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Abstract

The Western Indian Ocean (WIO) is one of the most dynamically active ocean
regions globally, yet its multiscale interactions and collective influence on sea
level variability, surface circulation, and mesoscale eddy activity remain un-
quantified across the full satellite altimetry era despite direct effect on regional
climate prediction, coastal adaptation, and marine ecosystem management along
the East African coastline. This study presents an integrated analysis across the
tropical WIO (40°E - 52°E, 20°S - 12°N) using a 32-year satellite altimetry rec-
ord (1993-2024), employing seasonal decomposition, linear regression with
autocorrelation-adjusted significance testing, a non-parametric trend test, and
Pearson and partial correlation analysis. Seasonal SLA patterns reveal a mon-
soon-driven annual cycle characterized by the strongest positive anomalies
during MAM, a pronounced cross-equatorial dipole during JJA, and a localized
negative coastal anomaly during SON unique to that season. Domain-averaged
seasonal SLA exhibits significant positive trends of 3.54 - 4.17 mm yr™', with
an annual mean trend of 3.81 mm yr exceeding the global rate of 3.3 - 3.4 mm
yr™'. Both El Niflo-Southern Oscillation (ENSO) and Indian Ocean Dipole
(I0D) significantly modulate WIO sea level during DJF, while ENSO remains
significant when controlling for IOD during MAM as IOD remains significant
when controlling ENSO during SON while neither index is significant during
JJA. Surface geostrophic circulation confirms the monsoon-driven Somali Cur-
rent reversal and the year-round persistence SEC-EACC western boundary
current system. While decrease in mesoscale eddy activity has been reported
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for many tropical ocean regions, the tropical WIO exhibits significant EKE in-
tensification across all seasons, highlighting the distinctive dynamics of this
boundary-current-dominated region. SON is more energetic than MAM across
circulation and EKE, while MAM exhibits the strongest positive SLA signal of
the annual cycle. These findings advance understanding of WIO multiscale
ocean dynamics, providing an observational baseline for regional climate pre-
diction and early warning systems in the region.
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1. Introduction

The Western Indian Ocean (WIO) stands as one of the most dynamic and climat-
ically sensitive marine regions globally [1] [2]. It plays a critical role in regulating
regional climate patterns, monsoon rainfall [3], productivity in marine ecosystem
[4]-[6], and the coastal sea level along the East African coast, which is heavily
populated [7]. It also displays a complex spectrum of climate variability across
intraseasonal to decadal periodicities, the majority of which exhibit intrinsic cou-
pling with the basin’s distinct seasonal monsoon cycle [1] [2]. The WIO has also
been warming more rapidly than any other tropical ocean basin over the last cen-
tury, significantly impacting Indian Ocean Dipole (IOD) dynamics, East African
rainfall patterns, and marine ecosystem health [2] [8]-[11].

The region is defined by a unique seasonal reversal of surface circulation driven
by the Indian Ocean monsoon system [1] [12], a characteristic that fundamentally
distinguishes it from other tropical ocean basins. This monsoon-driven forcing
results in significant seasonal fluctuations in western boundary current intensity,
most notably the Somali Current, which reverses direction twice a year in direct
response to alternating southwest and northeast monsoon winds [1] [13].

The mesoscale eddy field in the Western Indian Ocean (WIO) has been partially
mapped by global census studies [14]. Furthermore, regional research has detailed
the seasonal evolution and interannual variability of the Somali Current and Great
Whirl system [15]-[17], as well as the dynamic eddy activity within the Mozam-
bique Channel [18] [19]. Earlier research has established the seasonal cycle of West-
ern Indian Ocean sea level anomalies [12] [20] and broader sea level variability
across the Indian Ocean [21] [22]. Further studies have also examined the inter-
annual modulation of Indian Ocean sea levels by ENSO and the IOD [23] [24], as
well as the long-term positive sea level trend linked to warming in the region [25]
[26].
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Despite the existing research, there are still considerable gaps in our compre-
hension of WIO variability. Most studies usually focus on specific aspects of WIO
dynamics such as seasonal sea level fluctuations, interannual variability, or mesoscale
eddy characteristics individually. As a result, comprehensive multiscale investiga-
tions simultaneously examining sea level anomalies, surface geostrophic circulation,
and eddy kinetic energy encompassing the entire satellite altimetry period remain
limited. Second, although tropical-scale analyses indicate an overall decline in
mesoscale variability [27], whether this behavior extends to the boundary-cur-
rent-dominated tropical western Indian Ocean still remains unclear. Thirdly, the
seasonal dependence of ENSO and IOD teleconnections with sea level across the
tropical western Indian Ocean has not been comprehensively quantified across
the extensive altimetry record. Fourth, although individual studies have noted an
asymmetry between the two inter-monsoon transition periods, this phenomenon
has not been documented across multiple ocean variables as a coherent, multi-
variable feature of tropical WIO dynamics.

This research tackles existing gaps by performing an extensive examination
of 32 years of satellite altimetry data from 1993 to 2024 in the tropical WIO
(40°E - 52°E, 20°S - 12°N). Specifically, the goals of this study are to: 1) describe
the seasonal average patterns and variations of sea level anomalies (SLA) in the
tropical WIO and their relationship to monsoon dynamics; 2) assess long-term
seasonal SLA trends and analyze how they are influenced by ENSO and the IOD
through correlation analysis; 3) outline the climatological average and seasonal
surface geostrophic circulation along with its monsoon-induced variability; and
4) evaluate the seasonal patterns and long-term changes in mesoscale eddy ki-
netic energy across the region. Collectively, these analyses provide a multiscale
dynamical characterization of tropical WIO, enhancing the understanding of
regional ocean variability and its sensitivity to monsoon forcing and large-scale

climate modes.

