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16  Abstract

17 Sir Bu Nair Island (SBN) in the central Arabian Gulf is one of the last locations in the
18  UAE’s Gulf waters to retain extensive and well developed coral reefs, whereas many
19  nearshore environments have experienced severe degradation following recurrent marine
20  heatwaves. Although tides, winds and subtidal circulation are thought to influence reef-
21  level thermal conditions at SBN, the local physical processes governing circulation and
22 temperature variability have not previously been resolved from in situ observations. Here,
23 we analyse a 17-month record (May 2021-October 2022) of currents, sea level, and
24  temperature from bottom-mounted ADCPs and multi-depth temperature moorings,
25  complemented by reanalysis of winds. Currents at SBN are strongly anisotropic and
26  aligned along a dominant principal axis, reflecting topographic steering around the island.
27 At the more exposed northwest site, upper-layer along-axis velocities commonly reach
28  ~0.6ms !, with episodic peaks approaching 0.8—1.0 m s~!, while at the southern site, flows
29  are weaker, with typical upper-layer velocities of ~0.3 m s! and peaks of ~0.5-0.7 m s .
30  Tidal forcing dominates the instantaneous flow, explaining up to ~80% of the along-axis
31  current variance at the northwest site but substantially less in the cross-axis direction and
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32 at the southern site, leaving significant subtidal variability. Wind—current coupling is
33  strongest at subtidal timescales, with rapid (0—2 h) responses consistent with local
34  barotropic adjustment to wind forcing. Temperature observations reveal pronounced
35 seasonal variability, with summer surface temperatures exceeding 35 °C and annual
36  excursions of more than 15 °C across the water column. A persistent seasonal thermocline
37  develops during late spring and summer, with vertical temperature differences of 2—4 °C.
38  This stratification is repeatedly disrupted by rapid mixing events lasting 2—3 days, during
39  which the water column becomes nearly homogeneous. Spectral and variance analyses
40 show that stratification variability is dominated by diurnal processes, with additional
41  modulation at synoptic (2—4 day) timescales. The results indicate that tidal mixing alone is
42  insufficient to suppress stratification and that episodic destratification arises from the
43 combined influence of wind forcing and subtidal variability acting on a preconditioned
44  water column. These findings provide the first integrated observational description of
45  circulation and thermal structure at SBN, demonstrating how topographic control, tides,
46  winds, and subtidal variability interact to regulate stratification, vertical exchange and
47  transport processes around an isolated reef system in the central Gulf.

48

49 1 Introduction

50 The Arabian/Persian Gulf (hereafter “the Gulf’) is a shallow, semi-enclosed
51  marginal sea characterized by strong evaporation, limited freshwater input, and intense
52 atmospheric forcing (Campos et al., 2020; Ibrahim and Eltahir, 2019; Ranjbar et al., 2020).
53  Circulation results from the interaction of density-driven flow, wind forcing, and tides,

54  producing a basin-scale cyclonic gyre currents of typically 0.05-0.20 m s

, and strong
55  synoptic variability associated with north-westerly (Shamal) winds (Langodan et al., 2023;
56  Cavalcante et al., 2016; Al Senafi and Anis, 2015). While tides dominate instantaneous
57  currents, winds and density gradients play a key role in subtidal variability and vertical
58  exchange (Al Azhar et al., 2016; Akbari et al., 2016; Alosairi et al., 2011).

59 The Gulf also exhibits a highly variable stratification regime driven by seasonal
60  heating. During summer, surface heating promotes the formation of a shallow thermocline,

61  particularly under weak wind conditions, with subsurface waters remaining several degrees

62  cooler than the surface (Hassanzadeh et al., 2011; Alosairi et al., 2011; Yao and Johns,
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63  2010a). At the same time, energetic tidal currents and synoptic wind systems, including
64  Shamal events, can intermittently disrupt stratification, leading to rapid vertical mixing and
65  water-column homogenization (Yao and Johns, 2010b; Thoppil and Hogan, 2010; Chao et
66 al., 1992). Although these processes are relatively well described at basin scales, their
67 interaction with local bathymetry and their role in controlling vertical exchange at smaller
68  spatial scales remain poorly understood.

