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A B S T R A C T

This study investigates sea level changes in the Red Sea over the last 29 years (1993–2021) by analyzing long- 
term trends and interannual variations in the total sea level anomaly (SLA). The study also explores the role of 
thermosteric and halosteric changes and interannual variability of total SLA using an empirical orthogonal 
function (EOF) analysis and their relationship with large-scale climate modes. The results show that the trends of 
total and steric SLA were higher in the northern Red Sea (NRS) than in the southern Red Sea (SRS), influenced by 
low-salinity water inflow from the Aden Gulf. The average SLA trend in the Red Sea between 1993 and 2021 was 
about 4.17 ± 0.14 mm/year. However, an abrupt change was observed in SLA and its components, with 
accelerating trends in the post-2008 period compared to the pre-2008 period. This increase was mainly due to the 
thermosteric effect, which was positively enhanced throughout the Red Sea. The halosteric component in the 
NRS contributed negatively to the overall steric effect. The interannual SLA variability accounts for about 45 % of 
the total variability and can be partially explained by the influence of the El Nino Southern Oscillation.

1. Introduction

Sea level rise due to anthropogenic climate change can have serious 
consequences for coastal populations and ecosystems around the world. 
Changes in global mean sea level depend mainly on two factors: the 
steric effect and mass changes in the water column. The mass changes 
arise mainly from the interaction between the ocean and the atmo
sphere, and the inflow of freshwater/ ice melting. Changes in water- 
column density due to thermal expansion and salinity variations cause 
worldwide fluctuations in sea level, known as steric sea level (Ishii and 
Kimoto, 2009; Jordà and Gomis, 2013; Levitus et al., 2012). Steric 
changes dominate the large-scale sea level variability on seasonal-to- 
decadal time scales (Gill and Niller, 1973). Quantifying the influence 
of changes in seawater density on sea level variability is critical for 
climate change research, as cumulative sea level rise can be considered 
both a key indicator of climate change and a potential threat to human 
activities in coastal regions (Storto et al., 2017). Sea level change is 
neither temporally nor spatially uniform but varies depending on both 
the time considered and the geographic region (Stammer et al., 2013). 
To mitigate the impacts of sea level rise on local populations and 
infrastructure, it is necessary to understand the driving mechanisms and 

factors contributing to sea level rise in each specific region. Regional sea 
level fluctuations can be very dynamic and complex, making it difficult 
to assess the relative contributions of their driving mechanisms.

The Red Sea is a semi-enclosed marginal sea with great socio- 
economic importance, being a major shipping route and one of the 
shortest sea lanes between Europe, the Persian/Arabian Gulf, and East 
Asia. It has a distinct environmental characteristic in both oceano
graphic and meteorological aspects. The Red Sea is located between 
Africa and Asia and is renowned as one of the world’s hottest and most 
saline oceanic regions, owing to its surrounding hot and dry continent, 
an evaporation rate of ~ 2 m/year (Nagy et al., 2021; Tragou et al., 
1999), negligible river runoff and little precipitation. The southern Red 
Sea (SRS) is connected to the Aden Gulf and the Indian Ocean through 
the narrow strait of Bab El-Mandeb (about 25 km wide, with sill-depth of 
160 m), whereas the northern Red Sea (NRS) is linked to the Mediter
ranean Sea via the Suez Canal (see Fig. 1). The study area, which extends 
from 12.5◦ N to 30◦ N and from 32◦ E to 44◦ E, has an average depth of 
490 m and a maximum centered depth of 1960 m (see, Fig. 1). The Red 
Sea’s coastal areas are characterized by shallow banks, with roughly 40 
% of its basin being less than 100 m deep (Rasul et al., 2015).

Numerous studies have investigated sea level changes on a regional 
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scale, including the Red Sea, the Gulf of Aden, and the Arabian Sea, 
using altimetry and a limited number of tide gauges in these regions. For 
example, the Aden tide gauge in Yemen is the only tide gauge in the 
Arabian Peninsula that covers a time window long enough to derive a 
trend and acceleration in relative sea level (i.e. to account for both land 
and sea movements). This tide gauge indicated a sea level rise of 3.02 
mm/year, based on monthly average sea level data between 1879 and 
2011 (Parker and Ollier, 2017). (Al-Subhi and Abdulla (2021) provide a 
comprehensive analysis of the long-term trend of sea levels in the Red 
Sea, Arabian Sea, and Arabian/Persian Gulf. They found that the 
average sea level trends in these three regions between 1993 and 2020 
were 3.88 mm/year, 3.16 mm/year, and 2.92 mm/year, respectively. 
Furthermore, Peter et al. (2022) investigated the variability of surface 
circulation and chlorophyll distribution in the Arabian Sea and 
emphasized the impact of Indian Ocean Dipole events on sea level and 
surface currents.

In recent decades, several studies have focused on seasonal and 
short-term variations of sea level in the Red Sea (Abdulla and Al-Subhi, 
2020; Antony et al., 2022; Churchill et al., 2018; Kusche et al., 2016; 
Sofianos and Johns, 2001; Sultan et al., 1995; Taqi et al., 2019). These 
studies concluded that the local surface wind stress and the combined 
effect of evaporation and water exchange with the Gulf of Aden are the 
main factors controlling seasonal sea level variations in the Red Sea. 
However, only a few research papers have evaluated the interannual 
fluctuations of sea level along the Red Sea coast (Abdulla and Al-Subhi, 
2021; Manasrah et al., 2009; Sultan et al., 1996), based on a limited 
number of tide gauge stations, and could not explain the causes 
responsible for these variations. Over the last decades, satellite altimetry 
data have contributed to a better understanding of long-term interan
nual sea level variations in the Red Sea (Abdulla and Al-Subhi, 2021; 
Taqi et al., 2020), although altimetry also has limitations, such as land 
contamination. In recent decades, the quality and accuracy of altimeter 
data have improved and can be used to study sea level changes along the 
Red Sea coasts (Taqi et al., 2020, 2019, 2017). They also found that the 
SLA altimeter data correlate highly with the short-term observations 

from three tide gauges along the coast of Sudia Arbia.
The interannual and decadal variability of sea level can be modu

lated by the large-scale climate variability modes. The two dominant 
modes of this natural climate variability in the Indo-Pacific region are 
the El Niño-Southern Oscillation (ENSO) and the Indian Ocean Dipole 
(IOD) (Li and Han, 2015; Schott et al., 2009). ENSO is the most energetic 
climate phenomenon on Earth, associated with variations in sea surface 
temperature (SST) and winds in the tropical Pacific region. IOD is a 
coupled ocean–atmosphere phenomenon in the equatorial Indian Ocean 
defined by the difference in SST between the eastern and western parts 
of the Indian Ocean (Saji et al., 1999; Thompson et al., 2016). Previous 
studies implied that the heat content and sea level in the Indian Ocean 
and adjacent regions, such as the Red Sea, are strongly associated with 
ENSO and IOD (Akhter et al., 2021; Alawad et al., 2019, 2017; Kersalé 
et al., 2022; Volkov et al., 2020). Recently, it was also found that the Red 
Sea SST is highly correlated with the Atlantic Multidecadal Oscillation 
(AMO) index (Krokos et al., 2019). So far, the steric effect in the Red Sea 
has only been studied on a seasonal scale. For example, (Feng et al., 
2014) used coarse resolution temperature/salinity profiles (1◦×1◦, 
global grids at monthly intervals) and the Gravity Recovery and Climate 
Experiment (GRACE) satellite data between 2003 and 2011 to investi
gate the seasonal variations of the steric effect and the mass-induced sea 
level. They found that the seasonal variability of sea level is mainly 
dominated by the mass component.