2. Data and Methodology
2.1. Study Area

The geographical scope of this study covers the tropical WIO region (40°E - 52°E,
20°S - 12°N), encompassing the East African Coastal Current (EACC) system, the
Somali Current system and its associated Great Whirl eddy, the westward propa-
gating South Equatorial Current (SEC) and its characteristic bifurcation along the
East Africa margin, and the equatorial WIO where Kelvin wave dynamics exert a
significant influence on regional sea level variability. The domain is bounded to
the north by the Gulf of Aden and the Arabian Peninsula and includes the Mozam-
bique Channel between the African mainland and Madagascar in the southern por-
tion. The western boundary is delineated by the East African coastline, encom-
passing the coastal areas of Kenya, Tanzania, Mozambique, and Somalia. These
regions are characterized by elevated socioeconomic vulnerability to sea level rise
(see Figure 1).
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Figure 1. Study area map of the tropical Western Indian Ocean (WIO) showing the study domain (40°E - 52°E, 20°S - 12°N)
delineated by the red box. Key oceanographic features within and surrounding the domain are labelled, including the EACC, Somali
Current, Great Whirl, SEC, and the equatorial WIO (Eq. WIO). The Gulf of Aden and Arabian Peninsula are shown for broader
regional context, while the Mozambique Channel and Madagascar, a key secondary mesoscale eddy region examined in this study,

are labelled for their analytical relevance. Gray shading denotes land.

2.2.Data

Satellite-derived sea level anomaly and surface geostrophic velocity data were
obtained from the Copernicus Marine Environment Monitoring Service

(CMEMS) multi-year reprocessed merged multi mission gridded altimetry dataset

(https://data.marine.copernicus.eu/product/SEALEVEL GLO PHY 14 MY 008
047/download?dataset=cmems obs-sl glo phy-ssh my allsat-14-duacs-0.25deg

P1M-m), based on merged multi-mission satellite altimetry observations dis
tributed on a regular 0.125° x 0.125" geographic grid.

Monthly mean SLA fields were obtained from the product cmems_obs-
sl_glo_phy-ssh_my_allsat-14-duacs-0.125deg_P1M-m, ranging from January
1993 to December 2024. Daily surface geostrophic velocity components eastward
(ugos) and northward (vgos) were extracted from the product cmems_obs-
sl_glo_phy-ssh_my_allsat-14-duacs-0.125deg_P1D over the same period. Both
products are derived from the DUACS DT2018 reprocessing system [28], which
integrates observations from multiple satellite altimeters to ensure consistent and
homogeneous sea level and geostrophic velocity fields throughout the altimetry
era.

To characterize climate variability, the Nifi03.4 index, serving as a proxy for the
El Nifo-Southern Oscillation (ENSO), was derived from the National Oceanic
and Atmospheric Administration (NOAA) Climate Prediction Center (CPC) Ex-
tended Reconstructed Sea Surface Temperature version 5 (ERSSTv5) dataset. The
Dipole Mode Index (DMI), representing Indian Ocean Dipole (IOD) dynamics,
was obtained from the NOAA Physical Sciences Laboratory. Data for both indices
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were acquired for the 1993-2024 period and subsequently processed into seasonal
averages aligned with the four standard meteorological seasons.

Prior to analysis, both datasets were spatially constrained to the defined study
domain (40°E - 52°E, 20°S - 12°N). To ensure statistical integrity, grid cells con-
taining missing data were systematically excluded from spatial averaging via the
omitnan function in MATLAB R2018b, thereby restricting domain-averaged met-

rics to valid oceanic grid points.

2.3. Methodology

2.3.1. Seasonal Decomposition

Monthly SLA fields were temporally aggregated into four distinct meteorological
seasons: DJF, MAM, JJA, and SON, corresponding to the Northeast monsoon,
first inter-monsoon, Southwest monsoon, and second inter-monsoon periods, re-
spectively. Seasonal mean SLA patterns were derived by averaging all available
monthly data for each season throughout the 1993-2024 period. The variability of
seasonal SLA was assessed by calculating the STD of monthly SLA for each grid
point within each season. Daily geostrophic velocity components ugos and vgos
were processed into seasonal means by averaging all available daily data within
each season across the entire 1993-2024 record; this approach bypassed interme-
diate monthly averaging to maximize the retention of high-frequency temporal
variability within the seasonal mean flow fields.

The surface geostrophic current speed was computed as:

U = \/ugos® + vgos® (1)

Where Urepresents the magnitude of the seasonal mean geostrophic flow vector.
The method ensures that directional cancellation between opposing flow compo-
nents is preserved in the seasonal mean, so that U (Equation (1)) reflects the true
magnitude of the time-averaged circulation rather than the mean of instantaneous
speeds. For visual clarity, velocity vectors were spatially subsampled at every tenth

grid point.

2.3.2. Trend Analysis
Domain-averaged seasonal SLA time series were calculated by spatially averaging
SLA throughout the entire study area for each season and each year. Linear trends

were determined using ordinary least squares (OLS) regression.
SLA, = B, + Bt +¢, (2)

where f, is the linear trend and &, the regression residuals with significance
assessed using a two-tailed Student’s t-test applied to the regression slope [29].
Since temporal autocorrelation can inflate apparent significance of a detected
Trend [30], the lag-1 autocorrelation of the residuals, , was computed for each

season and the effective sample size calculated according to [31].

1-r,
N, =n- 1 3
eff (1+rJ 3)
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The statistical significance of all trends was evaluated through the Trend-Free
Pre-Whitened Modified Mann-Kendall (TFPW-MK) test with Sen’s slope estima-
tion [30] applied. The trend was first estimated using [32] slope, the median of all
pairwise slopes

Psen = Median [uj (4)
X; =%
where y, and X; are paired observations with i< j.

