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Sea-level extremes of meteorological origin in the Red Sea 
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A B S T R A C T   

Severe weather events and the resulting sea-level extremes are considered among the greatest threats to coastal 
environments. Understanding this coastal hazard is vital for various coastal developments and planning activ-
ities. This study examines the sea-level extremes of meteorological origin in the Red Sea. A high-resolution 
(approximately 500 m) depth-averaged numerical ocean model forced by 5 km dynamically downscaled mete-
orological fields was implemented to hindcast the sea level of the Red Sea over 37-year, 1980–2016. The model 
was first validated with observations, showing good agreement with available data. The hindcast model outputs 
were then analyzed to describe the spatiotemporal features of the sea-level extremes in the Red Sea. The sea-level 
extremes in the Red Sea developed in response to wind variability over the southern Red Sea and exhibited a 
basin-wide impact. The magnitudes of the maximum sea levels reached approximately 0.30–0.50 m inside the 
Red Sea basin, with the highest values (0.85 m) in the Gulf of Suez. The seasonal distribution of the extremes 
suggests that these are frequent during the winter months (January–March). Assessment of long-term changes in 
the annual maxima, 99th and 95th percentiles of hourly sea levels indicate no significant trends over the study 
period.   

1. Introduction 

Sea level varies on different temporal and spatial scales. Apart from 
tides, significant short-term sea-level variations often occur in response 
to strong meteorological forces (wind and atmospheric pressure), called 
meteorological surges or storm surges (Pugh and Woodworth, 2014). 
Meteorological surges can cause serious damages in the coastal regions 
in the form of coastal flooding and erosion (Von Storch and Woth, 2008). 
Surges associated with tropical and extratropical cyclones can be 
exceptionally threatening, as for example in the coastal areas of the Bay 
of Bengal and along the coast of the North Sea. Studying this coastal 
hazard and understanding its driving forces is critical for its prediction 
and coastal development activities. Consequently, meteorological surges 
have been extensively studied in various oceans and seas worldwide 
(Murty et al., 1986; Haigh et al., 2014; Needham et al., 2015; Cid et al., 
2016; Feng et al., 2018). 

The Red Sea is an elongated semi-enclosed marginal sea of the Indian 
Ocean (Fig. 1). The basin covers an area of 2000 km long and 300 km 
wide, with a mean depth of approximately 490 m. The coastal areas of 
the Red Sea are characterized by shallow banks, with nearly 40% of its 
basin being less than 100 m in depth (Rasul et al., 2015). The southern 
part of the Red Sea is connected to the Gulf of Aden through a narrow 

strait called Bab-el-Mandeb (approximately 25 km wide). In the north, 
the Red Sea branches into two smaller gulfs, namely the Gulf of Suez and 
the Gulf of Aqaba. The Gulf of Suez is larger in area and shallower in 
depth as compared to the Gulf of Aqaba. The dimensions of these two 
gulfs are approximately 300 km and 180 km long, 25–60 km and 19–25 
km wide, and 36 m and 650 m deep (mean depth), respectively. 

Very few studies have attempted to understand the meteorological 
surges in the Red Sea. Murty and El-Sabh (1981) studied tide-surge 
interaction in the Gulf of Suez based on hourly tide-gauge data 
collected at the Suez Port (Egypt), reporting both positive and negative 
surges. Positive surges may exceed 0.7 m, with a few exceptional surges 
reaching more than 1.0 m while negative surges are lower in magnitude 
(about − 0.9 m). An idealized numerical modeling study by Drews 
(2015) suggested that surges in the Gulf of Suez can reach more than 1.5 
m if forced with axial winds of medium tropical cyclone speeds (28 m/s). 
Recently, Churchill et al. (2018) investigated the weather-band (~4–30 
d) sea-level variations in the Red Sea using bottom pressure and altim-
eter data. Their main findings can be summarized as follows: (i) the 
amplitude of the weather-band signal is higher than that of tidal and 
seasonal sea levels, (ii) water level rises and falls consistently over the 
entire Red Sea basin, and (iii) the weather-band signals are associated 
with winds over the southern Red Sea. More recently Antony et al. 
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(2021) studied the extreme water levels along the coastline of King 
Abdullah Economic City (KAEC) located on the central Red Sea coast of 
Saudi Arabia and noted a significant contribution of meteorological 
surges to the extreme water levels. 