69 Sir Bu Nair Island (SBN), located in the central southern Gulf, provides a natural
70  setting to investigate these processes. The island lies within the pathway of basin-scale
71  circulation and is characterized by steep surrounding bathymetry, with depths reaching ~30
72 m within 3-5 km of the shoreline (Cavalcante et al., 2024; Bento et al., 2021). The
73  interaction between incoming flow and this topography is expected to promote flow
74  steering, current intensification, and localized mixing, consistent with topographically
75  constrained environments, where tidal propagation is modified and shear-driven processes
76  enhance vertical exchange (Lowe and Falter, 2015; Simpson et al., 1990; Wolanski and
77  Hamner, 1988).

78 Earlier research on SBN has focused mainly on the continued resilience of
79  extensive, well-developed coral reefs communities at the island compared to other parts of
80  the Gulf, where recurrent marine heatwaves have resulted in the near collapse of coral
81  reefs, particularly within the southern Gulf basin (Hadj-Hammou et al., 2025; Bento et al.,
82  2021). Studies based on numerical models have highlighted the potential role of mesoscale
83  and sub-mesoscale features in transporting larvae from SBN to coastal reef systems along
84  the southern Gulf margin (Cavalcante et al., 2020; Riegl et al., 2017; Cavalcante et al.,
85  2016), suggesting that physical circulation processes at SBN may have broader regional
86  implications for reef connectivity and recovery. Moreover, recent studies have suggested
87  that heat-sensitive corals (Acropora spp.)may have continued to persist at SBN due to the
88  Dbuffering effect of deeper, cooler waters surrounding the island, which mitigate extreme
89  summer temperatures (Hadj-Hammou et al., 2025; Cavalcante et al., 2024; Bejarano et al.,
90  2022).

91 To our knowledge, the only study providing direct observational insights into the
92  oceanographic conditions at SBN is based on a short (~6-week) study in 2021, which

93 reported near-surface current speeds of up to ~0.8 m s—! and abrupt temperature variations
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94  with daily vertical ranges of ~4 °C (Cavalcante et al., 2024). Despite this, direct
95  observational data on circulation and stratification dynamics at SBN remain limited.
96 Here, we use a multi-instrument observational dataset to investigate the physical
97  processes controlling circulation and thermal structure at SBN. We (i) characterize the
98  dominant circulation regime, (ii) quantify the relative roles of tidal and wind forcing across
99  multiple timescales, and (iii) examine the mechanisms responsible for episodic
100  stratification and rapid mixing. We hypothesize that circulation is strongly modulated by
101 local bathymetry, that tides dominate instantaneous flow but not stratification variability,
102 and that stratification collapse results from the interaction between synoptic and higher-
103 frequency forcing.
104
105 2. Material and Methods
106 2.1 Study area
107 Sir Bu Nair Island (SBN) located ~70 km offshore from the southeast coast of the
108  UAE lies within a well-enforced protected area with limited human disturbances (Hadj-
109  Hammou et al., 2025), which extends over 49.6 km?, including ~36.3 km? of marine habitat
110  surrounding the island (Fig. 1) (Bento et al., 2021). The island is surrounded by a relatively
111 steep bathymetry gradient reaching up to ~30 m depth just ~3—5 km from shore (Fig. 1)
112 (Cavalcante et al., 2024). Geologically, SBN Island's near-circular shape and the
113 surrounding steep bathymetric gradient result from the surface expression of a Hormuz salt
114  dome rising from the stable shelf of the Arabian basement, influencing local seafloor
115  topography (Ellison et al., 2021; Thomas et al., 2015).
116 The dominant astronomical constituents responsible for the water level fluctuations
117  in the Gulf are the principal semi-diurnal (M2, Sz) and diurnal (K;,01) tides (Fig. 2 — shows
118  M: and K1) (Akbari et al., 2016). While the Gulf as a whole is often described as mixed,
119 mainly semi-diurnal, the location of SBN is near the central area where the relationship
120  between the semi-diurnal and diurnal tides is crucial (Burt and Paparella, 2024). Previous
121 studies of current meter data near SBN have shown that the local hydrodynamic conditions
122 are influenced by both the diurnal (~24 h) and semi-diurnal (12.5 h) tidal periods (Fig. 2),
123 leading to a complex daily pattern of water flow (Cavalcante et al., 2024).



https://doi.org/10.5194/egusphere-2026-3183
Preprint. Discussion started: 25 June 2026
(© Author(s) 2026. CC BY 4.0 License.