Trend magnitudes are expressed in mm yr™' alongside 95% confidence inter-
vals. The coefficient of determination (R*) was calculated for each seasonal regres-
sion to quantify the proportion of variance accounted for by the linear trend. To
maintain temporal consistency across all seasonal time series, the domain-aver-
aged SLA record was trimmed to the 1993-2024 period, with the partial DJF 2025
season, consisting solely of December 2024, was omitted from the trend analysis

to prevent bias from an incomplete seasonal mean.

2.3.3. Interannual Variability and Climate Mode Analysis
To isolate interannual SLA variability from the secular trend, a linear detrending
procedure was applied to each seasonal SLA time series prior to correlation anal-
ysis. Pearson correlation coefficients were calculated between the detrended sea-
sonal SLA anomalies and the concurrent seasonal Nifio3.4 and DMI values at zero
lag [33]. Statistical significance for these coefficients was determined via a two-
tailed t-test with n — 2 = 30 degrees of freedom and a sample size of n = 32. Sub-
sequently, a lagged correlation analysis was conducted for intervals ranging from
0 to 6 seasons where positive lags denote the climate index preceding the SLA
response to evaluate potential delayed atmospheric and oceanic forcing from
ENSO and IOD on regional sea levels. Statistical significance for all correlation
coefficients was evaluated at the 95% and 99% confidence intervals. Since multiple
lagged correlations were evaluated, these analyses were treated as explatory and
interpreted cautiously. The full results are provided in (Supplementary Table A1).
Since ENSO and IOD can co-vary, partial correlations were additionally com-
puted for each season, assessing each index’s relationship with SLA while statisti-

cally controlling for the other:

_ IsLaenso ~ fsiaiop * Fenso,iop
IsLa Ensolop = \/ ©)

(l_ rSZLA,IOD )(1_ rEZNSO,IOD )

with the equivalent expression for IOD controlling for ENSO, allowing each in-

dex’s independent contribution to be isolated from claims based on pairwise cor-
relations alone. All computational analyses were executed using MATLAB R2018b
(MathWorks, Natick, MA, USA).

2.3.4. Eddy Kinetic Energy Computation

Surface eddy kinetic energy (EKE) was quantified from the daily geostrophic zonal
(u7) and meridional (v) velocities obtained from CMEMS gridded altimetry prod-
uct, following [14] [34] standard formulation used in altimetry based EKE studies.
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Daily velocity fields were used since temporal averaging prior to computing ve-
locity anomalies would smooth out and underestimate genuine sub-monthly eddy
variability [14]. To isolate transient mesoscale variability from predictable sea-
sonal cycle of the underlying current system, climatological monthly mean was
adopted [35]. Monthly climatological geostrophic velocity fields were computed
for each calendar month by averaging all daily geostrophic velocity fields belong-
ing to the same calendar month over the 1993-2024 study period.

— 1 o R 1 < .

a(xy,m)= N—Zi:”l‘ u(x,y,mi),v(xy,m)= N—zi:"l‘v(x, y,m,i) (6)

m m

where U(X,y,m) and V(X,y,m)are the climatological zonal and meridional
geostrophic velocities for calendar month m  at grid location (X,y), N, is the
total number of daily observations available for month m,and i represents all
daily observations belonging to that calendar month. Daily geostrophic velocity
anomalies were obtained by subtracting the corresponding monthly climatologi-
cal velocity from each daily field:

u'(X Y, t) =u(xy,t) =T (X y,m),v'(x y,t) =v(x y,t)-V(x,y,m) (7)

while the daily eddy kinetic energy was then computed at each grid point before
seasonal averaging, in order to fully capture the temporal variability of the
mesoscale eddy field:

EKE(X, y,t):0.5x[u'2(x,y,t)+v’z(x, y,t)] (8)

Monthly climatological velocity was removed to suppress the recurring sea-
sonal circulation while preserving transient departures from the climatological
state, so that the resulting EKE fields primarily represent mesoscale eddy variabil-
ity rather than seasonal fluctuations of the background circulation.

Seasonal mean EKE fields were obtained by averaging all daily EKE values
within each climatological season (DJF, MAM, JJA, SON):

= 1 .
EKE, (x, y)=n—zj5:1EKE(x, Y. J) (9)

To assess the basin-wide interannual variability in mesoscale eddy activity,
domain-averaged seasonal EKE time series were obtained by spatially averaging
the seasonal mean EKE for each year. Seasonal domain-mean EKE was calcu-
lated as an unweighted spatial average across all grid cells within the study do-
main, given the low-latitude extent of the study domain (20°S - 12°N), this was
considered appropriate, and a comparison against a cosine-latitude-weighted
domain mean showed differences of less than 1% across all seasons, confirming
that area weighting does not materially affect the reported results. The interan-
nual trends in seasonal domain-mean EKE were assessed using the same proce-
dure applied to SLA trends (Section 2.3.2); ordinary least squares regression
with an effective-sample-size correction for autocorrelation [31], cross-vali-
dated using the Trend-Free Pre-Whitened Modified Mann-Kendall test with

Sen’s slope estimation [30].
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3. Results and Discussion

3.1. Seasonal Mean Sea Level Anomaly Patterns and Monsoon
Driven Control

The spatial distribution of seasonal mean SLA throughout the tropical WIO
displays significant variability, governed by the monsoon cycle (Figure 2), re-
flecting the dominant influence of monsoon forcing on surface dynamics of
WIO [1] [12] [36]. During the NE monsoon DJF, positive SLA anomalies pre-
vail in the domain with stronger values along the Somali coast at approximately
10°N - 11°N and the SEC band (15°S to 10°S), while a localized negative anom-
aly is identified further offshore (4°N - 7°N), distinct from the coastal positive
signal while weaker positive anomalies characterize the southern EACC and
equatorial region. The increased signal in Somali coast suggests reversal to
downwelling-favorable Ekman transport under the weak, southward-flowing
NE monsoon Somali Current, in contrast to the upwelling-favorable conditions
of the SW monsoon [12].

