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Abstract: Atmospheric forcing and climate modes of variability on various timescales are important
drivers of sea level variability. However, the influence of such drivers on sea level variability along
the South African east and south coast has not yet been adequately investigated. Here, we determine
the timescales of sea level variability and their relationships with various drivers. Empirical Mode
Decomposition (EMD) was applied to seven tide gauge records and potential forcing data for this
purpose. The oscillatory modes identified by the EMD were summed to obtain physically more
meaningful timescales—specifically, the sub-annual (less than 18 months) and interannual (greater
than two years) scales. On the sub-annual scale, sea level responds to regional zonal and meridional
winds associated with mesoscale and synoptic weather disturbances. Ekman dynamics resulting
from variability in sea level pressure and alongshore winds are important for the coastal sea level
on this timescale. On interannual timescales, there were connections with ENSO, the Indian Ocean
Dipole (IOD) and the Southern Annular Mode (SAM), although the results are not consistent across
all the tide gauge stations and are not particularly strong. In general, El Nifio and positive IOD events
are coincident with high coastal sea levels and vice versa, whereas there appears to be an inverse
relationship between SAM phase and sea level.

Keywords: tide gauge sea level variability; Southern Africa sea level variability; atmospheric and

climatic drivers

1. Introduction

Tide gauge data around southern Africa have been used to investigate sea level
variability on only a few occasions in recent years [1]. This is because of the absence of
good-quality, long-term sea level records [1-4]. Studies are needed in spite of this limitation
in some regions to avoid the use of the global ocean mean estimate rates as a reference for
future projections on regional and local spatial scales (e.g., [1]).

Around southern Africa, various authors have already carried out investigations on
timescales of sea level variability and their possible driving mechanisms, based mainly on
tide gauge records, daily and monthly means. Daily based sea level records have shown
variability that ranges from 3 to 7 days or longer at some sites, but not longer than one
month (e. g., [5-9]). The variability is due to the passage of weather disturbances such as
cold fronts, ridging anticyclones and mesoscale atmospheric coastal lows [10,11], which
propagate west to east along the South African coast (e. g., [5-9]).

Using monthly means from the west coast of southern Africa, timescales of sea level
variability ranging from months to years have been found (e.g., [2,7,12]). The timescales
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were grouped into three categories: (1) high-frequency (synoptic), (2) seasonal and (3) in-
terannual contributions. The synoptic contributions were attributed to the effect of the
coastal wind stress associated with mesoscale and synoptic weather systems. The seasonal
contribution was associated with seasonally varying wind patterns. The interannual con-
tribution was associated with the occurrence of the El Nifio-Southern Oscillation (ENSO)
phenomenon in the Pacific Ocean, via sea surface temperature (SST) modulation along the
west coast of southern Africa. This SST modulation was found to start further north in the
eastern equatorial Atlantic [2,13]. ENSO may also modulate the frequency and intensity
of the various weather systems that directly affect sea level (e.g., [11,14]). The synoptic
and seasonal contributions were suggested to be responsible for over 55% and 25% of the
monthly sea level variability, respectively [2].

Han et al. [15,16] provide some insight into how sea level has varied along the east
coast of southern Africa, although their study aimed to describe the driving mechanisms
of Indian Ocean sea level variability on interannual and decadal timescales. Using both
monthly tide gauge and satellite altimetry sea level observations, [17] suggest that on
timescales ranging from a few months to decades, sea level anomalies along the coast of
South Africa are associated with absolute dynamic topography variations in the Agulhas
Current core. Additionally, the authors suggest that these absolute dynamic topography
variations in the Agulhas Current core are in response to displacements of the current both
near and offshore from the coast during eddy and meander events.

Along the east and south coast of South Africa, the studies cited above suggest that
detailed information on the driving mechanisms of the timescales of daily means of tide
gauge records can be found. However, monthly means of tide gauge records have been
poorly explored in studies of atmospheric and/or climatic drivers of the timescales of
sea level variability along the east and south coast of South Africa (Figure 1). Therefore,
there is a need to improve our understanding of local and regional sea level variability,
taking advantage of the extended monthly sea level data used in previous studies, most
of them dated in the 1980s. The objective of this study is to determine the timescales of
sea level variability and identify corresponding drivers. Empirical Mode Decomposition
method (EMD) [18,19] was applied to assess different modes (timescales) of sea level
variability. Where possible, the separated EMD modes have been compared with previous
results in the literature. This paper is structured as follows: the data and methodologies
applied in this study are described in Section 2, the results and discussion are presented in
Sections 3 and 4 respectively, and the summary and conclusions are given in Section 5.
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Figure 1. The location of tide gauge stations used in this study. RB, D, EL, PE, K, MB and SB indicate
Richards Bay, Durban, East London, Port Elizabeth, Knysna, Mossel Bay and Simon’s Bay tide gauges
sites, respectively. Solid yellow line indicates the typical path of the Agulhas Current.
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2. Data and Methods
2.1. Data

To examine and advance the understanding of possible driving mechanisms of sea
level variability, different datasets from several data sources were used. The details of each
dataset used in this study are described below.