To fill these gaps, this study focuses on the long-term interannual 
variability and trends of sea levels in the Red Sea based on satellite 
altimetry data. Our overarching objective is to understand the causes 
and factors controlling interannual sea level variability and trends, and 
to assess the impacts of steric components and associated large-scale 
coupled atmospheric/oceanic climate modes on sea level change. In 
particular, we use 29 years (1993–2021) of satellite-derived sea level 
anomalies (SLA), sea surface temperature and salinity (SST and SSS) 
data, and 3D reanalysis temperature/salinity profiles over the Red Sea to 
investigate: (1) the long-term spatiotemporal trends of total SLA, steric 
effect and its components (thermosteric and halosteric), as well as sur
face and subsurface temperature and salinity; (2) the relative contri
butions of thermosteric, halosteric, and total steric effect to interannual 
SLA variability and trends; (3) the interannual variability of total SLA 
and the effects of large-scale climate modes of natural variability (i.e., 
ENSO, IOD, and AMO) on sea level change.

2. Data and methodology

The relative contributions of steric components (thermosteric, and 
halosteric) and atmospheric effects to interannual sea level variations 
and trends in the Red Sea were examined using various data sources, as 
indicated in the following subsections.

2.1. Satellite altimetry and climate indices data

Daily maps of Sea Level Anomalies (SLA) distributed by the Coper
nicus Marine and Environment Monitoring Service (CMEMS; Doi: 
10.48670/moi-00148, accessed June 2023) were used. This dataset is 
objectively interpolated with a spatial resolution of (0.25◦×0.25◦) and 
covers the period from 1993 to 2021. This product is generated by 
combining multi-satellite altimetry missions (Jason-3, Sentinel-3A, HY- 
2A, Saral/AltiKa, Cryosat-2, Jason-2, Jason-1, T/P, ENVISAT, GFO, 
ERS1/2). The data have been subjected to all standard geophysical and 
environmental adjustments, including instrument errors and tidal in
fluences, as well as dynamic atmospheric correction (DAC), which in
cludes wind and the standard inverted barometer (IB) (Landerer and 
Volkov, 2013). Here we used the DAC V4.0 only to estimate the 
contribution of atmospheric forcing on sea level variability, since the 
satellite altimetry was already atmospherically corrected using the same 
dataset from AVISO (https://tds.aviso.altimetry.fr/thredds/catalog/ 
dataset-auxiliary-dynamic-atmospheric-correction/catalog.html, 

Fig. 1. Bathymetric map of the Red Sea from the General Bathymetric Chart of 
the Oceans (GEBCO, https://www.gebco.net/). Based on the wind pattern 
climatology, the Red Sea was divided into two regions: the northern Red Sea 
(NRS) and the southern Red Sea (SRS, area south of the solid red line at 20◦N). 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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accessed August 2023).
For the glacial isostatic adjustment (GIA) correction, which describes 

the slow part of the Earth’s response to redistribution of mass after the 
last deglaciation and changes in the shape of ocean basins, we used the 
rate of change of geoid height (dGeoid) from the ICE − 6G_C (VM5a) 
model (Peltier et al., 2015) to correct the altimetry data. Both GIA and 
DAC data are available with a spatial resolution of (0.25◦×0.25◦).

We also used a monthly time series of climate indices representing 
ENSO, IOD, and AMO climate modes. In this paper, we used the ENSO- 
Niño3.4 index, defined by the spatial average of the SST anomaly in the 
Niño3.4 region (120-170◦W, 5◦N-5◦S). Positive (> +0.5 ◦C) and nega
tive (< − 0.5 ◦C) values of the Niño 3.4 SST index indicate El Niño and La 
Niña conditions, respectively. IOD is represented by the Dipole Mode 
Index (DMI), which measures the SST anomaly difference between the 
western (10◦S–10◦N, 50◦E–70◦E) and the eastern (10◦S–0◦S, 
90◦E–110◦E) parts of the tropical Indian Ocean (Saji et al., 1999). A 
positive IOD is associated with a large-scale increase (decrease) in sur
face temperature and precipitation over the western (eastern) part of the 
tropical Indian Ocean. The AMO is a natural long-term climate vari
ability mode defined by the SST anomaly pattern of the North Atlantic 
Ocean with a periodicity of 60–80 years (Kerr, 2000). The AMO index 
used here is a linear detrended, unsmoothed index based on the Kaplan 
SST dataset (Kaplan et al., 1998). Climate mode data were obtained from 
the NOAA Physical Sciences Laboratory website (https://psl.noaa. 
gov/gcos_wgsp/Timeseries/, accessed July 2023).

2.2. SST and SSS datasets

SST and SSS datasets were obtained from the Copernicus Marine 
Environment Monitoring Service (CMEMS, Doi: 10.48670/moi-00168, 
accessed January 2023). SST data were derived from the Operational 
SST and Sea Ice Analyses (OSTIA) dataset (Good et al., 2020) providing 
daily high-resolution (0.05◦×0.05◦) optimum interpolation data. OSTIA 
data for the Red Sea were extracted from the global data, providing a 
16570-point regularly gridded dataset spanning 10,592 days from 
January 1993 to December 2021. Monthly sea surface salinity (SSS) 
fields are derived from the surface global products (https://doi.org/ 
10.48670/moi-00051, last accessed May 2023) distributed by CMEMS. 
This product is obtained through a multivariate optimal interpolation 
algorithm that combines Soil Moisture Ocean Salinity (SMOS) satellite 
images and in situ salinity measurements (Droghei et al., 2018, 2016). 
This dataset is available at a spatial resolution of (0.25◦×0.25◦) covering 
the same period (1993–2021). Unless otherwise stated, all data sets used 
in this study have been converted to monthly averages to ensure 
consistency.

2.3. ARMOR3D data

The steric effect and its components (thermosteric and halosteric) 
were calculated using CMEMS high-resolution ARMOR-3D data (https 
://doi.org/10.48670/moi-00052, last accessed July 2023). The 
ARMOR-3D dataset contains global 3D quality-controlled monthly 
profiles of ocean temperature and salinity with a horizontal spatial 
resolution of (0.25◦×0.25◦) and at standard 50 vertical levels (Guinehut 
et al., 2012), over the period from 1993 to 2021. This product was ob
tained through optimal interpolation combining in-situ and satellite 
observations (Guinehut et al., 2012; Mulet et al., 2012). The in-situ 
vertical temperature and salinity profiles were obtained by CTD pro
filers, ARGO buoys, and XBT bathythermographs. Satellite observations 
include satellite altimetry, sea surface temperature, and salinity. The 
ARMOR dataset is one of the most reliable products for assessing steric 
sea level variations (Storto et al., 2017).