EGUsphere®

32

30 &

Latitude
N
[o¢]

26

£ - ADCP + Hobos
< - Hobos

24 —+ - Buoy

. 54.18

54.22

54.26

| (m)

48

124
125

126
127
128
129
130

50

Latitude

48 49 50 51 52 53 54
Longitude

131
132
133

134

135

52
Longitude

Figure 1. The top panel presents the deployment sites around Sir Bu Nair (SBN) Island, while the
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bottom panel shows the location of the oceanographic buoy. Depth contours in the top panel were
adjusted to enhance visualization of the pronounced bathymetric gradient surrounding the island.
ADCP moorings are designated as SBN-NW (northwest ADCP) and SBN-S (south ADCP).

Temperature loggers deployed in the northwest, northeast, and southern sectors are referred to as

SBN-NW, SBN-NE, and SBN-S, respectively. Buoy location is referred to as (+).
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Figure 2. Amplitudes in m (shaded in colors) overlaid with phase contours of the major tidal
constituents (M2 and K1) generated from TPXO10-atlas models (Egbert and Erofeeva, 2002).
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136 2.1 Oceanographic Measurements

137 Time-series measurements of vertical currents, temperature, and absolute water
138 depth were collected and analyzed around Sir Bu Nair Island (SBN). Two ADCP moorings
139  were deployed (Fig. 1). On the northwest flank (SBN-NW; 25.251°N, 54.194°E), an
140  upward-looking Nortek Signature 1000 kHz ADCP was bottom-mounted at ~17 m water
141 depth. The instrument sampled with 0.5 m vertical bins, averaging 120 pings at 1 Hz into
142 2-min ensembles, saved every 20 min, from 18 May 2021 to 31 Oct 2022. On the south
143 side (SBN-S; 25.208°N, 54.221°E), a bottom-mounted Teledyne RDI Workhorse Sentinel
144 600 kHz ADCP at ~18 m depth used a comparable setup, but due to an equipment
145 malfunction produced two shorter records: 18 May 2021-21 Jul 2021 and 21 Aug 2021-19
146 Sep 2021.

147 To characterize the vertical thermal structure at SBN, six moorings equipped with
148 HOBO (TidbiT) temperature loggers were deployed across near-surface to near-bottom
149  depths (refer to Table 1). However, only two arrays were successfully recovered. The SBN-
150 S temperature mooring was co-located with the ADCP frame at ~18 m depth, while the
151  SBN-NE mooring was located ~750 m offshore at ~16 m depth (Fig. 1). Both arrays
152 recorded hourly temperature data from 1 August 2021 to 30 October 2022. Although the
153 SBN-NW temperature array was not recovered, thermal conditions on the northwest flank
154  were partially reconstructed using an earlier deployment of array of temperature loggers
155  attached to the ADCP frame at nominal depths of 4 and 9 m, which provided hourly data
156  from 19 May to 19 September 2021. Earlier temperature records at SBN-S were also
157  incorporated to extend temporal coverage. All records were quality-controlled and
158  harmonized to a common temporal resolution prior to analysis. Details of data availability
159  and integration are provided in Table 1.