2.1.1. Sea Level Observations

Monthly mean sea level records of seven sites along the east and south coasts of
South Africa, sourced from the Permanent Service for Mean Sea Level (PSMSL, [20]), are
used in this study. These raw data has gaps that needed to be reduced or eliminated
so that the analysis could give reliable conclusions. Hence, tide gauge measurements
were combined with the gridded multi-mission Copernicus Marine and Environment
Monitoring Service (CMEMS; www.marine.copernicus.eu, accessed on 10 April 2021) sea
level satellite altimetry observations product, from January 1993 to December 2015, as
described in Nhantumbo et al. [17].

2.1.2. Large-Scale Oceanographic and Climate Data

Several datasets were analysed to identify and evaluate the drivers of sea level vari-
ability and trends, including atmospheric and climate forcing. These are described below.

Sea Level Pressure

Monthly mean gridded reanalysis sea level pressure (SLP) from the National Centre for
Environmental Prediction/National Centre for Atmospheric Research (NCEP/NCAR; [21]),
downloaded from the webpage www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.
derived.html, accessed on 21 April 2021, were used. The global resolution is 2.5 degrees
in both latitude and longitude directions, the unit is Pascals (Pa), and data are available
from January 1948 to the present. The global data were used to study the large- and
regional-scale relationships between SLP and regional sea level variability. In addition
to this, the same monthly gridded SLP datasets were extracted at the nearest tide gauge
location grid point to correct for the inverse barometer (IB) effect of the sea level records.

Winds

The monthly mean gridded reanalysis 10 m winds and wind stress also from the
NCEP/NCAR [21] (www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.derived.
html, accessed on 10 August 2021) are used to investigate the large- and regional-scale
relationships between wind and regional sea level variability. The gridded zonal and
meridional components of the 10 m winds and wind stress are available on a T62 Gaussian
grid and provided from January 1948 to the present, in meters per second (m/s) and
Newton per square metre (N/m?), respectively.

Extended Reconstructed Sea Surface Temperature

Gridded monthly mean Extended Reconstructed Sea Surface Temperature (ERSST)
version 4 [22] from the National Oceanic and Atmospheric Administration (NOAA) is used
to investigate the large-scale relationships between SST and regional sea level variability.
These data are provided globally at a 2-degree resolution in both latitude and longitude,
given in degrees Celsius (°C), and available from January 1854 to present from www.esrl.
noaa.gov/psd/data/gridded /data.noaa.ersst.v4.html (accessed on 16 June 2021).

Dipole Mode Index

Time series of monthly mean Dipole Mode Index (DMI) [23], based on the NOAA
ERSST, version 4, from January 1854 to present were used. Data are available at www.
jamstec.go.jp/frcge/research/d1/iod/e/iod /about_iod.html, accessed on 16 June 2021.
The DMI is the main index used for monitoring Indian Ocean Dipole (IOD) conditions.
DMLl is derived from the SST difference between the south-eastern equatorial Indian Ocean
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(90-110° E and 10° S-Equator) and the western equatorial Indian Ocean (50-70° E and
10° S-10° N). Previous studies [23-28] have indicated that the IOD has significant effects
on the climate of the Indian Ocean rim countries, including the southern African region.

Multivariate ENSO Index

In order to investigate the possible influence of ENSO events on sea level variabil-
ity, time series of monthly mean Multivariate ENSO Index (MEI) [29,30], from December
1949 /January 1950 to present, were downloaded from www.esrl.noaa.gov/psd/enso/mei/
index.html, accessed on 16 June 2021. The MEI combines analysis of multiple meteorologi-
cal and oceanographic components, including SLP, zonal and meridional components of the
surface wind, SST, surface air temperature and total cloudiness fraction of the sky over the
tropical Pacific. These observations have been collected and published in the International
Comprehensive Ocean-Atmosphere Data Set ICOADS, [31]). The MEI is considered to be
the most complete index for ENSO monitoring and is derived twelve times per year for a
2-monthly moving average, corresponding to January—-February, February-March, and so
on. ENSO has been shown to impact climate over many areas of the world, including the
southern African and South Indian Ocean region [32,33].

Southern Annular Mode

Time series of monthly mean Southern Annular Mode (SAM) data, from January 1957
to present, downloaded from https://legacy.bas.ac.uk/met/gjma/sam.html, accessed on
16 June 2021, were utilised in this study. Also known as the Marshall Southern Annular
Mode index [34], this index is derived from the difference between the zonal pressure at
the stations located at 40° S and 65° S. SAM modulates the westerly wind belt over the
Southern Ocean. Given that SAM is known to impact the strength and position of cold
fronts, it influences the weather and climate of the Southern Hemisphere south of about
20° S, including southern Africa [35,36]. Positive SAM events reflect a poleward contraction
of the belt of strong westerly winds resulting in fewer or weaker cold fronts reaching the
southern part of South Africa. During negative SAM phases, the belt of strong westerly
winds expands equatorward, causing more cold fronts to reach South Africa.