2.4. Estimation of steric, thermosteric, and halosteric SLA

Steric SLA (SSLA) was estimated as the vertical integral of the density 

anomaly using the ARMOR3D dataset. Subsequently, the steric effect 
was decomposed into the thermosteric SLA (TSSLA) and the halosteric 
SLA (HSSLA) using the following formulas, which have also been used in 
previous studies (Mohamed and Skliris, 2022; Wang et al., 2017), and 
described in more detail by (Jayne et al., 2003): 

SSLA = TSSLA+HSSLA =
− 1
ρ0

∫ 0

− H
Δρ dz = −

∫ 0

− H
(αΔT − βΔS)dz 

Where ρ0 stands for the reference density (1025 kg/m3), z for the 
depth. Δρ = (ρz- ρ), ΔT = (Tz-T), and ΔS = (Sz-S), where ρ, T, and S are 
the climatic mean (1993–2021) of density, temperature, and salinity as a 
function of (longitude, latitude, and depth). ρz, Tz, and Sz are the density, 
temperature, and salinity as a function of depth (i.e. at each layer). α and 
β are the thermal expansion and saline contraction coefficients, 
respectively, calculated from monthly temperature and salinity using 
the Thermodynamic Equation Of Seawater − 2010 (TEOS-10) 
(Pawlowicz et al., 2012), and the Gibbs Sea Water (GSW) Oceanographic 
Toolbox (McDougall and Barker, 2011). Since the steric effect is mainly 
due to changes in water density over thermocline depth, the reference 
depth (H) in this study is set to 700 m or the bottom where the sea is 
shallower.

2.5. Statistical analysis

The long-term linear trends of the de-seasonalized monthly SLA, SST, 
SSS, water-column averaged temperature and salinity, and steric com
ponents were calculated from 1993 to 2021, using the least-squares 
method (Wilks, 2011). The estimated trends are tested for statistical 
significance using the standard two-tailed Modified Mann-Kendall 
(MMK) test at the 95 % confidence interval (Hamed and Ramachandra 
Rao, 1998). The corresponding uncertainties (given at 2σ level, i.e. with 
a 95 % confidence interval) of these trends are estimated using a stan
dard statistical method (Emery and Thomson, 1997), as described in 
(Mohamed et al., 2019). To detect the abrupt change in SLA, the Pettitt 
homogeneity test (Pettitt, 1979) was used. The Pettitt test is a 
nonparametric test commonly used with hydrometeorological variables 
to determine the occurrence and timing of abrupt and significant 
changes in the mean of a time series (Manasrah et al., 2009).

To evaluate the dominant spatiotemporal patterns of SLA variability 
in the Red Sea between 1993 and 2021, the Empirical Orthogonal 
Function (EOF) analysis (Emery and Thomson, 1997) was carried out. 
The resulting spatial patterns of variability are known as EOFs, and their 
temporal evolutions are represented by principal components (PCs) time 
series. Prior to computing the EOFs, the monthly mean SLAs were 
removed, de-seasonalized using a monthly mean seasonal climatology 
and a 13-month running mean, and detrended locally (i.e., at each grid 
point) to focus on the interannual to decadal variation in sea level. The 
time series were then normalized (i.e., each point time series was 
divided by its standard deviation) to avoid a point of high variability 
dominating the analysis (Mohamed et al., 2022). The derived PCs were 
further correlated with the large-scale climate indices (ENSO, IOD, and 
AMO) to investigate their co-variability in the Red Sea. The MATLAB 
program R2020b and Climate Data Toolbox (CDT) (Greene et al., 2019) 
were used to estimate the long-term trends, remove seasonal cycles, 
apply the MMK test, and perform the EOF analysis.

3. Results and discussion

3.1. Annual mean climatology and seasonal cycles of SST, SSS, and sea 
level

The annual climatological mean values of SST, SSS, and sea level 
over the Red Sea between 1993 and 2021 are shown in Fig. 2. Both SST 
and SSS show high spatial variability in their climatological mean 
values, with a clear SSS gradient towards the north (i.e., a meridional 

B. Mohamed and N. Skliris                                                                                                                                                                                                                   Progress in Oceanography 231 (2025) 103416 

3 

https://psl.noaa.gov/gcos_wgsp/Timeseries/
https://psl.noaa.gov/gcos_wgsp/Timeseries/
https://doi.org/10.48670/moi-00168
https://doi.org/10.48670/moi-00051
https://doi.org/10.48670/moi-00051
https://doi.org/10.48670/moi-00052
https://doi.org/10.48670/moi-00052


increasing gradient from south to north), where it reaches its maximum 
value (up to 40 psu) in the northern part of the Red Sea and the lowest 
value (36.5 psu) in the southern part of the Red Sea (Fig. 2b). The 
opposite is true for SST, which also exhibits a meridional gradient, but 
with the lowest values in the north and the highest in the south. The SST 
pattern is more complicated and shows its maximum in the region be
tween the northern coast of Eritrea and the southern coast of Saudi 
Arabia and decreases toward the two ends of the Red Sea (Fig. 2a). These 
results are consistent with (Sofianos and Johns, 2003), who attribute 
this pattern to the very weak wind speed in the same region, which has a 
higher SST where the wind field is convergent most of the year.

The annual climatology of sea level shows that sea level is generally 
higher on the eastern boundary than on the western boundary (Fig. 2c). 
The observed isolated patches (higher or lower values of SLA) indicate 
the presence of frequent mesoscale eddies in this region, with maximum 
values corresponding to regions with anticyclonic eddies, such as the 
anticyclonic eddies on the eastern side of the north-central and south- 
central Red Sea (NCAE and SCAE). The lowest values occurred in the 
regions that exhibited cyclonic eddies, such as the cyclonic eddies on the 
west side of the north-central and south-central Red Sea (NCCE and 
SCCE) and in the northern and southern Red Sea (NCE and SCE, see their 
locations in Fig. 2c). The positions of these eddies are well defined by 
(Raitsos et al., 2013; Sofianos and Johns, 2007, 2003; Taqi et al., 2019; 
Zhan et al., 2019).

The climatologically mean seasonal cycles of SST, SSS, and SLA 
(Fig. 2d) show that the general seasonal cycle of SSS follows that of SST, 
with a one-month lag for SSS. The highest SST was observed from July to 
October, while the highest SSS was observed from August to November. 

The lowest SST was observed from January to April, while the lowest 
SSS was found from February to May. The seasonal cycle of SLA in the 
Red Sea shows an opposite variation to SST: the highest values of SLA 
are observed in winter (December to February), while the lowest values 
are observed in summer (July to September). These results are consistent 
with previous studies (Antony et al., 2022; Sofianos and Johns, 2001; 
Sultan et al., 1995). The seasonal cycle of SLA followed a similar pattern 
from south to north of the Red Sea (Fig. S1). The amplitudes of seasonal 
variability of SST, SSS, and SLA are 6.3 ◦C, 0.7 psu, and 30 cm, 
respectively. Previous studies have shown that the wind is the most 
important factor controlling the seasonal variability of SLA (Sofianos 
and Johns, 2007), followed by evaporation (Nagy et al., 2021; Sultan 
et al., 1995).