Studies of the meteorological surges in the Red Sea remain limited 
and mostly confined to a few specific locations, and a basin-wide anal-
ysis of surges is still lacking. The launch of mega-city projects along the 
Red Sea coast (e.g., NEOM https://www.neom.com) and the rapid 
expansion of tourism activities (e.g., Red Sea Project https://www.there 
dsea.sa) related to its unique marine environment and coral reefs 
emphasized the need for detailed knowledge about the meteorological 
surges in the basin. Our study aims at addressing this gap by (i) devel-
oping a validated long-term hindcast of meteorological sea level for the 
Red Sea, and (ii) describing the main features of the sea-level extremes 
in this basin due to meteorological forces. The remainder of the paper is 
organized as follows: Section 2 describes the observational dataset and 
numerical model. Section 3 presents the validation of the model outputs. 
The characteristics of sea-level extremes, including the development, 
role of different meteorological forces, seasonal variability, and trends 
are discussed in Section 4. Section 5 presents a discussion of the results. 

Finally, Section 6 summarizes the main results of the study. 

2. Data and methods 

Long-term tide-gauge observations are widely used to study the 
climate of storm surges and sea-level extremes (e.g., Zhang et al., 2000; 
Haigh et al., 2010; Antony et al., 2016; Feng et al., 2018), and some 
studies have made use of data collected over more than one century in 
various coastal regions (Dangendorf et al., 2013, 2014; Mawdsley and 
Haigh, 2016). Numerical model outputs are on the other hand the main 
source of information to study storm surges and sea-level extremes in 
regions where long-term observations are not available (e.g., Wood-
worth et al., 2007; Marcos et al., 2009; Cid et al., 2014; Feng et al., 
2016). Because long-term tide-gauge observations are very scarce in the 
Red Sea, we resort to numerical simulations to generate long-term surge 
data for the basin at high spatial and temporal resolutions, which we 
first validate with available observations. 

We implemented the ADvanced CIRCulation (ADCIRC) model 
(Luettich et al., 1992; Luettich and Westerink, 2004), which solves the 
vertically integrated shallow-water equations for water-surface eleva-
tions and currents, to hindcast the sea level in the Red Sea due to 
meteorological forces. The GEBCO (General Bathymetric Chart of the 
Oceans) data with 30 arc-second resolution (~900 m) was used for the 
model bathymetry. The model was configured on an unstructured mesh, 
using fine resolution (~500 m) near the coast and coarse resolution 
(~20 km) in the deep waters. The bottom friction coefficient was pre-
scribed as spatially uniform with a value of 0.0025, and the bottom 
stress formulation is quadratic. We did not consider the effect of 
tide-surge interactions on the surge (Antony et al., 2020) as the Red Sea 
has a low tidal regime (Madah et al., 2015; Gharbi et al., 2018; Guo 
et al., 2018; Pugh et al., 2019) and the interaction effects are expected to 
be small. Accordingly, no tidal forcing was used in the model. ADCIRC 
runs were conducted in blocks spanning 1-year periods with an addi-
tional 5-day ramp period for a total of 37-year (1980–2016). The model 
time step was set to 10 s and the outputs were stored at hourly intervals 
for further analysis. ADCIRC was forced with hourly meteorological 
fields generated by a 5 km assimilative Weather Research and Fore-
casting (WRF) model, which included u and v components of wind speed 
at 10 m height above mean sea level and atmospheric pressure at mean 
sea level. The WRF model was implemented with two two-way nested 
domains with 15 km and 5 km horizontal resolutions, covering the 
parent domain between 10◦E-110◦E, 19◦S-46◦E and the Arabian 
Peninsula between 23◦E to 81◦E, 6◦S to 36◦E, respectively. The model is 
configured with 51 vertical levels, and was nested (initial and boundary 
conditions) within the European Centre for Medium-Range Weather 
Forecasts Reanalysis Interim (Dee et al., 2011) available at 0.75◦ hori-
zontal resolution. The model physics includes: The Rapid Radiative 
Transfer Model for Global circulation models scheme to compute the 
surface shortwave and longwave irradiance components (Iacono et al., 
2008), Thompson microphysics to represent the cloud-aerosol feedbacks 
(Thompson and Eidhammer, 2014; Thompson et al., 2016), the 
Kain-Fritsch mass flux scheme for cumulus convection (Kain and Fritsch, 
1993; Kain, 2004), Mellor-Yamada-Nakanishi and Niino Level 2.5 
(MYNN2.5) for the boundary layer process, and the Noah land surface 
scheme for surface processes (Chen and Dudhia, 2001). The terrain 
elevation, land-use, and soil types are interpolated from the United 
States Geological Survey (USGS) data at 2 and 1 arc-minute for the 15 
and 5 km domains, respectively. The model further assimilated a variety 
of available regional in-situ and satellite data using a cyclic 3DVAR 
approach (Viswanadhapalli et al., 2017). The WRF model outputs, 
available at 1 h intervals, have been extensively validated and employed 
in several Red Sea studies and applications, such as studying the at-
mospheric circulation and variability over the Arabian Peninsula (Vis-
wanadhapalli et al., 2017; Langodan et al., 2017), forcing ocean models 
of the Red Sea (Langodan et al., 2016; Zhan et al., 2019), and supporting 
various engineering applications, including renewable energy 