2.2. Methods

Outliers were removed from the monthly sea level data using a threshold of 3 standard
deviations. Empirical Mode Decomposition analysis [18,19] was applied to separate the
embedded timescales within the various time series analysed in this study. The EMD
analysis is especially devoted to non-stationary and nonlinear time series. The method is
a combination of Hilbert spectral analysis and EMD [18,37]. With this method, any time
series data can be decomposed into a finite number of oscillatory modes, namely, intrinsic
mode functions (IMFs) with time-variable amplitudes and frequencies. The Hilbert-Huang
Transformation (HHT) identifies each IMF, and then the EMD decomposes them via a
sifting process [18,37] following the equation:

N
Zwy =) Cjiny + Ry ©)

j=1

where Z ;) is the original time series, C;(; is the number of IMFs within the original time
series and Ry is the residual trend. Mode zero (0) is defined as the original time series and
modes 1-N are the oscillatory modes.

The number of cycles or modes is determined by the record length. The shape of
each separated mode and, hence, the trend cannot be known in advance as the method
is non-parametric [38,39]. Additionally, the trend is neither linear nor quadratic [18,37].
To confirm a relationship with a possible driving mechanism, one can undertake a single
regression analysis by correlating each separated EMD mode, bearing in mind that the sea
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level modes and trend can be predicted from the forcing mechanism, for instance, regional
sea level pressure EMD modes following the relation:

Yir) = aiCi(y) + bi 2)

where a; and b; are the regression coefficients. Low-frequency EMD modes are similar to
low-pass filtered time series.

The Ensemble Empirical Mode Decomposition (EEMD) analysis [40], with an ensemble
mean of 100 EMDs and white noise as 10% of standard deviation, was used to eliminate
artificial low-frequency modes. Then, the separated timescales of both sea level variability
and drivers are combined to form the sub-annual and interannual timescale. The sub-
annual timescale is the sum of the modes with a periodicity shorter than approximately
one and a half years. The modes with a periodicity longer than approximately two years
are summed to compute the interannual timescale.

The long-term linear trend and the seasonal cycle of each time series in this study were
removed before analysis. Unless specified otherwise, a two-sided ¢-test was undertaken to
test the significance, at 95% confidence level, of the correlations between the modes of the
tide gauge sea level and atmospheric surface fields on a regional scale. Linear correlations
(at various lags) were used to examine whether there is a possible connection between
the modes of climate variability (IOD, ENSO and SAM) and coastal sea level variability
along the south and east coasts of South Africa. The statistical significance of the resultant
correlation coefficients was tested based on Huang et al. [41], at 5% significance intervals.
Given that regular correlations often include noisy and weak anomalies, composite analysis
was also undertaken to get more insight into the connection between different forcing
mechanisms and coastal sea level variability through stronger signals. The regression of
modes of climate variability onto the local winds and sea level was used to better explain
the processes contributing to the coastal sea level variability on the interannual timescale.

3. Results
3.1. Drivers of Tide Gauge Sea Level Variability at Sub-Annual Timescales

Figure 2 illustrates the correlation between tide gauge sea level variability and regional
gridded SLP on sub-annual timescales. The highest correlation (largest in absolute value
and negative) is found offshore. Thus, high sea level at the coast is linked with low SLP
values over the open ocean. It is also evident that the offshore correlation values are higher
on the south coast, between East London and Simons Bay, which may reflect the fact that
this region and its offshore ocean, being further south than the east coast, experience a
greater number of midlatitude weather disturbances. Since sea level records were corrected
for the inverse barometer (IB) effect and the linear trend as well as the seasonal cycle
were removed in both datasets, the effect of static pressure is removed. Consequently, the
correlation with coastal sea level variability illustrated here may be explained in terms of
its interaction with wind variations associated with the passing weather systems.

In order to understand the effect of the wind on coastal sea level variability, u- and v-
components of the wind were examined separately. Figure 3 shows the correlation between
regional 10 m zonal winds and sea level variability. In fact, the wind correlation appears to
be strong near the coast, which is consistent with Figure 2. Overall, positive zonal winds
(westerly winds) are associated with a high sea level at all tide sites under consideration.
As a result, when sea level is high at the tide gauge and vicinity, the zonal wind is also
high along the coast. This positive correlation suggests that the zonal component of the
winds is associated with westerlies on this timescale. However, zonal winds seem to not
have a significant association with sea level variability at Simons Bay (Figure 3g). Simons
Bay lies on the eastern side of the Cape Peninsula below relatively high mountains to its
west and south/southeast so that it is relatively sheltered from prevailing westerly winds
in winter or southeasterly winds in summer, and so the relationship with the zonal wind at
this station may be masked. With the exception of Simons Bay, the results also suggest that
the impact of the zonal wind on coastal sea level variability is high on the south coast.
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Figure 2. Correlation, on the sub-annual timescale, between regional gridded monthly mean SLP and monthly mean SL
records at (a) Richards Bay, (b) Durban, (c) East London, (d) Port Elizabeth, (e) Knysna, (f) Mossel Bay and (g) Simons
Bay, respectively. Red stars indicate the tide gauge location. Black crosses indicate areas statistically non-significant at 95%

confidence level, estimated using a two-sided t-test.
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Figure 3. Correlation, on the sub-annual timescale, between regional gridded monthly mean zonal wind at 10 m above the

mean sea surface and monthly mean sea level records at (a) Richards Bay, (b) Durban, (c) East London, (d) Port Elizabeth,

(e) Knysna, (f) Mossel Bay and (g) Simons Bay, respectively. Red stars indicate the tide gauge location. Black crosses indicate

areas statistically non-significant at 95% confidence level, estimated using a two-sided t-test.