Regional mean SST and SLA time series were formed by averaging 
daily data from all grid points in the Red Sea throughout the analyzed 
period from 1993 to 2021 and plotted using a Hovmöller diagram to 
investigate changes in the seasonal cycle of the two variables (Fig. 3). 
Overall, the SST and SLA were dominated by significant increases be
tween 1993 and 2021, especially during warm seasons (see Fig. 3). 
Increasing sea surface warming during the warm/summer season caused 
a phenological shift in the seasonal cycle with a significant increase 
toward a warmer and longer summer season (Fig. 3a and Fig. S2), 
resulting in a shortening of the period during which SLA was negative 
during the warm season (Fig. 3b). Note that SLA is always negative 
during the warm/summer season (i.e., SST and SLA are anticorrelated), 
indicating that the seasonal variability of SLA in the Red Sea is driven by 
factors other than SST.

The comparison of the seasonal SLA cycles in the Red Sea with those 

Fig. 2. Climatological annual means (a) sea surface temperature, (b) sea surface salinity, and (c) sea level between 1993 and 2021. (d) Climatological mean seasonal 
cycle of sea level anomaly (blue line), sea surface temperature (red line), and salinity (magenta line). The shaded areas represent ± standard deviation for each data 
set. Abbreviations in (c) refer to the north-central and south-central anticyclonic eddy (NCAE and SCAE), the north-central and south-central exhibited cyclonic eddy 
(NCCE and SCCE), and the north and south cyclonic eddy (NCE and SCE). (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)
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of the Arabian Sea and the Persian Gulf shows that the pattern of sea
sonal sea level variability in the Red Sea differs significantly from that of 
these two basins. The possible reason for this is the different influence of 
the wind on the sea level (Al-Subhi and Abdulla, 2021). In the Red Sea, 
the wind blows from the NNW in summer, which increases the outflow 
of water from the Red Sea and thus lowers the sea level. In winter, the 
wind in the SRS turns SSE and increases the inflow of water into the Red 
Sea, causing the sea level to rise. The wind in the NRS is relatively weak 
in winter (Antony et al., 2022). The difference in wind patterns and 
influences is therefore the main reason for the observed difference in the 
seasonal SLA cycle between the Red Sea and the Arabian Sea (Al-Subhi 
and Abdulla, 2021). Based on the wind pattern climatology(Antony 
et al., 2022), the observed gradient of mean SST and SSS (Fig. 2a and b), 
and the interannual variability of SLA, we divided the Red Sea into two 
regions (NRS and SRS), using 20◦N as the general boundary between 
these two regions (Fig. 1). This division is useful to study the temporal 
variability and trend in NRS and SRS separately and in contrast to each 
other.

3.2. Surface and subsurface temperature and salinity changes

Linear trend maps of SST and SSS and the water column-averaged 
(0–700 m depth) temperature and salinity are shown in Fig. 4. Statisti
cally significant (p < 0.05) positive SST trends are observed over the 
entire Red Sea between 1993 and 2021 (Fig. 4a). However, this trend is 
not uniform across the region and exhibits high spatial variability, 
ranging from 0.005 to 0.035 ◦C/year. The highest SST trend is found in 
the deep region in the middle of the Red Sea (Fig. 4a), while the lowest 

SST trend is found in the southernmost part of the Red Sea (i.e., between 
Yemen and the southern coast of Eritrea) and along the coastal regions, 
in addition to the regions with recurrent cyclonic eddies, such as the 
NCE, SCE, NCCE, and SCCE. The spatial pattern of the SST trend is 
similar to that reported by (Mohamed et al., 2021) although they used a 
longer period (1982–2019). A lower, but still significant, trend in water- 
column averaged (0–700 m depth) temperatures is observed over the 
entire Red Sea (Fig. 4c), following the accelerating SST warming. The 
influence of cyclonic and anticyclonic eddies on the observed temper
ature trend below the surface is more pronounced than at the sea sur
face, with the trend being lower for cyclonic eddies and higher for 
anticyclonic eddies (Fig. 4c).

SSS was found to be decreasing throughout most of the Red Sea, 
especially along the eastern boundary, with the strongest negative SSS 
trends at the two ends of the Red Sea and in regions with anticyclonic 
eddies (e.g., NCAE and SCAE) (Fig. 4b). The positive SSS trends are only 
observed along the western boundary (along the southern Egyptian, 
Sudanese, and northern Eritrean coasts), especially in the cyclonic 
eddies (e.g., NCCE, SCCE, and SCE), which could be due to the upwelling 
of high salinity water to the surface, contributing to an increase in 
surface water salinity in these regions. In contrast, water column- 
averaged salinity shows a positive (but mostly statistically non- 
significant) trend in most parts of the region. The exception is the two 
ends of the Red Sea, where a significant negative salinity trend is ob
tained (Fig. 4d). The contrasting trends in surface and subsurface 
salinity could be due to higher evaporation rates increasing salt depo
sition and thus salinity in the subsurface, while the negative trend in 
surface salinity could be due to the influx of less saline water from the 

Fig. 3. Hovmöller diagram of spatially averaged (over the entire Red Sea) daily (a) SST and (b) SLA annual variations, indicating changes in seasonal cycles between 
1993 and 2021. The black contour lines show the climatological mean values of SST (27.5 ◦C) and SLA (0 mm). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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Gulf of Aden into the surface layer; in addition, surface wind and pre
cipitation could play a role in some regions. However, further analysis 
and data are needed to investigate the role of general circulation and 
winds in the variability of surface salinity and sea level changes in the 
Red Sea.

The de-seasoned (i.e., the mean seasonal cycle removed) time series 
of spatially averaged (SST, SSS, and averaged water column temperature 
and salinity) over the Red Sea and its sub-basins between 1993 and 2021 
are shown in Fig. 5. The temporal trend of SST and SSS show that there is 
no significant difference between their trend values in the NRS and SRS, 
with an average trend of 0.02 ± 0.003 ◦C/year and − 0.001 ± 0.000 
psu/year, respectively, for SST and SSS in the entire Red Sea between 
1993 and 2021. The SST trend is consistent with (Mohamed et al., 2021) 
for the period 1982–2019. Compared to the trend for the entire period, 

the SST trend after 2008 is approximately double for NRS, quadruple for 
SRS, and triple for the entire Red Sea (Fig. 5 and Table 1). This amplified 
warming trend after 2008 was largely influenced by the rapid increase in 
SST over the last decade (black lines in Fig. 5). The spatial mean values 
of water column temperature and salinity show positive statistically 
significant trends of 0.01 ± 0.001 ◦C/year and 0.001 ± 0.000 psu/year, 
respectively. Although interannual variability plays an important role, 
the trend for both parameters appears to be accelerating in the last 
decade (2012–2021) as a result of increasing atmospheric warming and 
evaporation rates (Nagy et al., 2021).