20°8 =
40°E 44°E 48°E 52°E

Figure 2. Seasonal mean sea level anomaly (SLA, m) patterns across the tropical Western
Indian Ocean for (a) December-February (DJF), (b) March-May (MAM), (c) June-August
(JJA), and (d) September-November (SON), derived from satellite altimetry data for the
period 1993-2024. Positive (negative) values indicate above (below) normal sea level rela-
tive to the 1993-2024 mean. Key circulation features are labelled. Gray shading denotes
land.

Strongest positive SLA anomalies is characterized during the first inter-mon-
soon period (MAM), especially in the northern domain with no negative sub-
regions, probably linked to the seasonal buildup of upper-ocean heat prior to
the southwest monsoon, which is consistent with the documented pattern of

pre-monsoon warming followed by rapid cooling of the Arabian Sea warm pool
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in the adjacent northwestern Indian Ocean [37]. The southwest monsoon (JJA)
shows the weakest SLA pattern across most of the domain with a localized neg-
ative anomaly near the Somali coast (9°N - 10°N), which marks the beginning
of intense coastal upwelling driven by the Somali Jet. This process, coupled
with Ekman-driven offshore transport, shoals the thermocline and reflects the
formation of the Great Whirl under the established southwest monsoon [38]
[39]. The southern EACC maintains moderate positive anomalies largely inde-
pendent of the southwest monsoon upwelling system. During the second inter-
monsoon (SON), positive SLA persists across the equatorial and southern do-
mains, but a localised negative anomaly emerges along the northern Somali
coast at 11°N to 12°N, a location that remains strongly positive during both
DJF and MAM, at a distinct latitude from the JJA negative signature further
south. This pattern is consistent with residual coastal upwelling from the re-
treating SW monsoon Somali Jet continuing into the early autumn transition,
ahead of the current’s full reversal to its NE monsoon mode [13]. MAM exhibits
the strongest positive SLA of the annual cycle, coinciding with the pre-mon-
soon warming period of the northwestern Indian Ocean reported in previous
studies [37]. SON maintains a residual upwelling effect from the prior SW
Monsoon, which delays the full re-establishment of positive SLA along the So-

mali coast.

3.2. Seasonal SLA Variability and Its Dynamical Drivers

The tropical WIO exhibits spatially heterogeneous patterns, as evidenced by sea-
sonal SLA variability, which is expressed as the standard deviation of monthly
SLA within each season (Figure 3). The DJF displays the highest domain-wide
variability, characterized by enhanced STD along the EACC and extending into
the equatorial WIO which is consistent with the robust, simultaneous modula-
tion of WIO sea levels by the ENSO and IOD, as established in Section 3.3. MAM
exhibits comparable variability along the EACC corridor but is more limited to
the western boundary, showing weaker variability in the equatorial WIO com-
pared to DJF. JJA is marked by a pronounced intensification of variability in the
northern domain, coinciding with the development of the Great Whirl and So-
mali Current mesoscale activity [39], while EACC variability is the weakest of
all which suggests the local monsoon forcing dominance over the remote inter-
annual climate modes during the SW monsoon. SON pattern is comparable to
JJA in the northern domain surpassing MAM which confirms an inter-monsoon
asymmetry that remains constrained to the northern domain rather than reflect-
ing as a basin-wide pattern. This is consistent with the continued presence of
Somali Current and Great Whirl mesoscale activity into the early autumn tran-
sition prior to the full current reversal. The pronounced maximum variability is
observed near the Mozambique Channel and the coast of Madagascar through-
out all seasons, which is consistent to the region’s well-documented persistent
mesoscale eddy field [40].
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Figure 3. Spatial distribution of seasonal sea level anomaly (SLA) variability, expressed as
the standard deviation (STD, m) of monthly SLA, for (a) December-February (DJF), (b)
March-May (MAM), (c) June-August (JJA), and (d) September-November (SON), derived
from satellite altimetry data over the period 1993-2024. Gray shading denotes land.

3.3. Interannual Sea Level Anomaly Trends and Climate Mode
Modulation

Averaged interannual seasonal SLA time series for the tropical WIO shows a
consistent positive rise across all seasons from 1993 to 2024 (Figure 4). Linear
trends for DJF, MAM, JJA, and SON are 3.54, 3.89, 3.62, and 4.17 mm yr™}, (Sen’s
slope: 3.26, 3.73, 3.38, and 4.14 mm yr™') respectively, with corresponding 95%
CIlof 1.93 - 5.16, 2.54 - 5.24, 2.76 - 4.49, and 3.10 - 5.23 mm yr, consistent with
established satellite altimetry research on Indian Ocean sea level rise [26]. JJA
and SON exhibited modest positive autocorrelation (z; = 0.28 and 0.23, respec-
tively), reducing the effective sample size to approximately 18 and 20 (from n =
32), while DJF and MAM showed negligible autocorrelation (r; = —0.04 and
—0.02). All seasonal trends remained highly significant (p < 0.01) after applying
the effective sample size correction of [31], and this robustness was independently
confirmed using the Trend-Free Pre-Whitened Modified Mann-Kendall test
with Sen’s slope estimation [30] which yielded Z-statistics of 4.14 to 4.62 (p <
0.001) across all seasons.

