anomalies of the SST in the Niño 1 + 2 region.
For this, a monthly climate was calculated, based on the 1981–2010 period
using ERSST v3b real-time data, defined for monitoring in Peru by the Na-
tional Study of the “El Niño” Phenomenon (ENFEN, 2012).

Likewise, for the evaluation of longer processes (such as the Pacific De-
cadal Oscillation), the long-period sea level series and the linear trend of its
variability over time were also analyzed. Cumulative sea level values were
obtained for different periods and/or situations, taking the observations
made by the IPCC in its Assessment reports as a reference. Thus, these ele-
vations were corroboratedwith local records, and the rates of their increase
were determined in millimeters per year.

3. Results

This section shows the sea level rise trends observed on the three study
sites and their relation with El Niño events.

The form factor (F), or Courtier index (Table 2), calculated by the
DHNM according to Defant (1961) or SHOA (2002), indicates that Talara
has a typically semi-diurnal tidal regime (F < 0.25), while Callao and
Matarani have the presence of a predominantly semi-diurnal mixed type
tidal regime (0.25 < F < 1.50), having two high tides and two low tides
every day. Regarding the amplitude of the tidal range, that is, the difference
between a successive low tide and a high tide, the tides have a micro-tidal
range, with amplitudes of <2 m in the three stations.

From the continuous series of tide gauge information, the ranges or
thresholds of normal sea level variability with a standard deviation are ob-
tained for the stations of Talara, Callao and Matarani, whose values oscil-
late around ±6 cm.

The monthly sea level averages of the three tide gauge stations, corre-
sponding to the period 1942–2019, were obtained and, from them, the
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respective graphs were made for analysis. Fig. 5 shows the variations of
the monthly mean sea level between 1942 and 2019 in the Talara, Callao
and Matarani stations, respectively.

The graphs of the monthly sea level anomalies were also made (Fig. 6).
These anomalies were calculated with respect to their normal monthly pat-
terns which were obtained on the basis of the climatology of the period
1981–2010. This period coincides with the cycle of analysis for the Na-
tional and Regional Study of the “El Niño” Phenomenon in the Southeast-
ern Pacific (ERFEN). “El Niño” and “La Niña” phenomena are recurrent
events with great repercussions in the region of South Pacific, particularly
in the Peruvian coast. For this reason, the inclusion of the Pacific Decadal
Oscillation (PDO) was considered important since it is a pattern that domi-
nates the interdecadal variability of the temperature of the Pacific Ocean.
The PDO has two phases, onewarmand one cold. This concept is evidenced
in the RMNP tide gauge records, proving the bidirectional interaction be-
tween ENSO and Decadal variability (Takahashi and Dewitte, 2015). More-
over, IPCC Special Reports analyzes this issue (IPCC, 2013, 2018) regarding
the evaluation of global models, since climate change could strengthen or
weaken the typical weather patterns associated with ENSO, and with it
our concern due to the impact on the coastal areas of our country. These
warm and cold phases of the Decadal Oscillation of the Pacific are shown
in Fig. 6, shaded with red and blue, respectively.

“El Niño”, a recurrent large scale oceanic-atmospheric interaction phe-
nomenon, directly affects the sea level in the Equatorial Pacific and, specif-
ically at the Peruvian coast. The relationship between the sea level and the
SST has been verified in each station (period from1978 to 2019), obtaining
the correlation coefficients of 0.70, 0.73 and 0.63, for Talara, Callao and
Matarani, respectively. These correlation analyses were alsomade between
the average anomalies of the sea level and the SST, with respect to the ENCI
for the period 1978–2019, where a linear correlation between these vari-
ables is found. Thus, Fig. 7A shows that a correlation value of r = 0.77
was obtained, between the average of the measured anomalies of the
mean sea level (AMSL) and the anomaly of themean sea water temperature
(AMST) of the ENCI (“El Niño”Coastal Index, ICEN in Spanish). The ENCI is
the index officially used by the Multi-sectorial Committee for the Study of
the “El Niño” Phenomenon (ENFEN) at the Peruvian coast. The procedure
for its calculation is detailed in the Technical Note of the ENFEN (2012).

Otherwise, Fig. 7B shows a better correlation of r = 0.90 between
the average of the measured anomalies of the mean sea water tempera-
ture (AMST) and the anomalies of the sea water temperature of the
ENCI.