3.3. Sea level trends from satellite altimetry and its components

In this section, we analyze in detail the spatiotemporal evolution and 

Fig. 4. Spatial trend maps over the Red Sea between 1993 and 2021 for (a) SST, (b) SSS, and (c, d) averaged water column (from 0 to 700 m) temperature and 
salinity. Regions where trends are statistically non-significant at the 95 % confidence interval are shown in black dots. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.)
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long-term trend of the total SLA from altimetry, thermosteric, and hal
osteric effect from the reanalysis dataset over the period from 1993 to 
2021. Then we estimate the relative contributions of the total steric 
effect and its components (thermosteric and halosteric) to the overall sea 
level variability. The altimetry SLA trend map of the Red Sea between 
1993 and 2021 is shown in Fig. 6a. A statistically significant (p < 0.05) 
SLA trend is observed throughout the Red Sea. However, this trend is not 
uniform across the region and exhibits high spatial variability, ranging 
from 1.5 to 5.5 mm/year. The strongest SLA trend is observed in the NRS 
and in regions with anticyclonic eddies (e.g., NCAE and SCAE). The 
lowest SLA trends are found in the regions with cyclonic eddies (e.g., 
NCE, NCCE, SCCE, and SCE). The trend of the total SLA spatially aver
aged over the entire Red Sea is 4.21 ± 0.59 mm/year. This trend is 
higher than the observed rate of global mean sea level rise of 3.33 ±
0.33 mm/year, for the same period (Cazenave and Moreira, 2022). This 
trend is also slightly higher than the SLA trend of 3.88 mm/year 
observed by (Abdulla and Al-Subhi, 2021) in the Red Sea for the period 
1993–2020, and by (Mohamed and Skliris, 2022) in the adjacent eastern 
Mediterranean (3.1 ± 0.61 mm/year) for the period 1993–2019. The 
atmospheric contribution to the observed sea level trend due to atmo
spheric pressure and wind components (i.e., DAC) from 1993 to 2021 in 

Fig. 5. Temporal variations and linear trends of de-seasoned monthly fields of sea surface temperature (SST, black lines), spatially averaged 3-D temperature above 
700 m (T700, red lines), sea surface salinity (SSS, blue lines), and spatially averaged 3-D salinity above 700 m (S700, green lines) between 1993 and 2021; for the (a) 
northern and (b) southern regions of the Red Sea and (c) the entire Red Sea. The trend values for each variable over the entire period and after 2008 are also shown. 
All-time series are low-pass filtered with a 13-month cutoff period. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)

Table 1 
Summary of the long-term trend of SST (◦C/year) and sea level anomaly (SLA) 
and its components (mm/year) for the northern and southern Red Sea (NRS and 
SRS) and the entire Red Sea (RS) throughout the full period (1993–2021) and the 
post-2008 period. The non-significant trends are highlighted by underlining (p 
values > 0.05).

Full Period Post-2008

NRS SRS RS NRS SRS RS

SST 0.02 ±
0.003

0.02 ±
0.003

0.02 ±
0.003

0.04 
± 0.01

0.08 
± 0.01

0.06 ±
0.01

SLA 4.24 ±
0.16

4.10 ±
0.13

4.17 ±
0.14

4.20 
± 0.29

4.78 
± 0.28

4.48 ±
0.27

Steric SLA 
(SSLA)

2.01 ±
0.14

1.19 ±
0.06

1.61 ±
0.10

0.90 
± 0.41

1.40 
± 0.21

1.14 ±
0.29

Residual SLA 
(RSLA)

2.05 ±
0.11

2.69 ±
0.09

2.36 ±
0.10

3.12 
± 0.39

3.14 
± 0.26

3.13 ±
0.32

Thermosteric 
SLA (TSSLA)

2.15 ±
0.14

1.18 ±
0.06

1.68 ±
0.10

1.44 
± 0.40

1.57 
± 0.19

1.50 ±
0.28

Halosteric SLA 
(HSSLA)

– 0.14 
± 0.02

0.00 ±
0.01

– 0.07 
± 0.01

– 0.54 
± 0.07

– 0.17 
± 0.05

–0.36 
± 0.06
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the Red Sea is negligible, as the trends in atmospheric contribution are 
not significant on both temporal and spatial scales throughout the Red 
Sea (Fig. S3).

The residual SLA trend map is shown in Fig. 6b. These trends are 
estimated after subtracting the total steric effect and the GIA correction. 
The GIA correction to the altimetry data (dGeoid) is negative and very 
small over the entire Red Sea, ranging from − 0.09 to − 0.13 mm/year 
(Fig. S4), with an average of − 0.11 mm/year. The residual SLA trend 
includes the contribution of oceanic mass change and redistribution, 
changes in bottom pressure that can be caused by ocean currents 
(Dangendorf et al., 2021; Landerer et al., 2007), and local vertical land 
movements, such as sediment loading or compaction. Groundwater 
extraction and tectonics may also contribute to the residual trend. The 
highest values of the residual SLA trend are found in the shallow regions 
(<100 m) in the southeast and southwest parts of the southern Red Sea 
(Fig. 6b), which are mainly influenced by the inflow of water from the 

Gulf of Aden through the Bab El-Mandeb strait and in the Gulf of Suez 
influenced by the Suez Canal. The rest of the Red Sea shows a smaller but 
still significant increase in the residual of the SLA trends (Fig. 6b), 
indicating that the main cause of the observed long-term sea level trends 
is the steric effect. The average spatial trend of the residuals of SLA for 
the entire Red Sea is 2.36 ± 0.62 mm/year. These results indicate that 
the inferred mass component is the strongest contributor to sea level 
development in the southern Red Sea, while the steric component has 
the strongest effect in the NRS.

The spatial trend maps of the total steric sea level effect and its 
components (i.e., the thermosteric and halosteric sea level) are shown in 
Fig. 7. Statistically significant positive trends in the total steric and 
thermosteric sea level are observed throughout the Red Sea (Fig. 7a and 
b). These patterns are consistent with the observed trend from the total 
SLA (Fig. 6a) and can largely be explained by temperature variations (i. 
e., the thermosteric effect), except for the shallow water regions in the 
southeast and southwest parts of the SRS and the Gulf of Suez, which 
show a small steric effect, as the steric effect is a depth integral. The 
spatial average of the steric sea level trend over the whole Red Sea is 1.6 
± 0.50 mm/year, which explains about 38 % of the total sea level trend 
(4.21 mm/year). The thermosteric effect has an average trend of 1.65 ±
0.57 mm/year and explains most of the steric trend, accounting for 
about 40 % of the total sea level trend.

The halosteric effect in the Red Sea varied between negative signif
icant trends (up to − 0.5 mm/year) in the NRS and positive significant 
trends (up to + 0.3 mm/year) in the southeastern Red Sea (mainly along 
the Yemen region), while non-significant trends were found between 
these two regions (Fig. 7c). The positive halosteric trend in the southern 
region could be due to mixing with less saline water from the Gulf of 
Aden (Sofianos and Johns, 2003). Compared to the estimated trend 
values of the steric components, the spatial pattern of their trend un
certainty (Fig. S5) shows that the trend uncertainty of the total steric and 
thermosteric component is less than 0.5 mm/year, while it was less than 
0.1 mm/year for the halosteric component over most of the Red Sea.