Fig. 1. Map of the Red Sea and adjacent regions. The locations of the tide 
gauges used for validation are marked. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of 
this article.) 
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(Langodan et al., 2016; Dasari et al., 2019, 2021; Zhan et al., 2021; 
Antony et al., 2021; Hoteit et al., 2021). Langodan et al. (2016) reported 
good agreement between the WRF simulated wind with scatterometer 
and buoy data for non-coastal areas and synoptic observations for 
coastal areas of the Red Sea. Dasari et al. (2019) analyzed different ra-
diation parameters and compared them with available in-situ mea-
surements, indicating good skill of the model in reproducing the 
radiation parameters. Langodan et al. (2020) and Antony et al. (2021) 
used the WRF data to estimate the extreme waves and water levels in the 
coastal waters of King Abdullah Economic City, Saudi Arabia, located on 
the central-eastern coast of the Red Sea. Recently, Zhan et al. (2021) 
investigated the general circulation dynamics, water exchange, and 
their seasonal variabilities of the Red Sea Project lagoon in the Red Sea 
using a high-resolution nested coastal model forced with WRF fields. All 
these studies report a high skill of the WRF-downscaled field at 
describing the atmospheric conditions over the Red Sea. 

We used three years (2013–2015) of hourly sea-level observations 
from six tide gauges distributed along the Saudi coast of the Red Sea as 

indicated in Fig. 1. This dataset was obtained from the General Com-
mission of Survey (GCS), Kingdom of Saudi Arabia. The total sea level 
measured by these tide gauges was decomposed into tide and residual 
sea level using the Tidal Analysis Software Kit 2000 (Bell et al., 1999). 
Sixty-one tidal constituents excluding annual (Sa) and semi-annual (Ssa) 
constituents were used in the de-tiding. Seasonal harmonic (Sa and Ssa) 
constituents were excluded as these are mostly non-tidal (meteorolog-
ical and oceanographic) in origin (Pugh and Abualnaja, 2015). 

3. Model-observations comparison 

The modeled sea level and observed residual sea level at Magna, 
Duba, Yanbu, Jeddah, Al Qunfuda and Jizan were compared to assess 
the performance of the model against the observations. Statistical 
measures, such as the root mean square error (RMSE) and correlation 
coefficient, were computed for this purpose. Because we used a two- 
dimensional barotropic model forced with meteorological fields, 
changes in sea level at the seasonal scale due to factors such as 

Fig. 2. Comparison of observed and modeled time 
series of sea level (30-day high-pass filtered) at 
Magna, Duba, Yanbu, Jeddah, Al Qunfuda and Jizan. 
Left side panels show scatter and q-q plots. Colors 
indicate data density (dark color for high density and 
light color for low density of data). Solid blue circles 
represent quantiles. The dashed line corresponds to 
the best model-data fit. Right side panels show time 
series comparisons. (For interpretation of the refer-
ences to color in this figure legend, the reader is 
referred to the Web version of this article.)   
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temperature, salinity, evaporation and mass exchange were not 
accounted for. An initial visual comparison of the two time series sug-
gested this issue. Therefore, to assess the model performance irre-
spective of the seasonality; we de-seasoned both the modeled and 
observed data using a Butterworth high-pass filter with a cutoff period of 
30-day. The results are presented in Fig. 2 and the corresponding error 
statistics are labeled on the plot. The average correlation and RMSE 
between the model outputs and observations are 0.75 and 0.05 m, 
respectively. There are mismatches in the time series of the observations 
and model outputs at multiple instances. These could be related to 
mesoscale eddies with lifetimes of several weeks that dominate the Red 
Sea circulation and contribute to the sea-level variations in the basin 
(Zhan et al., 2014, 2016, 2018, 2019; Churchill et al., 2018), which 
cannot be reproduced by the present model. Nevertheless, the simula-
tions reproduced the general patterns of the observed sea-level extremes 
reasonably well. Scatter and quantile-quantile (q-q) plots for each sta-
tion are also presented in Fig. 2. The q-q plots illustrate the relevance of 
the simulated sea-level data at reproducing the distribution of the ob-
servations. The model hindcast of the positive sea-level extremes are in 
good agreement (slightly overestimated) with the observations but tends 