The annual mean domain-averaged SLA trend of 3.81 mm yr™" surpasses the
global mean rate of approximately 3.3 - 3.4 mm yr* [41] [42]. This suggests an
intensified regional sea level rise in the tropical WIO, substantiating prior evi-
dence of sea level acceleration in the Indian Ocean [26] [43] [44]. SON exhibits
the most significant long-term secular trend (4.17 mm yr™'), consistent with the

synergistic effect of thermosteric sea-level rise and positive SLA signatures asso-
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ciated with the IOD, which preferentially intensify sea level during the boreal au-
tumn [24] [45] [46]. JJA season accounts for the greatest proportion of variance
explained by the linear trend (R? = 0.71), and the maximal Mann-Kendall Z-score
(5.47), confirming the most monotonic upward trend, characterized by minimal

interannual interference.

0.25
e
- _MAM (3.89 mm/yr, p<0.01)
02 — _EEE?@.‘Z%’:.“....M, p<001)
— —:8: E::zlmm/yr, p<0.01)
0.15-
E
<« 0.1
]
W
0.05 -
0 L
'O-OS | | | | | | |
1990 1995 2000 2005 2010 2015 2020 2025

Year

Figure 4. Interannual seasonal sea level anomaly (SLA, m) time series averaged over the tropical Western Indian Ocean for DJF
(red), MAM (blue), JJA (black), and SON (green) during 1993-2024, derived from satellite altimetry data. Dashed lines denote linear
trend fits for each season with rates and significance levels indicated in the legend. All trends are statistically significant (p < 0.01)
after effective-sample-size correction for temporal autocorrelation independently confirmed by the Trend-Free Pre-Whitened Mod-
ified Mann-Kendall test with Sen’s slope estimation.

In contrast, DJF shows the lowest R? (0.40), indicating the high amplitude in-
terannual variability, associated with ENSO and monsoonal dynamics, partially
masks the underlying secular trend. Correlation analysis between detrended sea-
sonal SLA anomalies and the Nifio3.4 and DMI indices shows that the influence
of these climate modes on WIO sea level variability fluctuates seasonally through-
out the 1993-2024 period, as shown in Table 1. There are significant positive cor-
relations with both Nifio3.4 (r = 0.65, p < 0.01) and DMI (r = 0.72, p < 0.01) during
DJF which demonstrates a delayed oceanic reaction to the preceding ENSO and
IOD peaks in SON transmitted via equatorial Kelvin waves and thermocline depth
anomalies [23] [24]. Partial correlation analysis confirms both relationships re-
main significant when controlling for the other index with the stronger IOD cor-
relation consistent with the study area’s proximity to the IOD’s western pole,
which drives the most significant SLA signatures in the WIO [46]. A significant
correlation exists in MAM with Nifio3.4 (r = 0.64), but not with DMI (r = 0.06).
This ENSO relationship remains fully significant after controlling for IOD, con-

sistent with El Nino driven basin-wide warming across the Indian Ocean via at-
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mospheric teleconnections [47] [48]. During JJA, neither Nifio3.4 nor the DMI
exhibits a statistically significant correlation with detrended SLA at the 95% con-
fidence level. The lack of significant ENSO or IOD correlation during JJA aligns
with the physical dominance of local Southwest monsoon forcing, which over-
whelms remote interannual [1] [39]. Contrarily, during SON, significant zero-or-
der correlations with both indices are observed Nifi03.4 (r = 0.36) and the DMI (r
= 0.51). However, due to the strong covariance between ENSO and the IOD dur-
ing this season, partial correlation analysis reveals that only the IOD relationship
remains significant when ENSO is controlled for confirming the IOD’s dominant
independent role in modulating WIO sea levels at the peak of its development
during the boreal autumn [23] [24]. The apparent ENSO correlation reflects its

covariance with IOD rather than an independent physical mechanism.

Table 1. Pearson correlation coefficients (r) between detrended seasonal SLA anomalies
and the Nifio3.4 index (ENSO) and Dipole Mode Index (DMI, IOD) over the tropical West-
ern Indian Ocean for the period 1993-2024. Significance levels: **p < 0.01, **p < 0.05, ns
= not significant.

Season r (Nifio3.4) P r (DMI) P
DJF 0.65 <0.01*** 0.72 <0.01***

MAM 0.64 <0.01 *** 0.06 0.75 ns
JJA 0.05 0.79 ns 0.32 0.08 ns
SON 0.36 <0.05** 0.51 <0.01***

Note: Partial correlation analysis (Section 3.3) shows that the SON Nifio3.4 correlation
does not remain significant when controlling for IOD, indicating this relationship reflects
covariance between the two indices rather than an independent ENSO influence.

3.4. Seasonal Surface Geostrophic Circulation

Seasonal mean surface geostrophic circulation patterns in the tropical Western
Indian Ocean, calculated from ugos and vgos components, demonstrate a signifi-
cant monsoon-driven annual system characterized by seasonal reversal of the So-
mali current between its southward NE monsoon mode during DJF and its north-
ward SW monsoon mode from MAM through SON (Figure 5). This monsoon is
confined to the Somali Current rather than the boundary current system as a
whole, corresponding with previous observational and modeling research [12]
[20]. The EACC and SEC emerge as prominent year-round circulation features,
with the EACC appearing as a strong northward coastal jet along the East African
coast and the SEC as a persistent westward band at approximately 10°S - 15°S,
bifurcating at the East African coast into northward EACC flow and southward
flow toward the Mozambique Channel. Their persistence to maintain their unidi-
rectional flow throughout the year, though their strength varies seasonally, marks
them as stable components of tropical WIO circulation, in contrast to Somali’s

current genuine directional reversal.
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Figure 5. Seasonal mean surface geostrophic circulation across the tropical WIO for (a)
December-February (DJF), (b) March-May (MAM), (c) June-August (JJA), and (d) Sep-
tember-November (SON), derived from satellite altimetry-based ugos and vgos compo-
nents for the period 1993-2024. Color shading represents current speed (m s™') with warm
colors (orange red) indicating high speeds associated with strong boundary currents and
cool colors (blue, white) indicating weak equatorial flow. Arrows indicate flow direction
and speed subsampled at every tenth grid point for clarity. Key circulation features are
labelled. Gray shading denotes land.