160  Table 1. Temperature data availability by site and depth .

Site Depth_m StartTime EndTime N _obs
SBN-NW 4 19/05/2021 00:00 02/09/2021 06:00 2551
SBN-NW 9 19/05/2021 00:00 19/09/2021 00:00 2953
SBN-NW 18 19/05/2021 00:00 30/10/2022 17:00 12714
SBN-NE 3 01/08/2021 17:00 17/03/2022 21:00 5477
SBN-NE 6 01/08/2021 17:00 01/08/2022 00:00 8744
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SBN-NE 9 01/08/2021 17:00 30/10/2022 17:00 10921
SBN-NE 12 01/08/2021 17:00 30/10/2022 17:00 10921
SBN-S 4 19/05/2021 00:00 19/09/2021 00:00 2953
SBN-S 6 01/08/2021 17:00 30/10/2022 17:00 10921
SBN-S 9 19/05/2021 00:00 07/10/2022 12:00 12157
SBN-S 12 19/05/2021 00:00 17/03/2022 21:00 7270
SBN-S 15 01/08/2021 17:00 30/10/2022 17:00 10921
SBN-S 18 19/05/2021 00:00 19/09/2021 00:00 2305
2.2 Atmospheric data

In the absence of in-situ wind observations at Sir Bu Nair (SBN), we used 10-m
winds (u10, vio) from the ERAS atmospheric reanalysis for the grid cell enclosing SBN
(https://cds.climate.copernicus.cu/datasets/reanalysis-eraS-single-levels?tab=download)
(Hersbach et al., 2020). The hourly ERA5 wind fields were extracted for the full mooring
period (18 May 2021 - 31 Oct 2022), using the nearest 0.25° grid cell without spatial
interpolation. All time stamps were converted to a common time base and expressed in
local time. Positive (u19) points east and positive (v;0) north.

To evaluate ERAS skill for local winds, we compared against the closest available
in-situ record from an oceanographic buoy located ~24 km southeast of SBN (24.992° N,
54.350° E) (Fig. 1) over 24 Apr 2025 - 01 Sep 2025. Despite the validation period falling
outside the mooring window, the analysis indicates strong agreement in vector components
(ru = 0.84 (along-axis) and rv = 0.92 (cross-axis)), supporting the use of ERAS as a proxy
for local wind forcing at SBN. We therefore use ERAS winds (and derived wind stress

where specified) as the atmospheric driver in the analysis.

2.3 Wind stress calculation

Hourly ERAS 10 m winds (10, vio) were converted to eastward and northward
wind-stress components (tx, Ty) components using the Eqgs.(1 and 2):
Ty = palpUuyg (D
Ty = paCpUvyg (2)
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181 where pa=1.225 kg m™ is air density, U = \/u?, + v, is wind speed, and Cp is the neutral
182 drag coefficient following Large-Pond style (Large and Pond, 1981): 1.3x1073 for U < 11
183  m s, Cp=0.49x107+0.065x103U. We then projected (z, 7,) onto the principal axis
184  obtained from principal component analysis (PCA) to obtain along (7;) and across ()
185  components and finally applied the same low-pass filter as for currents. To assess
186  sensitivity to drag-coefficient parameterization and to separate dynamic forcing from
187  simple wind-speed covariance, all analyses were repeated using rotated and filtered wind
188  wvelocity components (u10,v10) in place of wind stress.

189

190 2.4 Time series analysis

191 Raw 20 min Acoustic Doppler Current Profiler (ADCP) ensembles were averaged
192 to hourly eastward () and northward (v) velocity components (m s™!) prior to analysis.
193 Water level, # (m), was derived from the ADCP absolute depth record and averaged to the
194  same resolution. ERAS winds (u10, vi0) and temperature observations were interpolated
195  onto a common hourly time base. Short gaps (< 3 h) were linearly interpolated, whereas
196  longer gaps were retained as missing values and excluded pairwise from subsequent
197  calculations. Linear trends were removed prior to filtering to minimize low-frequency
198  leakage (Thomson and Emery, 2024; Bendat and Piersol, 2011).

199 Subtidal variability was isolated using a 48-h Lanczos digital filter. To account for
200  topographic steering around the island, currents were rotated into along-axis and cross-axis
201  coordinates using the principal axis of variance derived from the low-pass currents. This
202  orientation therefore reflects the dominant subtidal flow relevant to wind-current coupling
203  (Kanarik et al., 2025; Van Der Molen et al., 2022).