Figure 4 displays the correlation between regional 10 m meridional wind and sea level
variability on the sub-annual timescale. Positive meridional winds (southerly winds) are as-
sociated with high sea level at Richards Bay and Durban tide gauge locations (Figure 4a,b).
However, at Knysna, Mossel Bay and Simons Bay;, it is the negative meridional component
of the wind (northerly winds) that is associated with high coastal sea levels (Figure 4e-g).
Neither positive nor negative meridional winds seem to have a significant correlation with
sea level at East London and Port Elizabeth (Figure 4c,d). The sea level at Knysna and
Mossel Bay (Figure 4e,f), and less strongly Port Elizabeth and Simons Bay (Figure 4d,g),
seems to have a good correlation with the meridional wind to the west of the station. It is
noticeable that Richards Bay and Durban, East London and Port Elizabeth, and Knysna
and Mossel Bay exhibit similar correlation patterns. Comparing Figures 3 and 4 may indi-
cate that the zonal winds have a stronger relationship with sea level than the meridional
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winds. Thus, the results suggest that the midlatitude westerlies are the main wind driving
mechanism of sea level variability on this timescale, especially on the south coast.
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Figure 4. Correlation, on sub-annual timescale, between regional gridded monthly mean meridional wind at 10 m above
the mean sea surface and monthly mean SL records at (a) Richards Bay, (b) Durban, (c) East London, (d) Port Elizabeth,
(e) Knysna, (f) Mossel Bay and (g) Simons Bay, respectively. Red stars indicate the tide gauge location. Black crosses indicate
areas statistically non-significant at 95% confidence level, estimated using a two-sided ¢-test.
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It should be noted, however, that given the correlation values in Figures 2—4, winds do
not explain 100% of the variability on the sub-annual timescale. Nevertheless, the analyses
contribute significantly to an improved understanding of the effect of atmospheric forcing
on this timescale. How sea level along the east and south coasts of South Africa responds
to mesoscale and synoptic weather systems is discussed in the next section.

The Response of Coastal Sea Level to Strong Anomalies in the Atmospheric Forcing

To further understand how mesoscale and synoptic weather systems are associated
with coastal sea level along the east and south coasts of South Africa in the annual cycle,
composite average differences between high and low sea level events were calculated
and mapped using a one-and-a-half standard deviation threshold (Figure 5). Composite
analysis focuses on the stronger signals and may give a clearer picture than the regular
correlations, which include the often-noisy, weak anomalies. The colour scale on the right
panels of Figure 5 show the SLP differences during high and low sea level events, while
the vectors indicate the corresponding change in the direction and magnitude of the winds
at 10 m. It is noticeable that, except for Simons Bay (Figure 5g), the common pattern is a
negative SLP difference south of South Africa, reflecting increased mid-latitude cyclonic
conditions. As a result, a strong pressure gradient and northwesterly to northerly wind
anomalies are found along the south coast, becoming more easterly near Durban and
Richards Bay, whereas for Simons Bay the pattern is to the southwest of the country while
there are anticyclonic wind conditions over most areas inland.

The relationships between regional atmospheric forcing and sea level variations along
the South African coast, although mentioned in previous studies, are not yet understood.
Limitations of data, in particular, have presented great problems in previous studies. Due
to this poor data quality, the conclusions in many earlier studies were based solely on
visual correlations and the apparent consistency of the results derived in this way with
those conducted elsewhere around the globe [2,7,12].

3.2. Drivers of Tide Gauge Sea Level Variability on Interannual Timescales

Figure 6 shows the correlation between the DMI and tide gauge sea level data, on
the interannual timescale. The results suggest varying degrees of influence of IOD over
the studied region, with correlations only at Durban and Port Elizabeth being statistically
significant. The highest correlation values of approximately 0.36 and 0.24 are noted at
Durban and Richards Bay, respectively. At both tide gauge sites, the coherence in the
variability of sea level and the DMI is also noticeable. This suggests that the IOD has
an influence on sea level variability on the east coast. At Port Elizabeth, there is also a
correlation of —0.5 at 6 months lag. There are, on occasion, strongly positive or negative
IOD events that co-occur with anomalously high/low sea level events. Despite there
not being a consistently strong relationship between sea level and the 10D, as shown by
the correlation with DMI, the 1997 positive IOD event, regarded as one of the strongest
(e.g., [42]), appears to have led to positive sea level anomalies at all sites.
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Figure 6. Time series of interannual Dipole Mode Index (DMI) and SL records at (a) Richards Bay,
(b) Durban and (c) Port Elizabeth. DMI in degrees Celsius is given in blue and SL in centimeters is
given in green. Correlation coefficients are found in the panel titles.