The EACC weakens during DJF, then intensifies progressively through MAM
and JJA before declining again in SON, demonstrating how the SEC-driven west-
ern boundary current system persists throughout the year independent of the state
of low-level Somali Jet, which triggers intense northeastward Ekman transport
and sustains the geostrophic flow associated with this anticyclonic eddy [12] [16]
[38], then weakens through SON toward its DJF state. The Somali Current and
Great Whirl maintains elevated speeds onto SON, surpassing MAM levels. This
reflects the gradual weakening of the SW monsoon Somali Jet, rather than an ab-
rupt reversal. The pattern mirrors the inter-monsoon asymmetry found in north-
ern regions for SLA variability in section 3.2. Throughout the domain, SON ex-
hibits systematically stronger flow than MAM across the Somali Current, Great
Whirl region, SEC, and basin-wide mean while EACC is the exception, whereby
MAM speeds exceed SON. The observed EACC maintains a year-round north-
ward flow, with seasonal intensity controlled by SEC transport contributions and
sea level gradients that propagate remotely as Rossby waves from the southwest
Indian Ocean [49] [50]; however, this interpretation should be considered in light
of the increased uncertainty associated with gridded altimetry-derived geostrophic
velocities in coastal regions. This mechanism accounts for its unique seasonal tim-
ing, which differs from the Somali Current-driven asymmetry observed elsewhere

in the domain.
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3.5. Climatological Mean Circulation and Boundary Current
Structure

The climatological average surface geostrophic circulation, based on the compre-
hensive satellite altimetry data from 1993 to 2024, depicts prevailing mean flow state
of the WIO (Figure 6), shows substantial congruence with established characteri-
zations of the WIO mean flow field [12] The East African Coastal Current emerges
as the key climatological circulation characteristic, manifesting as a strong north-
ward coastal jet along the East African shoreline approximately 2°S - 5°S, with max-
imum speeds of 1.24 m s™!, which is the most sustained speeds within the mean field.
This is consistent with the documented year round persistence as a northward west-
ern boundary current sustained by the SEC bifurcation regardless of monsoon phase
[49]. The SEC forms a coherent westward-flowing band, attaining its peak climato-
logical speed at approximately 10.8°S before reaching the East African coast, where
it bifurcates into the northward-flowing EACC and a southward branch feeding the
Mozambique Channel at approximately 10.6°S.

12°N

1.2

4°N

4°5

I
=
=
Speed (m s‘l)

8°S

12°S + b

16°S

20°S ; :
40°E 44°E  48°E  52°E
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Figure 6. Climatological mean surface geostrophic circulation derived from satellite altimetry
over the period 1993-2024 across the tropical WIO. Color shading represents mean current
speed (m s7') computed from the magnitude of the climatological mean ugos and vgos com-
ponents, with warm colors (orange red) indicating strong boundary current flow and cool
colors (light blue, white) indicating weak equatorial and open-ocean interior flow away from
the boundary currents. Arrows indicate mean flow direction subsampled at every tenth grid
point for clarity. Key circulation features are labelled. Gray shading denotes land.

This bifurcation latitude is consistent with observational studies indicating that
the Northeast Madagascar Current reaches the East African coast near 11°S,
where the flow subsequently turns northward to form the EACC [51]-[53]. The
northern domain which includes the Somali Current system at 5°N and 12°N ex-
hibits relatively weak climatological mean speeds of 0.40 m s™, with a northward
vector tendency reflecting the partial dominance of the stronger SW monsoon
northward flow over the weaker NE monsoon southward flow in the long-term
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mean. The equatorial interior exhibits near neutral weak flow, consistent with the
seasonal asymmetry described in Section 4.4. The near neutral equatorial mean
flow reflects the partial cancellation of seasonal reversal of the equatorial jets as
evidenced by the weak and mixed direction vectors observed in this region. The
equatorial interior exhibits weak, near-neutral flow, reflecting the partial cancel-

lation of seasonally reversing equatorial jets over the annual cycle.

3.6. Seasonal Eddy Kinetic Energy Distribution

Analysis of the seasonal mean EKE across the tropical WIO demonstrates signifi-
cant spatial heterogeneity in mesoscale eddy dynamics, modulated by monsoon
cycle (Figure 7), consistent with the preferential formation of mesoscale eddies
along western boundary currents and major current systems, a pattern that cor-
responds with global EKE observations [14]. Enhanced EKE is concentrated along
the Somali Current system north of the equator during JJA and SON, consistent
with previous studies attributing enhanced mesoscale eddy activity in the region
to baroclinic and barotropic instabilities associated with the intense horizontal
velocity shear inherent to western boundary currents [1] [39], while EKE along

the EACC corridor remains comparatively modest throughout the annual cycle.
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Figure 7. Seasonal mean eddy kinetic energy (EKE, m? s7?) across the tropical WIO for (a)
December-February (DJF), (b) March-May (MAM), (c) June-August (JJA), and (d) Sep-