to relatively underestimate the negative sea-level extremes especially at 
Jeddah and Al Qunfuda. The negative (low) sea-level extremes are 
usually less important for coastal risk analysis and management and this 
model-data comparison exercise suggests that the model hindcast is 
relevant to examine the variability of the positive (high) sea-level ex-
tremes in the Red Sea basin. 

4. Results 

4.1. Residual sea level characteristics 

This section describes the characteristics of sea level in the Red Sea, 
focusing on the residual sea level over the period 2013–2015. The 
maximum residual sea level is 0.44, 0.41, 0.43, 0.48, 0.44 and 0.41 m at 
Magna, Duba, Yanbu, Jeddah, Al Qunfuda and Jizan, respectively. The 
highest astronomical tide for the same period is 0.50, 0.47, 0.30, 0.17, 
0.20 and 0.61 m at Magna, Duba, Yanbu, Jeddah, Al Qunfuda and Jizan, 
respectively. Fig. 3 shows the time series of hourly residual sea level at 
the tide-gauge stations for the year 2014 along with the astronomical 
tide (in the background) and annual cycle (dashed line) of the sea level. 
The annual cycle was estimated by fitting an annual harmonic to the 
three years of available observations. The annual variation is a promi-
nent feature of sea level in the Red Sea and amongst these stations, the 
annual cycle has amplitudes in the range 0.12–0.15 m, with the 
maximum occurring in winter and the minimum in summer. The 

Fig. 3. Residual sea level (green) during 2014 at six tide-gauge stations along 
the eastern Red Sea coast. The dashed line (orange) represents the annual cycle. 
Astronomical tide (light blue) is plotted in the background. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Table 1 
Correlation coefficients of residual sea levels between different tide gauges.  

Magna Duba Yanbu Jeddah Al Qunfuda Jizan  

Magna 1      
Duba 0.99 1     
Yanbu 0.96 0.98 1    
Jeddah 0.95 0.96 0.99 1   
Al Qunfuda 0.91 0.93 0.95 0.97 1  
Jizan 0.89 0.90 0.91 0.94 0.99 1  

Fig. 4. a) Time series of the basin-averaged (average of six stations) residual 
sea level. (b) Wavelet power spectrum (Morlet) of the basin-averaged residual 
sea level. Black contour represents 95% confidence level. The dashed line in-
dicates the cone of influence. The wavelet power is shown in the log2 scale. 
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consistency in the annual cycle throughout the stations is noticeable. 
Apart from the annual cycle, the residual sea level exhibits a strong 
variability in the winter period. 

The residual sea-level time series plotted in Fig. 3 show a remarkable 
uniformity across the stations. The results of a correlation analysis car-
ried out on pairs of stations are presented in Table 1. The resulting 
correlation coefficients are high (>0.89) in most cases and are statisti-
cally significant. In general, nearby tide gauges show high correlations 
compared to those away. The standard deviations (STDs) of the time 
series vary between 0.14 and 0.16 m, also suggesting consistency in the 
magnitudes of sea levels between the stations. 

The spectral characteristics of the residual sea level are examined 
using wavelet analysis (Grinsted et al., 2004). Considering the unifor-
mity in the residual sea levels, we applied a wavelet analysis on the 
basin-averaged (average of six stations) hourly residual sea levels 
(Fig. 4a). The basin-averaged time series shows high correlations 
(>0.96) with all tide gauges. The wavelet power spectrum for the 
basin-averaged sea level is shown in Fig. 4b. Dominant sea-level fluc-
tuations, that are statistically significant, are visible in the 3–100 d band. 
Seasonally, the sea-level oscillations are stronger during the winter 
months (January–March) compared to the summer months 
(July–August). 