The temporal variability of the mean SLA and its components in the 
NRS, SRS, and total Red Sea between 1993 and 2021 is analyzed here 
(Figs. 8, 9, 10, and Table 1). From the de-seasoned monthly SLA time 
series and based on Pettitt’s homogeneity test (Fig. 8), it is evident that 
there has been a significant abrupt change in the entire Red Sea since 
2008. Sea level over the entire Red Sea and its sub-basins (NRS and SRS) 
have changed from a period of episodic negative anomalies and a non- 
significant trend (1993–2007; see Table S1) to positive anomalies and 
a significantly higher trend in the post-2008 period (Fig. 8a-c). This 
abrupt change could be due to sea level recovery from the strong 
negative sea level anomaly associated with successive strong/weak La 
Nina events in 2007/2008 and 2008/2009. The monthly cumulative 
SLA time series over the entire Red Sea and its sub-basins show a 
prevalence of negative anomalies in the pre-2008 period and a preva
lence of positive anomalies in the post-2008 period (Fig. 8d). Looking at 
monthly cumulative sea level anomalies (Fig. 8d), 2008 was the year 
with the strongest and most negative anomalies during the study period. 
These changing trends are indicative of the shift observed in 2008. These 
changing trends are an indication of the shift observed in 2008. How
ever, this shift was observed in 2004 over the North Indian Ocean 
(Srinivasu et al., 2017), which could be due to the limitation of the study 
period (1993–2013).

Fig. 9 shows the temporal evaluation of the overall mean SLA, the 
steric sea level of the upper layer, and the residual time series in the NRS, 
SRS, and the overall Red Sea. All-time series are low-pass filtered with a 
13-month cutoff period for better comparability and to highlight inter
annual variability. Strong interannual and decadal variations in 
regionally averaged SLA are observed in the Red Sea and its sub-basins 
between 1993 and 2021. The filtered SLA shows a decreasing sea level 
until 2000, in agreement with (Abdulla and Al-Subhi, 2021). However, 
according to the Pettitt test, this year is not recognized as an abrupt 
turning point. Several increases and decreases in sea level were observed 

Fig. 6. Map of sea level anomaly trends (mm/year) for the period between 
1993 and 2021 from (a) altimetry, (b) altimetry after removal of total steric 
effect and GIA correction (residual). Mean and seasonal cycles were removed 
from the time series at each grid point. Note that the estimated trends are 
statistically significant (95% confidence interval) for the entire region for both 
SLA and the residual.
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in the interannual signal, with the highest SLA rises in 2016 and 2021, 
while the largest falls were observed in 2000 and 2007. Trend analysis 
also shows an abrupt increase in the total sea level, steric sea level, and 
residuals in the post-2008 period. Linear trends of SLA for the different 
periods (total period, pre-2008, and post-2008) were estimated sepa
rately and superimposed in Fig. 8. The significance test showed that the 
increasing trends in the post-2008 period were statistically significant, 
while the pre-2008 trends were non-significant (p > 0.05; see Table S1).

The similarity in SLA patterns between the NRS and SRS after 2008 
confirms the possible role of the observed climate shift and the amplified 
warming on the sea level changes across the entire region, while the 
differences in SLA patterns before 2008 could be due to different 
regional influences or local phenomena that affected SLA patterns 

differently in the two regions. It is clear from Table S1 that the steric 
component in the NRS showed a very small but still significant negative 
trend, while the residual component contributed positively to the SLA 
trend in the SRS. The opposite contribution of these two components 
could be the reason for the different SLA variability between NRS and 
SRS before 2008.

The overall trend in total SLA for the NRS and SRS is 4.24 ± 0.16 
mm/year and 4.10 ± 0.13 mm/year, respectively. However, the trend 
observed in the SRS was much higher in the post-2008 period, with a 
value of 4.78 ± 0.28 mm/year (Fig. 9b and Table 1). In comparison, it 
did not change for the NRS (4.20 ± 0.29 mm/year, see Fig. 9a). The 
average trend of total SLA for the entire Red Sea is 4.17 ± 0.14 mm/year 
for the entire period (1993–2021) and 4.48 ± 0.27 mm/year for the 

Fig. 7. Spatial patterns of trends (mm/year) of (a) total steric, (b) thermosteric, and (c) halosteric components from above 700 m depth during 1993–2021. Mean and 
seasonal cycles were removed from all-time series at each grid point. Black stippling indicates areas where the trends are statistically non-significant at the 95 % 
confidence interval.
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post-2008 period (Fig. 9c). In the NRS, both the steric and inferred mass 
(i.e., residual) components contribute equally (with a value of about 2 
mm/year) to the overall SLA trend throughout the entire study period 
(Fig. 9a), while in the SRS the mass contribution is higher than the steric 
effect (Fig. 9b). This could be due to the inflow of water through the Bab 
El-Mandeb strait. In general, the inferred mass component shows greater 
variability and a stronger trend than the steric component throughout 
the entire Red Sea (Fig. 9c and Table 1).

The partitioning of the total steric effect into the thermosteric and 
halosteric effects in the NRS and SRS (Fig. 10a-b) shows that the 
enhanced sea level rise is mainly due to the thermosteric effect, which 
has greater variability and a much stronger trend, especially in the NRS 
(Fig. 10a). The thermosteric trend is 2.15 ± 0.14 mm/year and 1.18 ±
0.06 mm/year for the NRS and SRS, respectively, with an average trend 
of 1.68 ± 0.10 mm/year for the entire Red Sea (Fig. 10c). The halosteric 
component shows a significant negative contribution only in the second 
period (i.e., after 2008), while in the period before 2008 both the 
thermosteric and halosteric components show negative and a non- 
significant trend (see Table S1). In the post-2008 period, the halosteric 
trend is − 0.54 ± 0.07 mm/year and − 0.17 ± 0.05 mm/year for the NRS 
and SRS, respectively, with an average trend of − 0.36 ± 0.06 mm/year 
for the entire Red Sea (Fig. 10a-c and Table 1). This also indicates that 
the highest halosteric trend was in the NRS, which can be attributed to 
the increased salinity of the water column in this region (Fig. 4d).

3.4. Sea level interannual variability and relationship to large-scale 
climate modes

To estimate the interannual variability of sea level, we estimated the 
average percentage of the ratio between the root mean square (RMS) of 
the interannual signal (i.e., the de-seasoned and detrended signal) and 
the total (seasonal and non-seasonal) sea level. The total sea level 
variability (i.e., root mean square, RMS) over the entire Red Sea between 
1993 and 2021, ranges from 9.5 to 15.5 cm, with a basin mean of 13 cm 
(see Fig. 11a). The greatest variability in total sea level is observed along 
the eastern boundary (particularly along the coasts of Saudi Arabia and 
northern Yemen). The sea level interannual variability (i.e., the de- 
seasoned and detrended signal) exhibits a RMS range of variation be
tween 4.5 and 7.5 cm, with a spatial mean of 5.9 cm (see Fig. 11b). The 
highest interannual sea level variability is found in the two anticyclonic 
eddies in the northern and southern center of the Red Sea, while the 
lowest interannual sea level variability is found at the southern entrance 
of the Red Sea and in the cyclonic eddies in the northern and southern 
Red Sea (Fig. 11b). On average, interannual sea level variability ac
counts for 45 % of the total sea level variability in the Red Sea, with a 
range of 35 to 60 % (Fig. 11c).