204 The barotropic velocity was defined as the depth-mean flow, and the baroclinic
205 component as the deviation from that mean. Kinetic energy was calculated for each
206  component and expressed relative to total kinetic energy (Simpson et al., 1990). Tidal
207  constituents in currents and sea level were estimated using the MATLAB package t tide
208  (Pawlowicz et al., 2002). In addition, along-axis and cross-axis currents were regressed
209  against sea level (#7) and its Hilbert transform to estimate amplitude and phase relationships
210  with sea level variability (Piecuch et al., 2022).

211
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212

213 2.5 Correlation and lag analysis

214 Linear relationships between wind forcing and currents were quantified using
215  Pearson correlation at zero lag and cross-correlation over lags of £72 h. Analyses were
216  performed between along-axis forcing (7. or u;0.) and along-axis currents (u.), and
217  likewise between cross-axis forcing (z. or ujo.) and cross-axis currents (v¢). Lags are
218  reported in hours, with positive values indicating current variations lagging the wind
219  forcing. Pairwise deletion was used where missing values were present. As a sensitivity
220  test, analyses were repeated using three current metrics: the uppermost ADCP bin, the
221  mean of the upper three bins, and the depth-averaged current, to identify the layer
222 exhibiting the strongest wind-driven response.

223

224 2.6 Frequency domain coupling

225 Frequency-domain relationships were examined with Welch spectra and cross-
226  spectra using a 50 % overlap and applied a Hanning filter (Welch, 1967). Magnitude-
227  squared coherence (MSC) was used to quantify frequency-dependent coupling between
228  forcing and response series (Bendat and Piersol, 2011). The complex transfer function
229  between wind stress (7., 7.) and current response (uq, vc) was used to estimate gain H and
230  phase ¢. Gain and phase were interpreted only where MSC exceeded the approximate 95%
231  confidence level based on the number of independent Welch segments (Elipot and Gille,
232 2009). Spectral filtering and frequency-domain procedures followed standard methods
233 described by Emery and Thomson (2024).

234

235 2.7 Band-limited variance attribution of thermal structure

236 To assess the relative importance of dynamical drivers, band-pass filtered AT
237  (temperature difference between 4 m and 18 m depth) was regressed against similarly
238  filtered 74, 7c, ua, uc, and sea level 5. Frequency-band decomposition was performed using
239  fourth-order Butterworth filters applied with zero-phase filtering. Predictor importance was
240  quantified as the reduction in full-model R’ when each predictor was removed in turn
241  (semi-partial variance contribution). These values therefore represent the unique fraction

242 of AT variance associated with each predictor after accounting for covariance among
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243  forcings. Because predictors are partially correlated, contributions are interpreted as
244  variance attribution rather than strict causality (Gromping, 2007; Peres-Neto et al., 2006).
245

246 3. Results

247 The results of this study cover various aspects of oceanographic and atmospheric
248  dynamics in the Gulf during the study period, including the analysis of local winds (Sect.
249  3.1), vertical temperature regimes (Sect. 3.2), absolute water level and current variability
250  (Sect. 3.3), as well as the interactions between currents and wind forcings (Sect. 3.4). The
251  analysis between intense thermal variability events and potential drivers (Sect. 3.5) closes
252 this section.

253

254 3.1 Local winds

255 The wind regime at Sir Bu Nair (SBN) is quantified through the distribution of 10-
256 m wind speed magnitudes and directional frequencies. Fig. 3 illustrates the annual cycle
257  based on ERAS data, while Fig. 4 provides the corresponding directional context.

258 Given that synoptic wind systems in the Gulf typically operate on 2-5 day
259  timescales, the application of a 3-day sliding window for percentile computation
260 effectively reduces high-frequency visual noise while preserving the integrity of event
261  timing. In that sense, while the 9-day moving mean of the median (red curve, Figure 3)
262  shows sustained velocities fluctuating between 4 m s and 7 m s throughout the
263  observation period, the 95th percentile curve identifies discrete peaks in wind magnitude.
264  During the winter season, these values consistently exceed 10 m s'. A maximum 95th
265  percentile speed of approximately 15 m s™ was recorded on 21 January 2022, followed by
266  a secondary peak of near 13 m s™' on 14 May 2022. The shaded area (5%—95%) natrows
267  notably from June through August, indicating a period of reduced variability in the daily
268  wind magnitude.