Recent values are calculated as the three-month running mean of the
SST anomaly in the “Niño 1 + 2” region (90°–80°W, 10° S–0°), which can
be consulted in (IGP, 2021; Climate Data Guide, 2021). The absolute data
are obtained in real time by NOAA (2021), except the climatological data
for the period 1981–2010 (IGP, 2021).

This index differs from others used internationally because it better re-
flects the conditions of the Peruvian coast, while the other indices, known
internationally as Niño 3.4, SOI, ONI, Multivariate ENSO (“El Niño” South-
ern Oscillation) Index (MEI), among others, refer to large scale conditions
most representative of the central Pacific (Takahashi et al., 2011). It is high-
lighted that the ENFEN also monitors these other indices due to their influ-
ence on rainfall in the Andean region (e.g., Lagos et al., 2008) or the
Peruvian Amazon (Espinoza et al., 2013).

In a complementary manner, Table 3 shows values of the linear trend of
the historical series at the three stations, where all the measurements have
been referred to the MSL.

Likewise, Fig. 8 shows the variation of the annual MSL and its trend at the
stations of Talara (a), Callao (b) and Matarani (c), from 1942 to 2019. Fig. 8
(d) shows all the “El Niño” phenomena that have occurred since 1942–2019,
and they have been classified according to intensity and the anomalous tem-
perature range of the ONI. To do this, the variation in seawater temperature
was taken into account: If the variation is from 0 to 0.5 °C the effect was con-
sidered Normal or No ENSO (1), if the variation is from 0.5 to 1 °C it is con-
sidered a Slight event (2), from 1 to 1.5 °C it is a Moderate event (3), from
1.5 to 2 °C it is a Strong event (4), and if it is >2 °C it will be classified as a



Fig. 6.Monthly sea level anomalies in the Talara, Callao and Matarani stations. In red: Warm phase. In blue: Cold phase.
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Fig. 7. (A). Correlation between AMSL vs AMST-ENCI. (B). Correlation between AMST vs AMST-ENCI (B). Region: Peruvian Coast Tide GaugeMain Stations Talara (North),
Callao (Center) and Matarani (South). Period: 1978–2019.

Table 3
Decade and nodal averages of the primary stations, referred to abovemean sea level
(a.m.s.l.).

Period Talara Callao Matarani

Sea level decade averages. Heights in meters (m)
1950–1959 1.30 1.04 2.01
1960–1969 1.29 1.02 1.99
1970–1979 1.35 1.08 2.05
1980–1989 1.38 1.12 2.08
1990–1999 1.38 1.12 2.07
2000–2009 1.33 1.08 2.04
2010–2019 1.37 1.08 2.05

Sea level nodal averages. Heights in meters (m)
1960–1978 1.32 1.04 2.01
1979–1997 1.38 1.12 2.08
1998–2016 1.35 1.08 2.04

Sea level statistical values from 1942 to 2019. Heights (m)
Maximum value 1.50 1.26 2.18
Minimum value 1.25 0.98 1.94
Average 1.34 1.07 2.04

B. Jigena-Antelo et al. Science of the Total Environment 859 (2023) 160082

10
Very Intense or Mega-Niño event (5). To qualify an event, anomalous mea-
sures must maintain these values for at least three months.

The increase in mean sea level obtained, based on the records at the
Peruvian tide gauge stations of Talara, Callao and Matarani between 1942
and 2019, shows a similar trend but not exactly matching the observations
of global sea level increase that are reported in the IPCC Assessment Reports
(2007, 2013 and 2019). Table 4 presents a summary of the values of the lo-
cally increase in MSL (in mm/year) at the stations studied, and compared
with the values obtained in studies conducted globally by the Committee of
Experts of the IPCC. Global average sea level shows an average rate of incre-
ment about 1.8 [1.3 to 2.3] mm yr−1 over 1961 to 2003 (IPCC, 2007, page
30). It is very likely that the mean rate of global averaged sea level rise was
1.7 [1.5 to 1.9] mm yr−1 between 1901 and 2010, 2.0 [1.7 to 2.3] mm
yr−1 between 1971 and 2010 (IPCC, 2013, page 10). Finally, the rate of
Global Mean Sea Level rise for 2006–2015 was 3.6 mm yr−1 (3.1–4.1 mm
yr−1), an unprecedented value over the last century (IPCC, 2019).