The power spectrum of the de-seasoned and detrended sea level time 
series throughout the Red Sea is calculated using Welch’s method 
(Welch, 1967) and is shown in Fig. S6. The spectra are plotted on a 
logarithmic scale to highlight a wider range of sea level variability 
(Mohamed et al., 2022). After removing the seasonal variability by the 

Fig. 8. Time evolution of regionally averaged de-seasoned monthly mean sea level anomalies over (a) the northern Red Sea (NRS), (b) the southern Red Sea (SRS), 
and (a) the entire Red Sea (RS) between 1993 and 2021. (d) Long-term variation of cumulative sea level anomalies in the same areas (see Fig. 1). The vertical red line 
represents the corresponding year (2008) of abrupt sea level change. The linear trend value (mm/year) for each region for the different time periods is also indicated. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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13-month running mean, the variability can be divided into three fre
quency ranges: the interannual cycle, the decadal cycle, and the multi
decadal cycle. This spectrum shows two basic peaks on the interannual 
time scale, the first peak is found with a periodicity between 3–4 years 
(centered at 3.6 years), and the second peak between 5–7 years 
(centered at 6.1 years). These two cycles could be related to ENSO, 
which can cause oscillations between 3 and 7 years (Manasrah et al., 
2009). Another periodicity of about 22 years is observed in the Red Sea 
(Fig. S6), which is related to the double sunspot cycle (11 years) (Kane 
and Trivedi, 1985). This result is consistent with (Manasrah et al., 2009), 
who found the same peak in the simulated sea level at the Port Sudan 
station in the Red Sea.

The spatially coherent SLA interannual variability is estimated using 
EOF analysis. The first two EOF modes of SLA account for about 82 % of 
the total interannual variability. The spatial distribution of the first SLA 
EOF (EOF1) leading mode (which accounts for about 76.6 %) has a 

positive value over the entire Red Sea (Fig. 12a), indicating an in-phase 
sea level rise over the entire Red Sea. The highest SLA spatial variability 
is found over most of the southern Red Sea, while the lowest variability 
is found over the deep region in the middle and at the southern entrance 
of the Red Sea. The spatial distribution of the second SLA EOF (EOF2) 
mode, which explains about 5.4 % of the total de-seasoned variance 
(Fig. 12b), shows a meridional dipolar (i.e., out-of-phase) oscillation 
with a nodal line around 20◦N and opposite variations between the NRS 
and SRS (i.e., positive anomalies over the NRS and negative anomalies 
over the SRS). The greatest variability is found in the NRS, while the 
opposite maximum variability is found in the SRS. This dipolar structure 
is consistent with that observed for the Red Sea SST, with 20◦N serving 
as the boundary between the two regions (Karnauskas and Jones, 2018; 
Mohamed et al., 2021).

The temporal coefficients of PC1 and PC2, corresponding to the EOF 
modes and reflecting variation over the study period, are shown as black 

Fig. 9. Temporal variations of the total mean sea level anomaly (TSLA, black lines), the steric sea level anomaly (SSLA, red lines), and the residual component 
(difference between the total SLA and the steric effect) of the sea level anomaly (RSLA, blue lines) between 1993 and 2021; for the (a) northern and (b) southern 
regions of the Red Sea and (c) the entire Red Sea. The trend values (mm/year) for each variable over the entire period and after 2008 are also shown. All-time series 
are low-pass filtered with a 13-month cutoff period. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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and green lines in Fig. 12c. PC1 captures the interannual and decadal 
variability of SLA with a pronounced alternation of positive and nega
tive peaks on an interannual time scale with a period of 3–7 years (black 
line in Fig. 12c). The highest variability is observed in 1993 and 2016, 
and the lowest in 2000 and 2007, which coincide with the positive (i.e., 
El Niño events) and negative (i.e., La Niña events) phases of ENSO, 
respectively. The PC2 time series exhibits lower variability with smooth 
variations, in particular, during the first period (i.e., until 2008, see 
green line in Fig. 12 c), consistent with the very low percentage of 
explained SLA variance. The highest peak of PC2 in 2010 coincides with 
a strong positive phase of IOD, while the lowest negative peak in 2017 is 
associated with a weak IOD and La Niña events.

To further investigate the relationship between sea level variability 
and various climate modes (ENSO, IOD, and AMO), we examined the 
correlation between the PC1 time series of SLA and the normalized 
climate indices (Fig. 12c). During the whole study period, a statistically 

significant positive correlation of 0.52 was found only between PC1 and 
ENSO with a lag of 7–9 months (i.e., ENSO index occurs first, see 
Fig. S7), whereas AMO and IOD showed a non-significant correlation (p 
> 0.05). However, after 1998 (i.e., during the period from 1998 to 
2021), when the AMO index reversed from the negative to the positive 
phase (Mohamed et al., 2023), both AMO and IOD showed significant 
correlations with PC1 of 0.48 and 0.60, respectively. However, the 
correlation with the AMO index should be taken with caution as our 
study period (29 years) is shorter than the typical cycle of the AMO 
index (60–80 years).

El Niño conditions and the strong positive phases of IOD (Fig. 12c) 
that occurred in 1997/1998, 2009/2010, 2015/2016, and 2019 are 
associated with a positive value of PC1 and SLA. The strongest sea level 
response to ENSO was observed during the strongest El Niño event, 
which occurred in 2015/2016 and was also associated with a strong 
positive phase of IOD (see blue line in Fig. 12c). The observed SLA 

Fig. 10. Temporal variations of the total steric sea level anomaly (SSLA, red lines) and contributions of the thermosteric sea level anomaly (TSSLA, green lines) and 
halosteric sea level anomaly (HSSLA, purple lines) between 1993 and 2021; for the (a) northern and (b) southern regions of the Red Sea and (c) the entire Red Sea. 
The trend values (mm/year) for each variable over the entire period and after 2008 are also shown. All-time series are low-pass filtered with a 13-month cutoff 
period. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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variability was due to an anomalous high-pressure system in the western 
Pacific Ocean during the El Niño event, which enhanced easterly winds 
in the equatorial Indian Ocean and led to a positive SLA in the western 
equatorial Indian Ocean and surrounding regions, including the Red Sea 
(Abdulla and Al-Subhi, 2021; Saji et al., 2006). During La-Niña events 
and negative or weaker IOD years (e.g., 1999/2001, 2007/2008, 2011/ 
2012, and 2017/2018), a significant decrease in SLA was observed in the 
Red Sea. This could be due to the intensification of the low-pressure 
system in the western Pacific during La-Niña, leading to an intensifica
tion of westerly winds in the equatorial Indian Ocean. This generally 
induces a negative SLA in the western equatorial Indian Ocean and the 
southwestern Arabian Sea (Abdulla and Al-Subhi, 2021; Saji et al., 
2006), which in turn may result in a negative SLA in the Red Sea. The 
strong La-Niña event in 2011 was associated with a sharp drop in global 
mean sea level and regional changes in precipitation patterns (Boening 

et al., 2012). The significant correlation found here between the AMO 
index and SLA in the Red Sea after 1998, when the thermosteric effect 
appears to be a major driver of SLA variability, is consistent with (Krokos 
et al., 2019), who found a robust correlation between AMO and SST in 
this region.