To further investigate the influence of climate indices, the correlation between MEI and
sea level variability was examined. It is challenging to draw conclusions about consistent
relationships based on interannual time series due to the inconsistent correlations and the
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lack of statistical significance even down to 90% confidence level. While the correlations
between MEI and sea level at the various sites are very weak, the highest correlation was
found at Durban, approximately 0.18 at 6 months lag (not shown). Figure 7 illustrates the
correlation between the embedded timescales within monthly MEI and sea level records at
East London, significant at 95% confidence level. EMD modes 5, 6 and 7 indicate timescales
of approximately 4-, 7- and 19-year periods, respectively. Overall, the longer-term modes
have shown significant correlations between MEI and sea level at all studied tide sites.
The mechanism through which the ENSO signal is transmitted to high/low sea levels is
discussed later. However, Brundrit et al. [12] correlated the high sea level in the eastern
South Atlantic to the strong 1982-1983 EI Nifio event.

15 (a) MEIl vs SL at EL: mode-5 (R= -0.29) 3 Cross-correlation
0.1
= 1 2
B ‘_vTﬂ o
g 05 1 l li &
[=]
_ v 0413
3o 0§ ) 8
] 005
%05 " 0.2 8
2
3
2 4 2 o 0.3
ot 0.4
N N P A 20 10 0 10 20
IR RCHCRCENASEN Lags (month)
1 (b) MEI vs SL at EL: mode-6 (R= -0.47) 2 Cross-correlation 01
= 0
% 0.5 1
g 01
= 5 H
g 0 0§ 02§
3 03°
g
£-05 K]
= %, Le0%7-0.4
>¢ 50¢
o S PP DB D 20 10 0 10 20™°
RACICCCICIC IO HNINS Lags (month)
15 (c) MEl vs SL at EL: mode-7 (R= 0.57) 3 Cross-correlation 0.8
g 1 2 .. 0.6
2 .01'01
t by
g 05 1 1P190000s
a _ 04 E
B 02 §
$-0.5 -1
g
s
s - 0
b S D 6D DB 20 10 0 10 2002
RGO ORI SANHONNS Lags (month)
1 (d) MEI vs SL at EL: mode-8 (R= 0.82) 2 Cross-correlation 1
0 1000, 0.8
e Pog
Sos 1 11199900,
s ’90.6 _
g g
= T 3
g o 0§ 04 8
5 5
2 02 °
E
£-0.5 -1
gl n
0
o P D 5D DD 20 10 0 10 202
KRG I RNA NSNS Lags (month)

Figure 7. Correlation between monthly Multivariate ENSO Index and sea level at East London, on
different timescales, separated by the EMD analysis. For a better comparison, the long-term linear
trend and the seasonal cycle were removed from the original time series. Left panel, blue and green
colours indicate the MEI and sea level (in centimeters), respectively. Right panel, the horizontal blue
lines indicate the 95% confidence bounds. Mode 0 is the raw data, modes 1-7 are the oscillating
modes, and the remaining residual mode is the trend (mode 8). On average, modes 5, 6 and 7
represent approximately 4-, 7- and 19-year cycles, respectively.
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There are several ENSO indices, derived from different parameters including SLP and
SST, although the choice was to use MEI due to its completeness, as described in the data
section. To support this choice, other ENSO indices (Southern Oscillation Index (SOI) Nifio
3.4) were also examined, and the results were comparable to the ones discussed above.

The correlation between SAM and sea level variability was also calculated (Figure 8).
The results suggest that SAM has a measurable influence on coastal sea level in the re-
gion. The highest correlation value was found at Simon’s Bay (approximately 0.25). The
mechanism behind the SAM influence is explored further in this study based on regres-
sion analysis.

2 . . . ISAM vs SL at SB (R= 0.25) 10
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T
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(amplitude)
o
o
(em)

A
&

S F L LSS SO
Figure 8. Time series of interannual Southern Annular Mode (SAM; [34], 2003) and SL records at
Simons Bay. Blue and green colours indicate the SAM and SL (in centimeters), respectively. The
correlation coefficient is found in the panel title.

The influence of the climate indices on sea level variability on the interannual timescale
has been examined. The results suggest that, on this timescale, tide gauge SL variability is
only weakly influenced by ENSO, 10D, and SAM. However, when analysing the embedded
timescales within monthly climate indices and sea level records at all studied tide sites,
only moderate relationships are found.

