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ABSTRACT 
 

Under the recent global climatic changes, the information on sea-level changes is 
very important for the proper understanding of upper-ocean processes. The 
information on sea-level changes in the Red Sea is significantly lacking, 
especially the information on interannual variability, long-term trends, and 
associated dynamics. The present study attempted to fill this gap by analyzing 
the satellite altimetry sea-level data for nearly three decades (1993–2020) and is 
used to understand the variability and associated dynamics in the Red Sea sea-
level. The sea level is generally higher during winter with maximum in 
December–January and lower during summer with minimum in August, following 
a steady pattern from south to north. The variability in global climate modes, such 
as El-Nino Southern Oscillation events, East Atlantic-West Russian oscillation, 
and the Indian Ocean Dipole, is closely correlated with interannual variations in 
sea level. The El-Nino Southern Oscillation has a greater impact on sea level 
than other climatic patterns. From 1993 until the present, the Red Sea's sea level 
rose at a rate of 3.88 mm/year, which was consistent with the global rate of 3.3 ± 
0.5 mm/year. From 2000 until the present, the Red Sea experienced a 
considerably quicker rate of sea-level rise (6.40 mm/year).   
 

Keywords: Red Sea; satellite altimetry; sea level anomaly; long-term linear trend; 
ENSO; IOD; NAO. 

 

1. INTRODUCTION 
 

Detailed information on the sea-level changes is vital for understanding the 
physical and biological processes in the upper layer of the ocean, especially in a 
climate-changing world with increased warming and sea-level rise for decision-
making regarding navigation, coastal construction, and defense systems [1–8]. 
The sea-level is rising globally, mainly driven by thermal expansion and 
freshwater input from the melting of landlocked ice [4]. Further, the climatic 
modes like ENSO, IOD, NAO, etc., have a remarkable signature on sea-level 
[8,9]. 



 
 
 

Current Advances in Geography, Environment and Earth Sciences Vol. 5 
Dynamics of Sea-level Changes in the Red Sea 

 
 
 

 
48 

 

The Red Sea, characterized by unique features, known as one of the world’s 
hottest and most saline regions, is located between Africa and Asia. The basin 
has no freshwater input from rivers and features significantly high evaporation of 
2 m/year [10] and a limited amount of precipitation. The southern Red Sea is 
experiencing a seasonally reversing wind pattern. At the same time, the northern 
Red Sea is experiencing approximately unidirectional wind throughout the year, 
despite the intensity differing seasonally. SSE winds prevail in the southern Red 
Sea during summer, which reverses during winter to the NNW. The wind pattern 
in the northern Red Sea is predominantly from the NNW, with seasonally varying 
wind speeds. The surface current is mainly driven wind system and the buoyancy 
gradient. The surface current flows from the Red Sea to the Gulf of Aden during 
summer, which reverses during winter [11–13]. 
 
A significant effort has been made to understand the short- to long-term 
variability of sea-level in the regional as well as global ocean [1,6,7,14,15]. Tide 
gauge records have shown that the rate of sea-level rise at the beginning of the 
20th century was (on average) 1.7 mm/year for the period 1901–2010 [16]. 
Previous studies based on remote sensing datasets show that the rate of sea-
level rise is increasing over the years as seen from previous studies. The rates 
are as follows: 3.2 ± 0.4 mm/year for the period 1993–2009 [16], 3.19 ± 0.63 
mm/year for the period 1993–2015 [17], and 3.3 ± 0.5 mm/year for 1993–2017 
period [18].  
 
Information on the Red Sea sea-level is relatively poor [19-26], especially the 
details on interannual variability, long-term trends, and associated dynamics [22-
29]. The available studies are mostly restricted to analyses that rely on a 
relatively short period of data [19–21] from tide gauge stations. Other studies 
based on satellite datasets have focused mainly on the seasonal wind-induced 
sea-level variability [22], the improvement of sea-level estimates near the coastal 
region [23], the impact of climate modes in sea-level [24,25], and the seasonal 
oscillation of sea-level [26]. The present study aims to investigate the variability 
of sea-level in the Red Sea at different time scales, and compare the long-term 
variability with other ocean basins. The data sets used for the present work 
include remote sensing data sets of sea-level maps, sea surface temperature, 
and climate indices. The time-series analyses, including EOF (Empirical 
Orthogonal Function), wavelet, and correlation, are used to derive the 
superimposed signals at sea-level. The Red Sea is subdivided into northern (13 
°N–18 °N), central (18 °N–23 °N), and southern (23 °N–28 °N) regions. For 
further details on the datasets and methods, please refer to [9]. 
 