4. Summary and conclusions

In this study, our overarching goal was to understand the causes and 
factors controlling the observed sea level changes in the Red Sea over the 
last three decades, and to assess the impact of steric components and 
associated large-scale coupled atmospheric/oceanic climate modes on 
sea level change. Specifically, we examined the long-term spatiotem
poral trend patterns and interannual variability of observed altimetric 
sea levels, the thermohaline structure of the upper ocean, and the role of 

Fig. 11. Total (a) and interannual (b) sea level variability (root mean square, RMS in cm) over the Red Sea between 1993 and 2021. (c) The percentage of the sea 
level interannual variability (i.e., the percentage of the ratio between [b] and [a]). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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thermosteric and halosteric changes. Then, the observed interannual 
variability of sea level was related to large-scale climate modes (i.e., 
ENSO, IOD, and AMO). The main results and conclusions are summa
rized below.

Analysis of the climatology and seasonal cycle of sea level, SST, and 
SSS showed that the highest climatological mean values over 
1993–2021 for the SST were in the SRS and the lowest values were in the 
NRS, while the opposite was true for the SSS due to the inflow of low- 
salinity water from the Gulf of Aden into the SRS. The climatological 
mean values of SLA captured the main cyclonic and anticyclonic eddies 
in the Red Sea (Fig. 2). The seasonal cycle of SLA and SST in the Red Sea 
showed opposite variations, with the lowest/highest values of SLA /SST 
in summer (July to September) and the highest/lowest values of SLA/ 
SST in winter (December to February). The seasonal cycle of SSS follows 
that of SST, with a one-month lag for SSS. The amplitudes of seasonal 
variability of SST, SSS, and SLA were about 6.3 ◦C, 0.7 psu, and 30 cm, 
respectively. Our results of seasonal variation support findings that were 
well documented in several previous studies (Abdulla and Al-Subhi, 
2021; Antony et al., 2022; Sofianos and Johns, 2003)). Therefore, we 
focused here mainly on the interannual and long-term variability, that 
was not fully elucidated in these previous studies, especially regarding 
the thermosteric and halosteric contributions to SLA change.

The analysis of long-term trends showed that the spatial patterns of 
the linear trends of total SLA, SST, steric and thermosteric SLA were 
statistically significant over each grid point in the Red Sea (Fig. 4a, 6a, 7 

a-b), while the halosteric effect showed significant negative trends in the 
NRS and non-significant trends in the SRS (Fig. 7c and Table 1). The 
highest trends of the total SLA, steric, and thermostatic effect were found 
in the anticyclonic eddy regions and the lowest in the cyclonic eddy 
regions (Fig. 6a, 7a-b). The temporal trend of SLA and SST showed that 
there was no significant difference between their trend values in the NRS 
and SRS, with an average trend of 4.17 ± 0.14 mm/year and 0.02 ±
0.003 ◦C/year for SLA and SST, respectively, over the entire Red Sea 
between 1993 and 2021. An abrupt change in SLA and its components 
was observed throughout the Red Sea, with accelerated trends in the 
post-2008 period compared to the pre-2008 period, which showed non- 
significant trends (see Table S1). These amplified trends could be due to 
sea level recovery from the strong negative sea level anomaly associated 
with successive strong/weak La Nina events in 2007/2008 and 2008/ 
2009 (Fig. 8, Fig. 12c). The contribution of the steric effect to the 
observed overall trend of SLA was about 50 % in the NRS and 30 % in the 
SRS. The increase in the trend of SLA was mainly due to the thermostatic 
effect, which was positively enhanced throughout the Red Sea with an 
average trend of 2.15 ± 0.14 and 1.18 ± 0.06 mm/year for the NRS and 
SRS, respectively. In contrast, the halosteric component in the NRS 
contributed negatively to the overall steric SLA with a small but still 
significant negative trend of –0.14 ± 0.02 mm/year and a non- 
significant trend in the SRS. These results are consistent with previous 
studies in the North Indian Ocean (Palanisamy et al., 2014; Parekh et al., 
2017; Salim et al., 2012), which have shown that the thermosteric effect 

Fig. 12. (a, b) Spatial distribution of the first two EOF modes. (c) The corresponding time series of the principal components (PC1 and PC2, black and green lines, 
respectively) of the SLA interannual variability (trend and seasonal cycles have been removed) in the Red Sea over the period from 1993 to 2021. The time series of 
the monthly normalized ENSO Niño3.4 index (El Niño and La Niña are represented by red and blue shading, respectively), the IOD index (blue line), and the AMO 
index (red line) are also shown. All-time series were low pass filtered with a 13-month period after removing the seasonal climatology and then normalized. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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was the main cause of sea level variability and trend in this region.
The interannual variability of SLA accounts for about 45 % of the 

total variance (Fig. 11b), with higher interannual variability in the two 
anticyclonic eddies in the northern and southern center of the Red Sea, 
while the lowest interannual variability of sea level was found at the 
southern entrance and in the cyclonic eddies in the northern and 
southern parts of the basin (Fig. 11b). Apart from the SLA interannual 
variability, a multi-year (about 3–7 years) oscillation in the SLA is 
observed associated with ENSO and IOD events.

EOF analysis was conducted to evaluate the interannual and long- 
term variability of sea level in the Red Sea between 1993 and 2021 
(Fig. 12). The results showed that the first EOF explains about 77 % of 
the total non-seasonal variance. The spatial distribution pattern of this 
mode captures an in-phase fluctuation of SLA over the entire Red Sea (i. 
e., positive SLA). The second EOF mode (which explains about 5 % of the 
total non-seasonal variance) indicates a dipole structure with out-of- 
phase variability between NRS and SRS. On the interannual time 
scale, significant correlations were found between the first principal 
component (PC1) and the Nino3.4 index with a lag of 7–9 months (i.e., 
the ENSO index occurs first). The IOD and AMO were significantly 
correlated with PC1 only after 1998, after the reversal of the AMO index 
from negative to positive phase. In general, the SLA in the Red Sea 
showed a significant variation with different phases of these climate 
mode indices. The positive SLA coincides with the warm ENSO phase (El 
Nino events) and positive IOD, while the negative SLA occurred during 
the cold ENSO phase (La Niña events) and negative IOD events. The 
same is true for the AMO index, but its effect is more pronounced on a 
multidecadal time scale. Our results indicate that the Red Sea SLA 
variability throughout the 29-year study period can be partially attrib
uted to atmospheric changes driven by the ENSO, IOD, and AMO climate 
modes.

Overall, the results of this study provided a better understanding of 
the factors contributing to regional sea level variations and trends in the 
Red Sea, including thermosteric and halosteric effects, and the large- 
scale natural climate variability modes. Our research outcomes can be 
used to improve model prediction of the sea state from regional short- 
term weather/ocean forecasting applications to long-term climate pro
jections. Further research using ongoing observations and ocean and 
coupled climate models is needed to investigate the broader implica
tions of sea level rise and quantify all the components of the sea level 
budget in this region. This is particularly important for the coastal 
environment and near-shore areas where vital socioeconomic activities 
occur.
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