4.2. Meteorological conditions 

This section investigates the relationship between the meteorological 
fields over the Red Sea and the basin-averaged residual sea level. Maps 
of average meteorological fields during the extreme high and low sea- 
level events are displayed in Fig. 5. For that purpose, well-separated 
peaks (3 days) of positive and negative sea levels above the 99th per-
centiles were considered and the corresponding meteorological fields 
24 h before (lead-lag relationship between wind and sea level are dis-
cussed in the next paragraph) were averaged and analyzed. Seven pos-
itive and fifteen negative events were identified based on the criteria for 
representing the average meteorological fields during extreme events in 
the winter months for the period 2013–2015. Fig. 5 shows strong south- 
southeast (SSE) wind field (wind speeds up to 14 m/s) over the southern 
Red Sea during extreme positive sea levels and north-northwest (NNW) 
wind field during extreme negative sea levels. The existence of a low- 
pressure field is noticeable over the Red Sea during the positive ex-
tremes and increased pressure during the negative extremes. A corre-
lation analysis was also carried out between the basin-averaged residual 
sea level and components of surface wind and mean sea-level pressure. 
All the time series were filtered to retain 3–100 d periodicities, in line 
with the strong power within this band suggested by the wavelet power 

Fig. 5. An average picture of the meteorological 
fields (based on WRF-downscaled fields), wind (a and 
c) and pressure (b and d), during extreme high (upper 
panels) and low (lower panels) sea-level events dur-
ing winter, 2013–2015. Meteorological fields during 
seven extreme high and fifteen extreme low sea-level 
events were considered here to generate the average 
picture. The southern Red Sea is marked with a box. 
(For interpretation of the references to color in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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spectrum of the residual sea level. The results are presented in Fig. 6. We 
observe the highest positive correlations (about 0.7) between basin- 
averaged sea level and the meridional component of surface winds 
over the southern Red Sea and the Bab-el-Mandeb Strait, and similar but 
negative correlations (about − 0.6) with the zonal winds. No marked 
spatial patterns are apparent in the correlation map between basin- 
averaged residual sea level and mean sea-level pressure, showing 
negative correlations (about − 0.3 to − 0.5) over most of the Red Sea. 

We further investigated the lead-lag relationship between meridional 
winds and the residual sea level. This was done by correlating the 
average sea level against the meridional winds at the location of 
maximum correlation (indicated by the white circle in Fig. 6b). The 
results reveal that the basin-averaged sea level lags wind by 24 h, which 
is consistent with the individual tide gauge time series (22–25 h). The 
strength of the meteorological components is outlined in Fig. 6 using 
their STDs. We notice a striking high variability in the meridional winds 
over the central and southern Red Sea (STDs >3 m/s). The cross-wavelet 
spectrum (Fig. 7b) of meridional winds (at the location of maximum 
correlation between sea level and wind) and sea level shows vast com-
mon power in the 3–100 d band, the same band of the residual sea level, 
with high cross-wavelet power in the winter months. 

The next Sections 4.3 - 4. 6 discuss the general climatological fea-
tures (long-term maxima, seasonality, and trend) of the meteorological 
sea level based on the model hindcast. 

4.3. Spatial distribution 

The spatial distribution of the maximum meteorological sea level at 
each model grid point over the entire model simulation period 
(1980–2016) is illustrated in Fig. 8a. The maximum meteorological sea 
level is highest in the Gulf of Suez, which is a shallow water body. The 
maximum sea levels toward the northern end of the Gulf reach 
approximately 0.85 m and are below 0.50 m in the rest of the Red Sea. 
The maximum sea levels in the Gulf of Aqaba are lower in magnitude 
(0.35–0.40 m) compared to those of the Gulf of Suez. The maximum sea 
levels in the open waters of the Red Sea vary between 0.3 and 0.4 m, 
with a small positive slope from north to south. Regions with high sea 
levels other than the Gulf of Suez are along the western and eastern 
coasts of the Southern Red Sea (~0.5 m) and in the northeastern Red Sea 
(near 36.8◦E, 25.7◦N) (~0.65 m). The spatial distribution of the mini-
mum sea level is shown in Fig. 8b. Values reaching approximately − 0.6 
m are present in the Gulf of Suez, while those in the open Red Sea vary 

Fig. 6. (a), (b) and (c) Correlation maps of basin-averaged residual sea level against u (zonal) and v (meridional) components of wind at 10 m and mean sea-level 
pressure, respectively. (d), (e) and (f) standard deviations of u and v components of wind and mean sea-level pressure, respectively. Sea level and wind components 
are filtered to retain periodicities in the 3–100 d band. The white dot in panel (b) indicates the location of maximum correlation between v wind and sea level. 
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between − 0.2 and − 0.4 m. In the Gulf of Aqaba, the values of minimum 
sea levels are between − 0.35 and − 0.4 m. The lowest values of mini-
mum sea level (about − 0.7 m) are in the northeastern Red Sea (near 
36.8◦E, 25.7◦N). Fig. 8c presents the spatial distribution of the long-term 
mean meteorological sea level and shows positive mean sea levels in the 
southern and central Red Sea and negative values in the northern Red 
Sea, Gulf of Aqaba, and Gulf of Suez. 