269 The directional distributions (Figure 4) highlight a bimodal wind field at SBN. The
270  primary mode is oriented from the Northwest (NW) sector, while a secondary, less frequent
271  mode originates from the Southeast (SE). Analysis of the speed-binned rose plots shows
272 that the highest velocity classes (>10 m s!) are localized within the NW quadrant, known

273 locally as Shamal winds (‘shamal’ is north in Arabic). Winds from the SE sector are

10
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274  predominantly characterized by lower velocity magnitudes, with the majority of
275  observations falling within the 3-6 m s range. The NW mode displays the highest
276  directional stability, particularly during the months when the 95th percentile magnitudes

277  are at their peak.
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279  Figure 3. Temporal evolution of ERA5 10-m wind speed at Sir Bu Nair, expressed as 5th, 50th, and
280  95th percentiles computed over the observation period (May 2021-October 2022). Shading denotes
281  the 5-95% range; the black line shows the median for 3-day window; the red curve shows a 9-day

282  moving mean of the median.

11



https://doi.org/10.5194/egusphere-2026-3183
Preprint. Discussion started: 25 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

b
s s
Jun Jul
50% N 50% N
40% (m/s) 40%
30% 016- 18 30%
014-16 et
B12-14
‘E w i TE@10-12 Wy 'E
: : 8- 10
56-8
4.6
: m2-4 |
= . s -2 S s
Sep Oct Nov Dec
N N N
50% 50% 50%
40% 40% 40% 3
3 ‘ * .
w % E w "TIE wi E E
s S s s

283

284  Figure 4. Wind rose plots at Sir Bu Nair Island for the study period (May 2021 to October 2022)
285  grouped by month from January to December. Color scales indicate wind speed magnitude (m/s),
286  and the radial axis represents frequency of occurrence (%).

287 3.2 Water temperature structure

288 The separation of seasonal contrast, within-depth daily variability, and
289  instantaneous vertical gradients provides a consistent characterization of both the
290  background thermal regime and short-timescale variability across the three SBN sites. Over
291  the study period, the annual temperature range exceeded 15 °C (Figure 5). Percentile-based
292 seasonal envelopes (JAS 95th — JFM 5th) reached upper summer percentiles of ~35.2-35.5
293 °C, with winter lower percentiles near ~21.2-21.5 °C, confirming the magnitude and
294  vertical coherence of the annual thermal excursion.

295 Depth-dependent structure was evident in the seasonal oscillation. Shallow layers
296  at SBN-NE and SBN-S exhibited the largest median seasonal differences (~12.2-12.4 °C),
297  while deeper layers showed reduced contrasts (~10.5-11 °C) (Figure 5), consistent with
298  partial attenuation of surface-driven warming. The short-timescale vertical variability
299  shows the median daily amplitude at individual depths was generally <1 °C, yet episodic
300 events exceeded 4 °C.

12
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301 The instantaneous vertical thermal range, defined as the temperature difference
302  across all concurrently active depths at each timestamp, revealed episodic stratification
303  events. The largest vertical gradient occurred at SBN-N'W, reaching 4.8 °C on 5 June 2021.
304 At SBN-S, the maximum vertical range was 4.5 °C (7 June 2021), and at SBN-NE it
305 reached 3.8 °C (30 July 2022). These events were transient, clustered primarily in late
306  spring and summer, and were resolved across multiple depth sensors, indicating short-lived
307 but pronounced vertical thermal structures, reflecting transient stratification events
308  superimposed on the seasonal cycle.

309 Across all sites, the highest daily mean temperatures occurred in mid-August 2021,
310  with temperatures simultaneously exceeding 35.0 °C across multiple depths. At SBN-NW,
311  temperatures >35.0 °C persisted for 19 and 20 consecutive days at 9 and 4 m depths,
312 (12/13-31 Aug 2021), respectively. At SBN-NE, exceedance persisted for 18 consecutive
313 days at 3 m depth (14-31 Aug 2021) and 8 days between 6 and 12 m depth (23-30 Aug
314 2021). At SBN-S, temperatures >35.0 °C persisted for 24 consecutive days at 4 m depth
315 (831 Aug 2021), 18 days (6 and 15 m depth) (14-31 Aug 2021), and 7 days at 18 m depth
316  (23-29 Aug 2021). Exceedance of 35.5 °C was restricted to shallow depths and short
317 intervals of three consecutive days at SBN-S (4 m depth; 16—18 Aug 2021) and at SBN-
318 NW (4 and 9 m depths; 17-19 Aug 2021).