Furthermore, the STL method to decompose a time series into trend,
seasonal, and remainder components were used. The STL method is a



Fig. 8.Annual averages and trend ofmean sea level rise. (a) Talara station, (b) Callao station, (c)Matarani station, (d) Occurrence and intensity of the “ElNiño” phenomenon.
The grey bars mark the year of occurrence of the El Niño phenomena. The height of the bar represents the intensity of the phenomenon, being the following: 1: No ENSO; 2:
Slight; 3: Moderate; 4: Strong; 5: Mega-Niño.
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robust time series decomposition method that uses locally adjusted regres-
sion models. The decomposition by Loess has been performed in the three
main stations Talara, Callao and Matarani.
11
In Fig. 9, the STL analysis performed at the Talara station is shown.
Trend gives the low-frequency variability. We can see that from 1942 to
1953 there is a downward trend, an upward trend from 1953 to 1985,



Table 4
Comparison of global trends in sea level rise (inmmper year), according to the IPCC
predictions and those recorded by the Talara, Callao and Matarani stations.

Period IPCC Talara Callao Matarani

1961–2003 1.80 0.70 1.10 1.20
1971–2010 2.00 1.30 1.70 0.80
2006–2015 3.60 13.30 8.40 8.30
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again a downward trend until 1989 and a final upward trend until 2020. It
is noteworthy that a “sinusoidal” cycle can be observed in the trend with a
periodicity of about 33 years (Yang and Zhang, 2003). However, the
Fig. 9. Talara Station. Top three panels: Decomposition by Loess (Seasonal, Trend and R
Niño” phenomena.

12
“trough” of 1998 is >3 cm higher than that of 1966. Moreover, the largest
remainder values are coincident with the extraordinary phenomena of “El
Niño” (check the 4 and 5 events at Fig. 9).

Similarly, the STL analysis performed at the Callao station is shown in
Fig. 10. It can be seen that the former “sinusoidal” cycle is not observed. In-
stead, there is a downward trend from 1942 to 1966, an upward trend from
1966 to 1979 and, since then on, a slight downward trend. In any case, the
elevation difference from 2019 to the first value of 1940 is >3 cm. Regard-
ing the remainders, the largest values are again coincident with the extraor-
dinary phenomena of “El Niño”.

In Matarani station (Fig. 11) the trend is very similar to Talara station
(Fig. 9). Again, a “sinusoidal” cycle appears where, in this case, the lowest
emainder), all with units of meters. Bottom panel: Occurrence and Intensity of “El



Fig. 10. Callao Station. Top three panels: Decomposition by Loess (Seasonal, Trend and Remainder), all with units of meters. Bottom panel: Occurrence and Intensity of “El
Niño” phenomena.
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“troughs” (1998 and 2011) are about 4 cm higher than the one for 1966.
Similarly to the other two cases, the largest remainders are also coincident
with the extraordinary phenomena of “El Niño”.

4. Discussion and conclusions

The scientific estimations of the IPCC are based on the tide gauge re-
cords that are being monitored worldwide, and which include the partici-
pation of the Peruvian National Tide Gauge Network. In this sense, there
are three specialized international organizations dedicated to global Sea
Level monitoring: the Permanent Service for Mean Sea Level (PSMSL),
the Global Sea Level Observing System (GLOSS) and the University of Ha-
waii Sea Level Center (UHSLC). The data from these centers have a high
13
degree of reliability, due to their control of the quality of data that are
used, both in marine circulation and climate change studies.

The IPCC Fourth Assessment Report (2007) predicted a sea level rise of
0.18 to 0.79m, between the periods of 1980–2000 and 2090–2100, if a pos-
sible rapid ice sheet response is incorporated. However, certain differences
have been detected between the values indicated by the IPCC and those cal-
culated with real data from the Peruvian tide gauge stations.

The series of monthly sea level anomaly records (Fig. 6) shows four very
marked sea level stages. Negative anomalies prevailed in the first stage be-
tween 1944 and 1975, positive anomalies then prevailed until mid-1998,
negative anomalies were presented until 2013, and then changed again to
a phase of positive anomalies. This condition corresponds to the warm
and cold phases of the Pacific Decadal Oscillation. These phasesmaintained



Fig. 11.Matarani Station. Top three panels: Decomposition by Loess (Seasonal, Trend and Remainder), all with units ofmeters. Bottom panel: Occurrence and Intensity of “El
Niño” phenomena.
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a long duration during the 20th century. Otherwise, duration of the
phases have decreased in the 21st century, possibly due to the greater
susceptibility to extreme atmospheric effects and their more frequent
changes.