Time series of simulated sea levels spanning a period of 1-year at a 
few locations (L1, L2, L3, and L4) of the Red Sea are displayed in Fig. 8d, 
representing the Gulf of Suez, Gulf of Aqaba, and central and southern 
Red Sea, respectively. The pattern of sea-level variation is uniform 
across all the locations, except that the Gulf of Suez exhibits high vari-
ations in the high frequencies compared to the rest of the Red Sea. The 
year-long data also indicates a seasonal variability in the sea level, as 
further discussed in Section 4. 4. 

4.4. Seasonal variability 

The seasonal variability of the sea-level extremes is clear in the time 
series plots presented in Fig. 8d. To analyze this variability more in 
depth, the climatological mean seasonal cycle was derived from the 
monthly maximum sea levels based on the empirical method suggested 
by Dangendorf et al. (2012). In this method, the monthly maximum 
values of sea level are first detrended with a linear least-square fit, and 
then the detrended values are averaged over each month to obtain the 
final 12 values representing the mean seasonal cycle. The amplitude of 
the seasonal cycle is defined as half of the difference between the 
maximum and minimum sea levels of the mean seasonal cycle. Fig. 9a 
depicts the mean seasonal cycle in the monthly maximum sea levels at a 
few locations in the Red Sea along with the mean seasonal cycle of 
monthly mean sea levels. There is a well-defined annual cycle in the sea 
levels with the occurrence of peak values during winter and low values 
during summer. Sea-level extremes are frequent from January to March. 
Fig. 9b and c illustrate the spatial distribution of the amplitudes of the 

mean seasonal cycle of the maximum and mean sea levels in the Red Sea 
with values ranging between 0.06–0.16 m and 0.04–0.08 m, respec-
tively. The time series of the seasonal cycle (Fig. 9a), in which the 
variability of monthly values is represented by STDs, indicate high 
variability in extremes during the winter months in the northern station, 
whereas the central and southern Red Sea did not exhibit any marked 
difference in the variability of extremes between the seasons. Moreover, 
the variability of extremes is much weaker in the central and southern 
Red Sea compared to the northern Gulf of Suez. 

4.5. Contribution of wind and pressure 

We quantified the relative contribution of the two meteorological 
forcing factors, namely sea-level pressure and surface winds, in the sea- 
level changes in the Red Sea by performing model simulations only 
accounting for each individual forcing separately, i.e., model forced 
with either pressure or wind only, and the simulation was undertaken 
over a short period of 5-year starting from 2009. Spatial maps of the 
maximum sea level resulting from the pressure-only, wind-only, and 
combined wind-pressure forcing simulations are illustrated in Fig. 10a, 
b, and c, respectively. The maximum sea level resulting from the 
pressure-only simulation is approximately 0.1–0.2 m, and that from the 
wind-only simulation is approximately 0.2–0.3 m, suggesting that the 
pressure contribution is one order of magnitude less than the wind 
contribution. The time series of sea level from the pressure-only and 
wind-only simulations at a few locations in the Red Sea (Fig. 10a) are 
displayed in Fig. 10d along with those from the combined wind-pressure 
simulation for February–March, 2013. The integrated impact of pressure 
and wind on sea level is not a linear combination, with the results 
indicating a relatively weak nonlinear interaction between the wind and 
pressure-driven sea levels. 