2. RESULTS 
 

2.1 Annual Mean Climatology of Sea-Level 
 
The mean sea-level variability in the Red Sea was analyzed with nearly three 
decades of satellite altimetry data of sea surface height from January 1993 to 
March 2021. The delayed mode reprocessed data ranged from January 1993 to 
March 2020, while the near real-time data was available from April 2019 to March 
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2021. The analysis for both datasets was conducted separately, and the results 
were consistent. However, considering the long period of data availability, the 
results based on the delayed mode are discussed in the present study. The 
annual climatology has a general trend of higher sea-level on the eastern side 
compared to the western side (Fig. 1). The observed isolated patches indicate 
the presence of frequent mesoscale eddies in the region. 
 

 
 

Fig. 1. The climatological annual mean sea-level for the Red Sea is 
estimated during the 1993–2020 period 

 

2.2 Seasonal Variability of Sea-Level 
 
The climatology of sea-level anomalies for winter, spring, summer, and fall are 
shown in Fig. 2. A significant spatial and temporal variability was observed in the 
Red Sea sea-level. The seasonal climatology was notably different from each 
other, indicating the relatively large spatial and temporal variability. During winter, 
the south, central-west, and north-west regions showed lower sea-levels while 
the central-east and north-east regions experienced higher sea-levels. During 
spring, the southeast and the central-east regions had higher sea-levels, while 
the south-west and the northern half showed lower sea-levels. During summer, 
the central and the northern region had lower sea-levels, while the south-west 
and the north-west region had higher sea-levels. During fall, the south, central-
west, and north-west showed lower sea-levels, while the eastern side of central 
and northern regions experienced higher sea-levels [30]. 
 
The climatological mean seasonal cycle followed a similar pattern from north to 
south of the Red Sea. The Red Sea sea level is generally high during winter and 
low during summer, as shown in Fig. 3, with the highest values during 
December–January and the lowest values during August. These findings are 
consistent with previous studies [21,22]. The amplitude seasonal variability was 
found to be approximately 40 cm. Previous studies showed that wind was the 
dominant factor [22], controlling the seasonal variability in sea-level followed by 
evaporation [21]. 
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Fig. 2. The climatological seasonal mean sea-level (in meters) for the Red 
Sea, estimated for the 1993–2020 period during (a) winter, (b) spring, (c) 

summer, and (d) fall. Please note that different scales are used 
 

 
 

Fig. 3. The climatological mean seasonal cycle of sea-level for the Red Sea 
estimated for the 1993–2020 period 
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2.3 Interannual Variability of Sea-Level and long-term linear trend 
 
The inter-annual variability of sea-level in the northern, central, and southern Red 
Sea was herein analyzed. The annual mean sea-level showed a falling sea-level 
until the year 2000, in which a rising trend with some nonlinearity ensued (Fig. 4). 
Multiple up-and-down fluctuations were seen in the inter-annual signal, with 
prominent rise events occurring during 2002, 2008, 2010, 2016, and 2019. 
Notable fall events occurred in 2000, 2007, 2011, and 2018. 
 

 
 

Fig. 4. The annual mean sea-level in the Red Sea for the entire Red Sea. The 
linear trends are shown by dashed lines for the full period (grey) and post-

2000 (black) 
 
The trend analysis in sea-level shows an abrupt rise in sea-level in the post-2000 
period. The linear trend in sea-level for the period before and after the year 2000 
was estimated separately, and the values are given in Fig. 4. The sea-level 
showed a falling trend until 2000, wherein rising no longer occurred. The 
significance test showed that the rising trend in the post-2000 period was 
statistically significant, while the falling trend before 2000 was insignificant. 
 
The overall trend in sea-level for the north, central, and southern Red Sea was 
4.23 mm/year, 3.82 mm/year, and 3.69 mm/year, respectively. However, the 
trend observed in the post-2000 period was significantly higher, with values of 
6.83 mm/year, 6.59 mm/year, and 5.87 mm/year, respectively, for the north, 
central, and the southern Red Sea. The average trend in sea-level for the whole 
Red Sea was 3.88 mm/year for the entire period and 6.40 mm/year for the post-
2000 period.  
 

2.4 Comparison with the Arabian Sea, Bay of Bengal, Pacific, and 
Atlantic Ocean Basins 

 
A rough comparison of sea-level was made between the Red Sea and the other 
ocean basins, i.e., the Arabian sea (18°N, 65°E), Bay of Bengal (18°N, 90°E), 
East-Pacific (18°N, 150°E), West-Pacific (18°N, 225°E), and Atlantic (18°N, 
325°E) oceans (Table 1). For uniformity, sea-level from the same latitude belt for 
a two-by-two-degree box was selected in every region. Since the width of the 
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pacific is relatively large, the eastern and western Pacific was separately 
considered. 
 