Thus, to understand the mechanism by which climate indices influence sea level
variability on longer timescales, a regression of December—January-February (DJF) ENSO
and SAM indices onto the local winds and sea level was performed and results are dis-
played in Figure 9. In general, the studied climate indices have significant regressions
on winds along the studied coastal areas. This helps support the argument that there
are climate indices influences on the local winds and hence sea level. The sub-season
DJF was chosen based on literature (e.g., [33,36] for ENSO, [35,36] for SAM, [23,43] for
IOD) suggesting December-January—February /January-February-March (DJF/JEM) as
the seasons of maximum ENSO and SAM impact on the South African region. For IOD it
is September—-October-November (SON) or October-November-December (OND).
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Figure 9. Regression coefficients of MEI onto (a) meridional wind stress and (b) zonal wind stress,
and SAM onto (c) meridional wind stress and (d) zonal wind stress (DJF), respectively. The long-term
linear trend was removed from the datasets. The base period for the analysis is 1960-2019. Dots
indicate areas statistically non-significant at 90% confidence level based on p-value.

The Combined Influence of the Modes of Climate Variability

To further understand how the three modes of climate variability (ENSO, IOD and
SAM) are associated with the coastal SL along the east and south coasts of South Africa on
the interannual timescale, composite average differences between positive and negative
(using 0.75 standard deviation threshold) MEI, DMI and SAM index events were calculated
and the results are displayed in Figure 10. The colour scale shows the magnitude of the sea
level differences during positive and negative events of ENSO, IOD and SAM, respectively.
With the exception of East London, the resulting SL differences during ENSO events are
statistically not significant. However, positive IOD events appear to force high coastal
sea levels compared to negative IOD events. It appears that negative SAM events tend to
induce higher coastal sea levels than positive SAM events. Figure 10 hardly indicates a
pattern in the modulated SL differences that would help identify any sub-regional impacts
over the studied region. It turns out, however, that East London displays a unique pattern,
in agreement with the results discussed above [17].

Assuming that, for instance, a particularly positive or negative ENSO event may occur
during months in which positive or negative IOD or SAM events are observed, the impact
of the paired interaction between the three modes of climate variability and coastal SL was
further investigated. Figure 11 shows the results of SL differences during the interaction of
MEI-DMI, MEI-SAM and DMI-SAM, respectively.



J. Mar. Sci. Eng. 2021, 9, 924

15 of 24

[+

Richards Bay

S

Durban

Ny

East London

Port Elizabeth

[=]

Knysna

Mossel Bay

Simons Bay

2
4
6
N o
& & &

Figure 10. Sea level composite mean difference (cm) based on MEI (ENSO), DMI (IOD) and SAM
indices at all studied tide gauges. The tide gauges are labelled with their names (y-axis), from east
to south. Colour indicates the magnitude of SL differences during positive and negative indices.
Numbers in bold are based on composite means that are significantly different above the 95% level,
according to two sampled f-tests.
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MEI/SAM and DMI/SAM climate mode combinations. The tide gauges are labelled with their names
(y-axis), from east to south. Colour indicates the magnitude of SL differences during the climate
index combinations. Numbers in bold are based on composite means that are significantly different
above the 95% level, according to two sampled t-tests.
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In general, the combinations +MEI/+DMI and +DMI/-SAM appear to modulate
positive SL differences, implying that high coastal sea levels can be observed during
months of El Nifio and positive IOD or during positive IOD and negative SAM months,
while low coastal sea levels appear to be more likely during months of El Nifio and negative
IOD or during El Nifio and positive SAM. The strongest significant indications of these
tendencies are the positive difference at East London during +MEI/+DMI and the negative
SL difference at Simons Bay during +MEI/-DMI. During months of positive IOD and
positive SAM (+DMI/+SAM), there is a good chance for high sea levels at Richards Bay
in the east and low monthly sea levels at Mossel Bay in the south The same east to south
response is indicated during +MEI/-SAM, with the strongest signals in East London and
Simons Bay. (Note that the respective differences 3.0 cm at Richards Bay and —2.67 cm at
Simons Bay are significant above 94%).

Furthermore, anomalously high sea level months (using one and a half standard
deviations above the mean as a threshold) were identified (see Figure 5), and these events
were plotted in the space of two climate indices (Appendix A). This may indicate how
each tide gauge is influenced by a specific combination of the modes of climate variability
(MEI/DMI, MEI/SAM and DMI/SAM). High and low sea level events were associated
with wind changes to explain the atmospheric forcing. Here, the assumption is that those
wind changes that result from the passage of mesoscale and synoptic weather systems may
have been modulated by their interaction with the climate modes of variability and then
affect coastal sea levels, which would be consistent with other studies (e.g., [44-47]) and
Figure 9.

Overall, all the studied tide gauge sites (Figure Al) indicate that the interaction
+MEI/+DMI is likely to induce an anomalously high coastal sea level, consistent with the
results of the sea level composite average differences discussed above (Figure 11). However,
one cannot draw a sound conclusion regarding the pair of interactions that affects coastal
sea level the most when examining the combinations of MEI and SAM indices during high
sea level months at the studied tide gauge stations (Figure A2). Additionally, most of the
studied tide gauge sites are dominated by the interaction +DMI/+SAM (Figure A3), which
may indicate that there is a high probability for high sea levels to occur during the months
of positive IOD/positive SAM events, not consistent with the results of sea level composite
average differences.