1
tember-November (SON), computed as EKE = E(UIZ + V'Z) where U’ and V' are geo-

strophic velocity anomalies relative to the 1993-2024 climatological mean. The color bar is
capped at 0.10 m? s to highlight basin-wide spatial patterns; maximum values reaching
0.27 m?s72-0.30 m* s> during JJA, SON are associated with intense mesoscale eddy activity
in the Somali Current and Great Whirl region, while the domain wide maximum during
DJF and MAM occurs in the southern Mozambique Channel/Madagascar region. Gray
shading denotes land.
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The domain mean EKE for DJF, MAM, JJA, and SON are 0.0285, 0.0317,
0.0391, and 0.0417 m? s, respectively, with SON having the highest domain-wide
mean and DJF the lowest. Within the Somali Current/Great Whirl region, JJA re-
mains the most energetic season, exceeding SON, consistent with the established
seasonal peak of Great Whirl formation during the SW monsoon [39]. The higher
domain-wide EKE in SON relative to JJA does not reflect stronger boundary-cur-
rent activity during SON, but rather the Mozambique Channel/Madagascar region
where EKE is comparable to or exceeds the Somali Current/Great Whirl region dur-
ing DJF, MAM and especially SON. Excluding the Mozambique Channel brings JJA
and SON EKE into near parity, indicating that the domain-wide reversal results
from two seasonally out-of-phase regions rather than primarily reflecting a weak-
ening of JJA boundary-current activity. This pattern in the Mozambique Channel
is presented as an observation rather than a mechanistically explained result, as
existing literature on eddy seasonality in the region reports mixed and contrasting
cycles depending on the sub-regional location [54]. A domain-wide EKE maxi-
mum also occurs in this southern region during DJF and, to a lesser extent MAM,
however, regional means provide a more robust basis for comparison because sin-
gle grid-cell maxima are sensitive to localized variability. Peak EKE values of 0.30
m?* s occur within the Somali Current and Great Whirl region during JJA, and
SON. In Figure 7, the color bar is capped at 0.10 m* s> to better highlight on the
basin-wide spatial patterns.

3.7. Long-Term EKE Trends and Basin-Wide Intensification

Analysis of domain-averaged seasonal eddy EKE time series from 1993 to 2024
demonstrates a statistically significant positive trajectory across all seasons, sug-
gesting a basin-wide intensification of mesoscale eddy activity within the tropical
WIO (Figure 8) during the satellite altimetry era. This finding contrasts with the
general decline reported for the tropical ocean by [27]; instead, it corresponds
with their documented increase of 2% - 5% per decade in mesoscale variability
within eddy-active boundary current regions, which is consistent with the WIO
Somali current and Great Whirl system rather than the broader tropical ocean
average. Calculated trends for DJF, MAM, JJA, and SON are 2.55 x 1074, 3.56 X
107, 4.70 x 107, and 3.46 x 10™* m? s> yr !, respectively. Lag-1 autocorrelation
was weak in DJF (r; = 0.02) but more pronounced in SON (r; = 0.21), reducing
the effective sample size in SON to approximately 21, whereas MAM and JJA ex-
hibited no meaningful autocorrelation. All the trends remained statistically sig-
nificant after applying the effective sample size correction of [31], with MAM and
JJA significant at p < 0.01 and DJF and SON at p < 0.05, independently confirmed
by the Trend-Free Pre-Whitened Modified Mann-Kendall test [30] (Z = 2.74 -
4.07, p < 0.01 for all seasons); Sen’s slope estimates closely matched the OLS trends
throughout. JJA exhibits the strongest EKE trend and highest variance explained
(R*=0.468), whereas DJF shows the weakest trend and lowest variance explained

(R?* = 0.190), indicating greater interannual variability relative to the trend in this
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season. The JJA trend strength is consistent with the dominant role of the south-
west monsoon in driving Somali Current and Great Whirl intensification through
the same mechanism identified for the seasonal circulation patterns in this study
[38] [39].

The increasing EKE trends are physically consistent with the concurrent posi-
tive SLA trends in Section 3.3. Increased sea level gradients align with enhanced
geostrophic current shear along the western boundary and may provide favorable
conditions for increased mesoscale eddy activity through processes such as baro-
clinic instability [55]-[57]. However, since the present analysis is based solely on
satellite altimetry-derived sea level and geostrophic velocities, these mechanisms

are inferred rather than directly demonstrated.
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Figure 8. Interannual seasonal eddy kinetic energy (EKE, m? s72) time series averaged over the tropical Western Indian Ocean for
DJF (blue), MAM (orange), JJA (green), and SON (red) during 1993-2024. Dashed lines denote linear trend fits for each season with
rates indicated in the legend. All trends are statistically significant after effective-sample-size correction for temporal autocorrelation
(p < 0.001 for MAM and JJA, p < 0.05 for DJF and SON), independently confirmed by the Trend-Free Pre-Whitened Modified
Mann-Kendall test with Sen’s slope estimation.

3.8. Study Limitations

The interpretations presented in this study are based on satellite altimetry-derived
sea level and geostrophic velocities. Consequently, the analyses do not directly re-
solve subsurface temperature, density structure, wind forcing, or the dynamical
processes responsible for mesoscale eddy generation, such as baroclinic instabil-
ity. Therefore, interpretations linking the observed SLA and EKE variability to
mechanisms including thermosteric expansion, changes in geostrophic current
shear, or baroclinic instability should be regarded as physically plausible explana-

tions supported by previous studies rather than directly demonstrated mecha-
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nisms. In addition, gridded altimetry-derived geostrophic velocities are subject to
greater uncertainty in coastal regions and narrow passages since the underlying
sea level fields are themselves known to be less reliable within approximately 10 -
15 km of the coast due to land masking and reduced accuracy of geophysical cor-
rections [58]. Accordingly, interpretations of circulation and EKE associated with
the East African Coastal Current, the SEC bifurcation, and the Mozambique Chan-

nel should be considered within these observational limitations.