On the one hand, cold periods in the Pacific Ocean are associated with
low sea level, and occurred in 1945–1947, 1949–1950, 1954–1956,
1960–1964, 1966–1969, 1973–1974, 1988–1990, 1995–1996,
1999–2001, 2003–2004, 2007 and 2013. On the other hand, warm periods
and high sea levels are associated with the “El Niño” phenomena of
1957–1958, 1965–1966, 1972–1973, 1976–1977, 1982–1983,
1986–1987, 1991–1992, 1997–1998, 2002, 2009 and 2016–2017
(Macharé and Ortlieb, 1993; Colas et al., 2008; Takahashi and Dewitte,
2015; Yang et al., 2018), see Figs. 5, 6 and 8.
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The maximum sea level values at Talara, Callao and Matarani, were re-
corded in January 1983 and December 1997, during the occurrence of Ex-
traordinary “El Niño” Phenomena, with values of 1.75, 1.43 and 2.35 m
respectively. Anomalies of 0.38, 0.34 and 0.31 m were detected in relation
to their normal monthly averages. Something similar happened with the
annual averages, with the maximum values being presented in 1997 for
the three stations (see Fig. 8).

The minimum sea level values at Talara, Callao and Matarani, were re-
corded in November 1955, September 1967 and December 1971, with
values of 1.19, 0.91 and 1.89 m respectively. Values of the anomalies of
−0.13, −0.14 and −0.15 m, were calculated in this case.

Regarding the ENSO, the linear correlation coefficient between the
AMSL and the AMST was determined, both parameters responding to the



Table 5
Analysis of the Sea Level Rise (SLR) taking into account different scenarios and pe-
riods at the Talara, Callao and Matarani stations.

Scenario Period Talara Callao Matarani

SLR Trend SLR Trend SLR Trend

(cm) (mm/year) (cm) (mm/year) (cm) (mm/year)

I 1942–2019 7.00 0.90 3.90 0.50 3.40 0.44
1942–2015 16.50 2.23 13.30 1.80 10.60 1.43

II 1942–1977 11.40 3.17 13.10 3.69 12.80 3.56
1978–1998 7.70 3.67 6.60 3.14 7.20 3.43
1999–2019 6.60 3.14 1.10 0.51 4.50 2.14

III 1964–1983 24.70 12.35 24.50 12.25 21.10 10.55
1964–1997 24.80 7.29 28.20 8.29 24.10 7.09
1964–2015 21.00 4.04 17.40 3.35 18.30 3.52
1964–2019 11.50 2.05 8.00 1.43 11.10 1.98

IV 1979–1997 12.90 6.79 8.00 4.21 9.80 5.16
1998–2016 2.90 1.53 4.10 2.16 1.90 1.00
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atmospheric ocean variations of the region. These correlation coefficients
have significant values for the three stations (see Fig. 7). However, the man-
ifestations of these variables in different processes are not completely homo-
geneous in space or time along the Peruvian coast. In the north and center,
there is a greater variability and correspondence of the MSL and the SST,
which gradually decreases towards the south. However, it cannot be specified
inwhat proportion because, although there are several “El Niño” events, they
differ in terms of their effects, magnitudes, the place of generation and the
date of occurrence. All these different variables reflect the complexity of
their analysis, despite the fact that there are currently multiple local and
global technological tools for their prediction. From the local point of view,
these same variables related to the ENCI, showed a greater linear relationship.
It should be noted that, themost intense recordedNiño events have been clas-
sified in terms of magnitude those of 1997–1998, 1982–1983, and
2015–2016, see Fig. 8. Also, the IPCC addresses this issue in its Assessment
Reports (IPCC 2013 and IPCC 2018), in its concern regarding the assessment
of global models, as climate change could strengthen or weaken the weather
patterns, typically associated with ENSO.

The rates of sea level rise registered by the Peruvian primary stations,
with respect to the global observations made by the IPCC (see Table 4), re-
flect much lower values until 2003 (between 0.70 and 1.2 mm/year com-
pared to the 1.80 mm/year from the IPCC), and slightly lower values
until 2010 (between 0.8 and 1.70 mm/year vs 2 mm/year from the
IPCC). However, between 2006 and 2015, the values measured in the
Peruvian stations are much higher (between 8.3 and 13.3 mm/year com-
pared to the 3.60 mm/year indicated by the IPCC studies), possibly due
to the prevailing regional variability in this sector of the South Pacific.
These differences with the values actually measured indicate that the
IPCC values are of great help for long-term forecasts, but that they must
be validated at the local level, when it comes to taking preventivemeasures
or solutions by the managers of a given area.