Table 1. The long-term trend in annual mean sea-level for the Arabian sea, 

Bay of Bengal, East-Pacific, West-Pacific, Atlantic, and the Red Sea 
 

Basin Sea-Level Trend (mm/Year) 
 Full Period Post-2000 

Arabian Sea 3.16 4.57 
Bay of Bengal 4.15 3.40 
East-Pacific 2.22 4.55 
West-Pacific 3.23 2.09 
Atlantic 2.82 2.40 
Red Sea 3.88 6.40 

 

The observed trend in sea-level in the Arabian sea, Bay of Bengal, East-Pacific, 
West-Pacific, and Atlantic oceans were 3.16, 4.15, 3.23, 2.22, and 2.82 mm/year, 
respectively, for the full data period and 4.57, 3.40, 2.09, 4.55, and 2.40 
mm/year, respectively, for the post-2000 period. The observed long-term 
increase in sea-level was consistent for all basins. However, a considerable 
regional difference was observed in the linear trend of the sea-level. The regional 
sea-level could considerably deviate from the global mean [31,32]. Among the 
basins compared, the sea-level variability in the Red Sea and the Arabian Sea 
matched well, indicating that the influence of global warming and remote forces 
were similar. Comparing the rising sea level rate, the Red Sea was observed to 
have a higher linear trend for the post-2000 period (6.40 mm/year), followed by 
the Arabian Sea. 
 

2.5 Impact of Global Warming 
 

The result from the wavelet analysis for the monthly mean SLA and SST in the 
Red Sea are shown in Fig. 5. Apart from the dominant seasonal variability, a 
multi-year (3–7-year period) variability was visible in both SLA and SST. The 
authors decomposed dominant modes of variability in sea-level after detrending 
and removing the seasonal signal to understand the long-term variability. The 
dominant signal obtained from the principal component analysis for sea-level is 
shown in Fig. 6a. The resultant PC values showed that the existence of a multi-
year oscillation in the sea-level explained 89.1% of the variability. The 
percentages of variance for the second, third, and fourth modes were negligible 
(6.2%, 2.7%, and 1.9%, respectively). The PC values of SST also showed a 
similar multi-year variability in the SST (Fig. 6b). The observed multi-year 
variability is by the influence of the remote force from climate modes such as 
ENSO on the Red Sea sea-level and SST. 
 
The annual mean values of SST (Fig. 7) showed that significant warming 
occurred in the Red Sea in recent decades. The overall trend in SST for the 
northern, central, and southern Red Sea was 0.0271, 0.0114, and 0.0109 
°C/year, respectively, which is consistent with previous estimates [33]. The SST 
trend reached its maximum in the northern Red Sea, which was similar to the 
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SLA trend where the maximum trend was observed in the northern Red Sea. The 
correlation between the annual mean sea-level and SST was 0.43 (p-value = 
0.02). 
 

 
 

Fig. 5. The wavelet analysis for low passed monthly mean sea-level 
 
The projected SLA and SST variability for the next 100 years was analyzed, and 
the expected values for the years 2050 and 2100 were tabulated (Table 2). The 
expected increase in SST during the post-2000 period under the RCP2.6, 
RCP4.5, and RCP8.5 scenarios were 0.068 °C, 1.158 °C, and 2.601 °C, 
respectively. Under the same scenarios, the expected sea-level rise was 15.2 
cm, 17.0 cm, and 34.5 cm, respectively. 
 

 
 

Fig. 6. The first four modes of variability from the principal component 
analysis for the filtered (a) sea-level and (b) SST 
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Fig. 7. The annual mean SST in the Red Sea for the (a) northern, (b) central, 
and (c) southern regions of the Red Sea, as well as the (d) entire the Red 

Sea. The linear trends are shown by dashed lines for the full period (green) 
and the post-2000 period (red) 

 
Table 2. The projected values of SST and SLA for the years 2020, 2050, and 

2100 
 

Years SST (°C) SLA (m) 

 RCP2.6 RCP4.5 RCP8.5 RCP2.6 RCP4.5 RCP8.5 

2020 25.243 25.141 25.023 0.439 0.464 0.429 
2050 25.371 25.413 26.605 0.502 0.469 0.531 
2100 25.311 26.298 27.624 0.591 0.633 0.775 

 

4. DISCUSSION AND CONCLUSIONS 
 
This paper discusses the variability of sea-level in the Red Sea based on 
available remote sensing datasets taken across three decades. We used this 
data to understand the dynamics of sea-level variability in the Red Sea. A 
significant spatial and temporal variability was observed in the sea-level.  
 