4. Conclusion

This study provides a comprehensive multiscale analysis of sea level anomaly
(SLA) variability, surface geostrophic circulation, and mesoscale eddy kinetic en-
ergy (EKE) across the tropical WIO. The seasonal cycle of WIO dynamics exhibits
asymmetry, with MAM exhibiting the highest positive SLA, coinciding with the
pre-monsoon warming preceding the onset of the SW monsoon. During JJA, spa-
tial contrast is robust through the superposition of intense Somali Jet-driven
coastal upwelling in the north and persistent positive anomalies maintained by
the EACC in the south. Furthermore, the identification of undocumented local-
ized negative SLA along the northern Somali coast during SON implies that re-
sidual upwelling conditions from the retreating SW monsoon retard the complete
re-establishment of positive sea level. Domain-averaged seasonal (SLA) shows sig-
nificant positive trends of 3.54 - 4.17 mm yr™* across all seasons (p < 0.01). The
corresponding annual mean trend of 3.81 mm yr™* surpasses the global mean of
approximately 3.3 - 3.4 mm yr~', indicating an increasing regional sea level. Cor-
relation analysis reveals a distinct seasonal dependence on climate mode telecon-
nections. ENSO and IOD jointly modulate WIO sea levels during DJF, while par-
tial correlation analysis confirms that only IOD exerts an independent influence
during SON once ENSO’s covariance with IOD is accounted for. ENSO is the
dominant driver during MAM, while both indices have negligible influence dur-
ing JJA, as local southwest monsoon forcing decouples the regional ocean from
remote teleconnections. Surface geostrophic circulation shows that monsoon forc-
ing exerts its dominant influence through the Somali Current, the only boundary
current in the domain to undergo a genuine seasonal reversal, whereas the EACC
and the SEC constitute a consistent year-round western boundary current system,
whose strength rather than direction responds to monsoon phases. During the
inter-monsoon period, SON displays more energy than MAM across circulation
and EKE but is less energetic than MAM in SLA, indicating different physical
states, and the variable-dependent asymmetry represents a previously undocu-
mented multivariable characteristic in tropical WIO dynamics. Mesoscale eddy
activity is strongly regulated by monsoon-driven boundary current instability,
with the Somali Current and Great Whirl system representing the dominant EKE
source during JJA and SON and the Mozambique Channel eddy field constituting
a persistent secondary source of comparable or greater magnitude during DJF and
MAM. DJF records the lowest domain mean EKE of the annual cycle, while both
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DJF and MAM exhibit domain-wide EKE peaks in the southern Madagascar re-
gion rather than in the north, indicating a significant reorganization of mesoscale
eddy activity outside the JJA/SON boundary current dominant period. Statistical
analysis, validated through effective-sample-size-adjusted parametric testing and
an independent non-parametric test, reveals significant positive EKE trends rang-
ing from 2.55 - 4.70 X 10~* m? s~ yr™! across all seasons, highlighting an intensifica-
tion of mesoscale eddy activity that, in contrast to reported declines across the
broader tropical ocean, positions the tropical WIO as an eddy-rich exception within
a tropical setting. These results have significant implications for regional climate
forecasting, early warning systems, and coastal adaptation strategies along the
East African coast, where sea-level fluctuations driven by the IOD and ENSO im-
pact flood risks, fishery yields, and marine ecosystems. Future research should
integrate subsurface observations from Argo floats and mooring arrays to directly
test thermosteric, wind-driven, and baroclinic instability mechanisms rather than
relying on altimetry-derived proxies alone. Additionally, utilizing higher-resolu-
tion coupled ocean-atmosphere models will be essential to examine the mecha-
nistic connections between Indian Ocean warming, potential boundary currents,

and mesoscale eddy energy over multi-decadal timescales.
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Appendix

Table Al. Lag correlations (0 to 6 seasons) between detrended seasonal sea level anomaly
(SLA) and the Nifi03.4 and Dyad Mode Index (DMI) indices for DJF, MAM, JJA, and SON,
1993-2024. Positive lags indicate the climate index preceding the SLA response. This lag
analysis was conducted as an exploratory extension of the zero-lag correlations reported in
Table 1 (main text) and, given the substantial number of comparisons involved (7 lags x 2
indices x 4 seasons), any statistically significant lagged correlations should be interpreted
with caution and require confirmation in future studies. Lag+0 values correspond exactly
to the zero-lag correlations already reported in Table 1.

Nifo03.4
Lag DJE (r, p) MAM (r, p) JJA (r, p) SON (1, p)

0 0.647,0.0001*** 0.641, 0.0001+** 0.050, 0.7864 0.356, 0.0456**
+1 0.108, 0.5692 0.394, 0.0284** 0.140, 0.4524 0.320, 0.0789*
+2 -0.227,0.2353 -0.250, 0.1834 0.197, 0.2969 -0.115, 0.5459
+3  —0.077,0.6976 -0.109, 0.5741 0.045, 0.8179 —0.148, 0.4431
+4 0.242, 0.2241 0.089, 0.6519 -0.112, 0.5693 -0.091, 0.6456
+5 0.211, 0.2997 0.359, 0.0661* 0.183, 0.3599 0.280, 0.1568
+6  —0.054,0.7995 —0.148, 0.4700 0.173, 0.3970 0.058, 0.7795

DMI
Lag DJF (r, p) MAM (1, p) JJA (1, p) SON (1, p)

0 0.722,0.0000%* 0.058, 0.7520 0.318, 0.0762* 0.513, 0.0027***
+1 0.105, 0.5809 0.188,0.3109 0.008, 0.9668 0.180, 0.3337
+2  —0.178,0.3552 -0.320, 0.0851* —0.203, 0.2822 -0.299, 0.1090
+3 0.011, 0.9562 -0.060, 0.7581 0.019, 0.9207 -0.071, 0.7147
+4  —0.033,0.8686 0.229, 0.2416 0.051, 0.7947 0.092, 0.6398
+5 0.120, 0.5603 0.187, 0.3507 0.305, 0.1223 0.340, 0.0825*
+6 0.060, 0.7767 —0.055, 0.7900 -0.120, 0.5605 0.053, 0.7980

*p < 0.10; **p < 0.05; **p < 0.01.
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