To summarise, different combinations of the climatic modes of variability (MEI/DMI,
MEI/SAM and DMI/SAM) were examined to further understand the impact of their
interaction on local and regional coastal sea level. The results suggest a varying degree of
influences, with East London displaying a unique connection as well as being the separation
point for east and south effects [17].

4. Discussion

It is difficult to ascertain which driver is embedded in the data when interpreting
each mode. Each timescale (or even mode) may represent one or more physical drivers.
However, identifying a single driver for each separated timescale is challenging due to our
limited knowledge of how sea level is linked to the various forcing mechanisms (e.g., [48]).
A key question to consider is whether it is possible to determine a physical meaning for
each timescale, or should the timescale isolated by EMD be determined according to the
periodicity of known drivers?

Usually, the periodicities of drivers cover a range of timescales [23,34,49,50]. As a
consequence, a driver may have a measurable effect over a set of single modes of SL
variability. Thus, it would be better to combine some modes with different periodicities
to identify physically meaningful ranges of frequencies to compare with known drivers.
Therefore, at each tide gauge location, the separated oscillatory modes are grouped into
sub-annual and interannual timescales of sea level variability. These temporal scales of
sea level variability are considered to be physically more meaningful, and hence easier to
relate to known drivers of atmospheric conditions and climate variability.
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On the sub-annual timescale, only atmospheric forcing was considered. This is because
previous studies have indicated that the mesoscale and synoptic weather disturbances are
the driving mechanisms of the southern Africa coastal sea level variability on this timescale,
based on daily mean [5-9] and monthly mean [2,7] tide gauge records, respectively. There-
fore, the time series at each studied tide gauge site were correlated with the time series
at each grid point of the regional atmospheric data, and the statistical significance of the
resultant correlation was estimated through a two-sided t-test.

Overall, there is a consistent positive SLP difference centered over the southern Africa
sub-continent. Surface high-pressure systems are associated with a counter-clockwise
(anti-cyclonic) wind circulation in the Southern Hemisphere and over the study region
(e.g., [51-54]). The negative SLP difference over the Southern Ocean is notable, producing
a north—south pressure gradient. The composite winds are consistent with the pressure
pattern. As can be seen, as one moves from one station to the next, there is a consistent
eastward displacement of the core of the positive SLP difference, resulting in a west—east
pressure gradient, followed by the change in wind strength and direction.

The features displayed in Figure 5 are consistent with the correlations between regional
SLP and 10 m winds, and the tide gauge SL variability discussed above; hence, such features
point to the mechanism by which wind variations are associated with coastal sea level on a
sub-annual timescale. The association between wind variations and coastal SL variability
can be explained through Ekman transport dynamics [47,55]. Thus, wind variations (mainly
longshore winds) induce an onshore water mass transport towards the tide gauge location,
i.e,, to the left of the wind direction in the Southern Hemisphere [55].

In summary, the results presented in Figure 5 suggest that SLP gradient anomalies
cause enhanced alongshore winds leading to an increased or decreased coastal SL through
Ekman transport dynamics, on the sub-annual timescale, suggesting that sea level responds
to the mesoscale and synoptic weather systems in the annual cycle, in agreement with
previous literature [2,7,12]. It turns out, however, that the response of coastal sea level
variability to longshore wind variations associated with mesoscale and synoptic weather
systems is commonly used to describe the propagation characteristics of coastal trapped
waves along the coast of southern Africa on timescales of days [8,9]. Hence, when analysing
Figure 5 from the south to the east coast, i.e., from Simons Bay to Richards Bay, one can
notice that if a coastal trapped wave is generated on the west coast, it would travel
anticlockwise to the east, in agreement with Chelton and Davis [56]. According to Chelton
and Davis [56], the lagged response to the disturbances along the eastern boundary regions
can also be detected in monthly mean tide gauge records.

Brundrit [2] suggested that the mesoscale and synoptic atmospheric disturbances are
responsible for 5 cm of the variability in the monthly mean sea level data. These weather
systems propagate from the west to south coast around southern Africa. The periodicity
and amplitude of the sum of the sub-annual modes appear to confirm this. On the south
coast, the amplitude of sub-annual timescale variability is around 5 cm, consistent with the
results of [2], along the west coast. In contrast to the south coast, the east coast, from Port
Elizabeth equatorward, shows sub-annual amplitudes greater than 5 cm. The causes of this
increase in amplitude were not further investigated given the scope of this study.

The contribution of synoptic atmospheric disturbance patterns to the daily mean
sea level amplitude is 30-50 cm around the southern African coast, allowing the study
of propagation characteristics of coastal trapped waves [8,9]. Furthermore, the influence
of the mesoscale and synoptic atmospheric disturbances as the drivers of sea level vari-
ability tends to be less important on longer timescales (e.g., [57]), but is not negligible
(e.g., [45,57,58]).