The maximum seasonal sea-level was observed during winter and the minimum 
during summer. The pattern of higher sea-levels during winter and lower levels 
during summer was consistent throughout the Red Sea. In the annual and 
seasonal climatology of sea-level, multiple patches were visible, indicating the 
presence of frequent eddies in the Red Sea. The annual mean sea-level was 
observed to have multiple fall-and-rise events during the selected period. The 
analysis shows that the observed interannual fluctuations in sea-level are in 
close agreement with the fluctuations in the atmospheric changes in the Pacific 
Ocean (Table 5). 
 
During 1998–1999 and 1999–2000, well-defined La-Nina events occurred. A 
significant fall was noticed in the Red Sea sea level during this period. This was 
due to the intensification of the low-pressure system in the western Pacific during 
La-Nina, causing the strengthening of westerlies in the equatorial Indian Ocean. 
This led to a negative anomaly in sea-level in the western equatorial Indian 
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Ocean and southwestern Arabian sea [34–37], which in turn resulted in negative 
sea-level in the adjacent Red Sea basin. During the 2014–2015 period, a weak 
El-Nino event occurred followed by a strong El-Nino event (2015–2016) and a 
weak La-Nina event (2016–2017). The Red Sea sea-level experienced a 
significant positive anomaly during the 2014–2015 and 2015–2016 periods, 
followed by a negative anomaly in 2016–2017. The observed variability in sea-
level was due to the anomalous high pressure in the western Pacific during the 
El-Nino event, which intensified the easterlies in the equatorial Indian Ocean, 
leading to a positive anomaly in sea-level in the western equatorial Indian Ocean 
and southwestern Arabian sea [33–37]. This resulted in an associated positive 
anomaly of sea-level in the adjacent Red Sea basin. 
 

Table 3. El-Nino and La-Nina events are listed based on their intensity 
 

El-Nino La-Nina 

Weak Moderate 
Strong/Very-
Strong 

Weak Moderate 
Strong/Very-
Strong 

2004–
2005 

1994–
1995 

1997–1998 
2000–
2001 

1995–
1996 

1998–1999 

2006–
2007 

2002–
2003 

2015–2016 
2005–
2006 

2011–
2012 

1999–2000 

2014–
2015 

2009–
2010  

2008–
2009 

2020–
2021 

2007–2008 

2018–
2019   

2016–
2017  

2010–2011 

   
2017–
2018   

 
A long-term positive trend of 3.88 mm/year was observed in the Red Sea sea-
level, which was consistent with the global rate of sea-level rise of 3.19 ± 0.63 
mm/year for the period 1993–2015 [17] and 3.3 ± 0.5 mm/year for the period 
1993–2017 [18]. The results showed that there was an acceleration in the rate of 
rising over the years. Interestingly, the variability of sea-level in the Arabian Sea 
matched well with the Red Sea, indicating that the influence of global warming 
and the related remote forces were similar. Strikingly, the post-2000 period rate 
of sea-level rise in the Red Sea was observed to be much higher (6.40 mm/year) 
than in other basins. 
 
Previous studies reported that the sea-level variability in the north Indian ocean 
was driven by steric contributions [38–40]. But, in the case of Red Sea, as it is an 
enclosed basin with no freshwater input through rivers and melting ice sheets, 
the SLA long-term increase could be mainly caused by increased warming. Due 
to the unavailability of sufficient salinity data for the steric computation, the SST 
data from AVHRR was analyzed and the results are shown here. 
 
A noticeably faster rate of sea-level rise was observed in the Red Sea during the 
post-2000 period with a rate of 6.40 mm/year. This was higher than the global 
rate of 3.3 ± 0.5 mm/year. However, no significant difference was noticed in the 
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rate of increase in SST during the post-2000 period, which indicates that a 
consistent increase was associated with global warming. The analysis of the 
Arabian Sea SLA and SST showed a similar pattern with an increase in the rate 
of sea-level rise (4.57 mm/year) and a nearly uniform rate of increase in SST. 
Both the Red Sea and Arabian Sea basins have experienced a significant fall in 
sea-level between 1998–2000, which is considered to be associated with 
consecutive La-Nina events.  
 
The observed amplification in SLA trend during the post-2000 period could be 
due to the combined effect of two factors: (1) the recovery of sea-level from the 
abrupt fall in SLA associated with consecutive La-Nina events in 1998–1999 and 
1999–2000; and (2) the rate of increase in global warming. If the greenhouse gas 
concentration continues resulting in active global warming in the upcoming 
years—as shown in different projection scenarios of SST and sea-level—
irreversible harm to human life will be resulted, including the collapse of global 
socioeconomic systems. Further, the recent numerical models with better 
accuracy can be used to estimate contribution from different parameters to local 
sea-level [41], which can be conducted as future work.  
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