Regarding the estimations of sea level rise made by the IPCC, they have
been modified over time, due to better quality data and greater scientific
and technical knowledge having been obtained. This has made it possible
to improve forecasts related to the dynamics of the Greenland andAntarctic
ice (Turner, 2004; Kim et al., 2019; Clancy et al., 2021).

Thus, the analysis of the sea level data presented here has considered
four time scenarios: The First Scenario (I) includes the direct cumulative
value of the entire series (1942–2019) and the cumulative value since the
start of measurements till the year with the maximum annual value ob-
tained in the last decade (1942–2015). The Second Scenario (II) segregates
the analysis periods into three consecutive groups (1942–1977, 1978–1998
and 1999–2019), choosing as cut-off dates the years in which extreme phe-
nomena of El Niño occurred (1977–1978 and 1998–1999). The Third Sce-
nario (III) considers the lowest annual average (1964) and the two highest
levels observed of the whole historical series (1964–1983 and 1964–1997),
as well as themaximumannual average of the last decade (1964–2015) and
also the last year of analysis (1964–2019). Finally, the Fourth Scenario (IV)
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considers the last two nodal cycles of the series (1979–1997 and
1998–2016). These scenarios are detailed in Table 5.

From the analysis obtained for the different proposed scenarios
(Table 5), a sustained increase in sea level is observed. However, thefigures
change a lot depending on the chosen interval of time.

For instance, if we consider the 78 years of the whole observation period
(1942–2019), the lowest trends, 0.90, 0.50 and 0.44 mm/year are obtained
for the stations of Talara, Callao and Matarani, respectively. Obviously,
higher trends (2.23, 1.80 and 1.43 mm/year) are observed when taking the
year 2015 as reference (maximum annual average of the last decade). How-
ever, when taking the year with the lowest recorded annual average (1964)
as an initial reference, the greatest rising rates are obtained, ranging from
10.55 to 12.35 mm/year, in a lapse of 20 years (1964–1983).

Although scenario III could perhaps be considered as somewhat specu-
lative, we have included it to highlight the enormous differences that exist
depending on the period of time chosen.

As we have already commented (Table 4), these estimations differ
slightly from the global determinations of the rate of mean sea level rise, in-
dicated by the IPCC. Moreover, it is noteworthy to state that these trends
are not similar along the entire American west coast. For example, accord-
ing to Lan et al. (2021), the temporal variations of average annual sea level
amplitude show statistically significant negative trends, over 1952–2014,
for the North American Pacific Ocean coast, with a range of −0.34 mm/
year to−0.11 mm/year.

With respect to the STL analysis, it should be noted that this methodol-
ogy provides a newway of approaching the data and interpreting them. The
trend shows a sort of cyclewith a periodicity slightly>30 years (Figs. 9–11)
that could be related to the Pacific Decadal Oscillation (see e.g. Yang and
Zhang, 2003). Likewise, a rising trend in sea level can also be observed.
On the one hand, the “troughs” or lowest levels of the cycle have risen ap-
proximately between 3 and 5 cm (depending on the tidal station) in the an-
alyzed series. On the other hand, the peaks of the remainders coincide with
El Niño events. The stronger the Niño event the higher the seawater peak.

Thus, in summary, it can be concluded that:

- A clear trend towards a rise in sea level has been detected in the
Peruvian coast, with large oscillations depending on phenomena such
as El Niño or PDO. Thus, a high dependence on the time interval chosen
has been stated.

- Although global predictions are not expected to be the same as local or
regional ones, it should be noted that, in this case, trends obtained are
slightly lower than those shown by the IPCC up until 2006 but, since
then, significantly higher values have been observed. This implies the
imperative necessity of a local study of the sea level variability prior
to any decision taken by coastal managers.

- Finally, the Seasonal-TrendDecomposition or STL has proven to be a ro-
bust method to decompose a time series into trend, seasonal, and re-
mainder components. When applied to sea level rise data, the trend
appears related to the PDO while the residuals coincide with important
events of the El Niño phenomenon.
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