Positive SAM events reflect a poleward contraction of the belt of strong westerly
winds resulting in fewer low-pressure systems reaching southern Africa. Overall, negative
SAM events may lead to high SL at Richards Bay, Durban, East London and Port Elizabeth,
and positive SAM events may lead to high SL at Knysna, Mossel Bay and Simons Bay.
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The mechanism by which modes of climate variability are related to coastal sea level
variability is yet not fully understood [59,60]. The consensus so far is that the climate
indices do not influence coastal sea level directly; instead, they modulate the oceanic
circulation patterns as well as the frequency and intensity of the various regional weather
systems (Figure 9) that can directly affect coastal sea levels (e.g., [44—47]). This is in line
with the results of DJF climate indices regressed onto local winds in Figure 9. The features
displayed in Figure 9 suggest the mechanism by which climate indices induce coastal wind
variations over the studied region and hence coastal sea level on an interannual timescale.

5. Summary and Conclusions

Monthly mean sea level records, at seven individual tide gauge locations, from the
south and east coast of South Africa, were used to study the timescales of variability, their
relationships to atmospheric forcing and modes of climate variability.

At the sub-annual timescale, sea level responds to regional zonal and meridional
winds associated with mesoscale and synoptic weather disturbances in the annual cycle.
These results are in agreement with previous studies [2,7,12]. It is hypothesised that
through Ekman transport dynamics, SLP and longshore winds increase and decrease the
coastal sea level on this timescale.

The results suggest a connection between coastal sea level variability and climate
indices on the interannual timescale, although it is neither consistent across the set of tide
stations nor particularly strong. This was supported by the examination of the regression
of ENSO and SAM onto the local winds to get more insight into the processes contributing
to the coastal sea level variability on an interannual timescale. Strong positive ENSO
events tend to increase coastal SL, while strong negative ENSO events tend to decrease SL;
however, the relationship is not consistent. Overall, strong IOD events tend to have a similar
influence as the strong ENSO events. The results also suggest that, in general, negative
SAM events may lead to high coastal sea level events. It was noticed that particularly strong
ENSO and IOD events were in phase with sea level variability, which may be reinforcing
the suggestion that climate indices could be related to coastal sea level variability via local
wind modulation.

To further understand how the three modes of climate variability (ENSO, IOD and
SAM) under consideration are associated with the coastal sea level on interannual timescales,
composite average differences between positive and negative (using 0.75 standard devia-
tion threshold) MEI, DMI and SAM events were calculated.

The combinations of MEI and SAM indices in months of anomalously high sea levels at
the tide gauge stations under consideration prevented us from drawing a sound conclusion
concerning the dominant interaction, suggesting a need for further analysis.

Given the results of this study, further investigations are necessary to understand the
regional atmospheric circulation patterns associated with each binary interaction. This
would help explain wind and pressure variation characteristics associated with specific
combinations of the modes of climate variability and their effects on coastal sea level.

Overall, the results are in agreement with the linear correlations, suggesting that, in
general, high monthly coastal sea levels are more likely during El Nifio, positive IOD and
negative SAM events, respectively. La Nifia events appear to induce low monthly coastal
sea levels at approximately similar magnitudes to El Nifio events. It is worth highlighting
that this offers some predictive capabilities to be explored by ocean modellers.

The impact of the paired interaction between the three modes of climate variability
and coastal sea level in months with sea levels higher than 1.5 standard deviations above
mean sea level were further investigated. The results suggest that the influence of climate
variability on coastal sea level may be quantified through their binary interactions despite
further investigation being necessary to substantiate the statement. Thus, in most of
the locations, the likelihood of anomalously high coastal sea levels during months of El
Nifio/positive IOD and positive IOD/positive SAM events is fairly high.
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The results presented here suggest that, given their connections to coastal sea level
variability, it is worth monitoring the patterns of mesoscale and synoptic weather distur-
bances and the modes of climate variability for better coastal planning, management and
engineering.
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Figure A1. The MEI/DMI combinations in months with higher/lower (in red /blue) sea level than
1.5 standard deviations above/below mean sea level at (a) Richards Bay, (b) Durban, (c) East London,
(d) Port Elizabeth, (e) Knysna, (f) Mossel Bay and (g) Simons Bay, respectively. The percentages
indicate the number of months within a quadrant divided by the total number of the recorded SL
months of the paired interactions.
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Figure A2. The MEI/SAM combinations in months with higher/lower (in red /blue) sea level than
1.5 standard deviations above/below mean sea level at (a) Richards Bay, (b) Durban, (c) East London,
(d) Port Elizabeth, (e) Knysna, (f) Mossel Bay and (g) Simons Bay, respectively. The percentages
indicate the number of SL months within a quadrant divided by the total number of the recorded SL
months of the paired interactions.
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Figure A3. The DMI/SAM combinations in months with higher/lower (in red /blue) sea level than
1.5 standard deviations above/below mean sea level at (a) Richards Bay, (b) Durban, (c) East London,
(d) Port Elizabeth, (e) Knysna, (f) Mossel Bay and (g) Simons Bay, respectively. The percentages
indicate the number of SL months within a quadrant divided by the total number of the recorded SL
months of the paired interactions.
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