13
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321  Figure 5. Hourly temperature time series at the three SBN sites (SBN-NE, SBN-NW, SBN-S) from
322 May 2021 to October 2022. Colored lines represent raw measurements at each nominal depth. A
323 site-pooled rolling 5th-95th percentile envelope (1-day window) is superimposed (gray line). The
324  envelope reflects the short-term distribution of temperatures across all available depths at each site.
325
326 3.3 Water level and current variability
327 The harmonic analysis results for SBN-NW and SBN-S are summarized in Table
328 2. Water level amplitudes are reported in centimeters to retain resolution of low-amplitude
329  constituents and are converted to meters in the text when discussing tidal ranges. The tidal
330  form number F = (K;+O1)/(M2 +Sz) is ~0.95 at both sites, indicating mixed tides with
331  semidiurnal dominance.
332 The principal semidiurnal constituent M> has amplitudes of 36-37 cm at both sites,
333 while Sy contributes 14—15 cm. The mean semidiurnal range (2M>) is ~0.72—0.74 m, with
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334  spring and neap ranges of ~1.02 m and ~0.42-0.44 m, respectively. The combined
335  amplitude (K1+01) equals 48 cm at SBN-NW and 49 cm at SBN-S. The mean diurnal range
336 (1.5[Ki+01]) is ~0.72 m and ~0.74 m, respectively, and the maximum tropic range
337  (2[Ki+01]) reaches ~0.96-0.98 m at both sites. Under constructive interference, the
338  astronomical tidal range may exceed ~1.5 m.

339 Phase differences for the dominant constituents (Ma, Sz, Ki, O1) are within a few
340 tens of degrees between stations, indicating a coherent regional tidal signal. Tidal current
341  ellipses are predominantly rectilinear, with very small minor axes relative to the major
342 axes. Maximum semimajor axes occur for M2 and K; at SBN-NW (15-16 cm s™), while
343 currents at SBN-S are weaker (e.g., ~12 cm s™' for M and <3 cm s! for K;). Diurnal
344  constituents are oriented approximately north—south at SBN-NW, whereas SBN-S shows
345  greater variability in ellipse inclination, suggesting localized modulation of flow direction.
346  Shallow-water constituents (M4, MS4, MN4) are small (~1-2 cm), indicating weak tidal
347  distortion at both sites.

348  Table 2. Results of the tidal analysis with associated confidence intervals for the two ADCP
349 locations.

SBN-NW
WL (cm) /Phase ~ Major axis  Minor axis  Inclination Phase SNR
(cm/s) (cm/s)
M> 36/2 15+0.5 2+0.0 3 164 910
Sz 15/ 46 8+0.5 1£0.0 1 202 230
Ki 30/ 146 16 +0.6 0+0.0 178 70 860
O 18 /96 4+£0.6 -0+£0.0 177 66 55
N 8/341 3+£0.6 0+0.0 9 147 30
P 8/138 4+0.6 -0+£0.0 180 72 47
MN, 1/320 1+0.2 0+0.0 8 132 16
My 2/358 2+0.2 0+0.0 6 167 83
MS, 1/64 1+0.3 0+0.0 6 206 19
SBN-S

M, 37/2 12+0.6 -1+0.0 4 157 330
Sz 14 /49 3£0.6 0+£0.0 4 203 25
Ki 31/151 2+04 0+0.0 142 60 26
O 18/95 3+£0.5 0+£0.0 2 311 39
N, 8/336 2+0.6 -1£0.0 4 141 14
P 1/308 1£0.3 0+£0.0 177 198 20
MN, 2/354 2+0.3 1£0.0 178 229 81
My 1/59 2+0.2 0+0.0 0 65 36