4.6. Long-term trend 

One important aspect when studying sea-level extremes is under-
standing their long-term development, important for planning and 
policymaking in coastal regions. A trend analysis was conducted using 
the Mann-Kendall test and Sen’s method (Mann, 1945; Sen, 1968; Bur-
key, 2021) at each model grid point using various sea-level percentiles 
and the annual maximum values. The Mann-Kendall test is a robust 
non-parametric method for the detection of monotonic trends and is 
widely applied on meteorological and hydrological time series. The 
Sen’s method determines the slope of the trend line. Since the extremes 
primarily occur in the winter, the annual maxima and percentiles are 
computed based on the data from June to May rather than the normal 
calendar year (January–December) to avoid splitting the extreme season 
between adjacent years. The trends obtained from the annual maxima 
for the Red Sea are presented in Fig. 11. The annual maxima revealed 
positive rates in the northern Red Sea and Gulf of Aqaba reaching up to 
1 mm/yr and negative rates up to − 1 mm/yr in the southern Red Sea and 
Gulf of Suez. However, these rates are not statistically significant (at 
significance α = 0.1). The 99th and 95th percentiles and mean regime of 
the meteorological sea level do not suggest any significant trends in the 
Red Sea domain (figures are not shown). Similarly, no significant trends 
were noticed in the extremes of the meteorological fields over the Red 
Sea. 

5. Discussion 

Churchill et al. (2018) reported that weather-band sea-level varia-
tions in the Red Sea are associated with the variability of SSE winds in 
the southern Red Sea. In that study, a one-dimensional barotropic model 
forced with winds along the longitudinal axis of the Red Sea was used as 
a predictive tool for reproducing the sea-level variability in the basin. 
We also note the important role of SSE winds over the southern Red Sea 
in modulating the sea levels in the region. Except for the winter months, 

Fig. 7. a) Time series of v (meridional) wind (magenta) and residual sea level 
(black). The time series are filtered to retain periodicities in the 3–100 d band. 
V wind times series is at the location of maximum correlation between v wind 
and residual sea level (see Fig. 6b for the location). (b) Cross-wavelet spectrum 
of the two time series shown in panel (a). Black contour represents 95% con-
fidence level. The dashed line indicates the cone of influence. The wavelet 
power is shown in the log2 scale. 
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the entire Red Sea experiences NNW winds along its axis. In the winter, 
the wind direction reverses to SSE over the southern Red Sea, with the 
Indian northeast monsoon turning northward through the 
Bab-el-Mandeb Strait and channeling via the mountains bordering the 
southern Red Sea and the Gulf of Aden (Langodan et al., 2014, 2017). 
These two prominent wind systems govern the various oceanographic 
aspects of the basin, especially the seasonal variability and water ex-
change with the Gulf of Aden (Yao et al., 2014a; b). Other wind systems 
over the basin generated by the mountain gap jets drive eddy activity in 
the Red Sea (Zhai and Bower, 2013; Zhan et al., 2016). The short-term 
variations in the SSE winds are stronger than those of the NNW winds 
(Johns and Safianos, 2012; Langodan et al., 2017; Churchill et al., 
2018), as indicated by the standard deviations of the meridional 
component of the surface winds (Fig. 6e). As discussed in Section 4, the 
correlation between residual sea level and meridional winds (Fig. 6b), 
average wind patterns during extreme high and low sea levels (Fig. 5) 
and the time series of sea level and meridional winds (Fig. 7a) suggests 
that the extreme sea-level fluctuations in the Red Sea are associated with 

the variability of winds over the southern Red Sea during winter. The sea 
levels simulated by the barotropic ADCIRC model are in adequate 
agreement with the observations in the high-frequency time scales (<30 
days). This model involves only two forcing fields, atmospheric pressure 
and wind. An increase in sea level driven by the action of wind forcing 
on the surface of the water is usually referred to as wind setup. This 
sea-level change is directly proportional to the wind speed and inversely 
proportional to the water depth (Pugh and Woodworth, 2014). The at-
mospheric pressure setup is called the inverse barometer effect (i.e., 
deviations in sea level in response to deviations in pressure; Pugh and 
Woodworth, 2014). In theory, an increase/decrease in pressure of 1 mb 
should result in 1 cm decrease/increase in sea level in the open ocean. 
However, in semi-enclosed basins such as the Red Sea, deviations in the 
sea-level response from the theoretical value can be expected (Zubier 
and Eyouni, 2020). During high sea-level events, the SSE winds over the 
southern Red Sea generate a setup while during low sea-level events, the 
NNW winds create a setdown (decrease in sea level) as these move the 
water out of the domain. Similarly, a low-pressure field during high 

Fig. 8. Spatial map of (a) maximum, (b) minimum, and (c) mean meteorological sea levels in the Red Sea. (d) Time series of meteorological sea levels during 2013 at 
the locations L1, L2, L3 and L4 indicated in (a). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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sea-level events further elevates the sea level, as indicated by negative 
correlations (Fig. 6c) between sea level and atmospheric pressure (the 
opposite occurs during low sea-level events). 

The model hindcast indicates the highest sea level in the Gulf of Suez, 
the shallowest region (mean depth of about 36 m) in the Red Sea that 
makes it highly sensitive to changes in the wind forces (Drews, 2015). 
Besides bathymetry and geometry, the relatively high sea levels in the 
Gulf of Suez can be attributed to winds associated with local mesoscale 
disturbances (Rady et al., 1994), and also to the diurnal variability in the 
sea level in the Gulf of Suez (Figs. 8d and 10d) due to variations in at-
mospheric pressure and land-sea breezes. High sea levels are also 
noticeable in the southern Red Sea and in the northeastern Red Sea (near 
36.8◦E, 25.7◦N), which can be attributed to the shallowness of the re-
gions and coastline configuration. 

The trend analysis suggests no statistically significant changes in the 
extreme meteorological sea levels during 1980–2016. The extremes in 
the meteorological fields also indicate no statistically significant trend 
over the region, consistent with the results of Shanas et al. (2017) who 
reported no significant trends in extreme wind speeds based on the 
Climate Forecast System Reanalysis (CFSR) data and in the wave heights 
forced by this wind product. This also indicates consistency in the 
changes in storminess in the regions from various proxies (wind, storm 
surge and wave). A quasi-global-scale analysis by Mawdsley and Haigh 
(2016) already suggested no statistically significant trends in surges at 

most of the analyzed tide-gauge sites. 
A recent review on extreme sea-level changes in the north Indian 

Ocean (Unnikrishnan and Antony, 2022) emphasized the limited 
knowledge about the sea-level extremes in its marginal seas, including 
the Red Sea. The major water bodies of the north Indian Ocean, the Bay 
of Bengal and the Arabian Sea experience all together five tropical cy-
clones per year on average. These could generate a few meters surges, 
which may cause severe damages to the underlying coastal regions. 
Since the Red Sea is mostly isolated from the open ocean, it is a safe zone 
in terms of the sea-level events associated with tropical cyclones. High 
sea levels in the Red Sea present low risks, except for the Gulf of Suez 
where the meteorological component of the sea level alone reaches up to 
0.85 m. Important sea-level changes could occur in this gulf if surges 
happen alongside high tides and peaks of low-frequency variability of 
sea level. Besides high sea-level events, the low sea level could also have 
an adverse impact in the Gulf of Suez, being an important ship naviga-
tion pathway. 

6. Summary and conclusions 

Sea-level extremes of meteorological origin have been little explored 
in the Red Sea. To study their characteristics, a high-resolution (~500 
m) barotropic model (ADCIRC) forced with hourly high-resolution 
meteorological fields downscaled using an assimilative WRF model 

Fig. 9. (a) Time series of the seasonal cycle at locations shown in panel (b). Amplitudes of the seasonal cycle of the monthly (b) maximum and (c) mean sea levels in 
the Red Sea. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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was implemented to hindcast the meteorological sea levels in the Red 
Sea over a 37-year period between 1980 and 2016. We first examined 
the ability of ADCIRC to describe the sea-level variability by comparing 
its outputs against coastal tide-gauge records, suggesting good model 
skills. We then analyzed the climatological features of the high sea levels 
in the Red Sea based on the validated long-term hindcast data. 

The extreme meteorological sea levels reach as high as 0.85 m in the 
northern part of the Gulf of Suez and are of the order of 0.30–0.50 m 
over the rest of the Red Sea. The extremes exhibited a relatively sig-
nificant seasonal variability with mean amplitudes in the range of 
0.06–0.16 m and frequent extremes during the winter months 
(January–March). Numerical experiments conducted to quantify the 
relative contributions of the forcing factors indicated the dominance of 
wind-driven sea-level extremes over pressure-driven extremes. The 
long-term hindcast data indicated no significant long-term trend in the 
sea-level extremes over the study period. 

The high-frequency sea-level changes in the Red Sea examined here 

have important implications on coastal planning and management ac-
tivities, and on the hydrodynamic aspects of the unique marine envi-
ronment of the Red Sea fringed with coral reefs. As these high sea levels 
are dependent on the winter winds over the southern Red Sea, their 
predictability mainly depends on that of the winds. Occasional, but 
potentially significant contributions of the mesoscale eddies in the basin 
(Zhan et al., 2016) to the development of sea-level extremes were not 
accounted for in this study. This will be investigated in our future work 
using a three-dimensional general circulation ocean model. 
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