350
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351 Currents at SBN-NW and SBN-S exhibit distinct directional structures (Fig. 6). At
352 SBN-NW, flow is strongly aligned along a principal axis oriented ~29°, accounting for
353 >94% of the variance at both near-bottom and near-surface levels. This produces highly
354  elongated covariance ellipses, indicative of weak cross-axis motion and strong vertical
355  coherence (Figs. 6a,b). In contrast, currents at SBN-S are oriented predominantly east—
356 west (~91°). While near-bottom flow remains strongly directional (major axis ~85% of
357  variance), the upper layer shows reduced directional dominance (~67%) and increased
358  cross-axis variability (Figs. 6c,d). Total variance and ellipse area are greater at SBN-S,
359  particularly in the upper layer, indicating enhanced variability and a less constrained flow
360  structure compared to SBN-NW.

361 At SBN-NW, tidal harmonics explain most of the along-axis current variance
362 (80%), whereas the cross-axis component is much less strongly tidal (35%). Consistent
363  with this, only 20% of the along-axis variance remains after tidal removal, compared with
364  65% in the cross-axis component. Sea level explains a substantial fraction of the along-
365  axis variance (60%), but much less of the cross-axis variance (23%), indicating that the
366  dominant flow response is primarily aligned with the principal axis. At SBN-S, tidal
367  forcing explains 39% of the variance along the principal axis and 12% cross-axis. Sea level
368  variability accounts for a smaller fraction (20% along-axis; 3% cross-axis), and a large
369  residual remains, particularly cross-axis (60% and 89%, respectively).

370 Time series of velocity components and sea level (Figs. 7-8) further highlight the
371  dominance of the along-axis (1) component, while the cross-axis (v) component remains
372 comparatively weak. The figures present the upper layer (~14 m above the bed) as
373  representative of temporal variability, whereas depth-mean and bottom-layer
374  characteristics are described below.

375 At SBN-NW, currents are strongly aligned with the major axis, with a net u-velocity
376  of ~0.1 £ 0.3 m s™! in the upper layer and negligible mean v-velocity (Figure 7). Positive
377  along-axis flows reach ~0.6 m s' (95th percentile), whereas negative flows are weaker,
378  extending to ~—0.4 m s™' (5th percentile). This asymmetry is consistent throughout the

379  water column, with similar net velocities at depth-mean and bottom layers (~0.08—0.1 m
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380 s, indicating a vertically coherent structure. The v-component remains small at all depths,
381  generally within £0.1-0.2 m s,

382 At SBN-S, the same directional structure is observed but with lower magnitude
383  (Figure 8). The upper-layer net u-velocity is ~0.1 + 0.2 m s™!, with positive flows reaching
384  ~0.3 ms™' (95th percentile) and negative flows to ~—0.3 m s~ (5th percentile). Depth-mean
385 and bottom layers show consistent but weaker velocities (~0.07-0.09 m s™'), again
386 indicating limited vertical shear. The v-component remains minor, with small fluctuations
387  around zero across all depths (typically within £0.1-0.2 m s™).

388 Low-pass filtered velocities reveal a persistent residual flow in the along-axis
389  direction at both sites (~0.08—0.1 m s'), with negligible cross-axis contribution (Figs. 7-
390  8). Sealevel variability is dominated by tidal oscillations, with modest subtidal variability,
391  more pronounced at SBN-NW. In addition, the subtidal flow, derived from the low-pass
392 filter, is strongly barotropic at both sites. At SBN-NW, 94% of the kinetic energy resides
393  in the depth-mean component, with only 6% associated with vertical shear. At SBN-S, the
394  barotropic contribution remains dominant (89%), although the baroclinic component is
395  slightly higher.

396 Flow variability is highly anisotropic, with 97% and 92% of the subtidal kinetic
397  energy aligned with the principal axis at SBN-NW and SBN-S, respectively, confirming
398  predominantly rectilinear flow consistent with the covariance ellipses (Fig. 6). Vertical
399  shear is present but moderate, as indicated by the root mean square (RMS) differences
400  between depth-mean and near-bottom velocities of ~0.05 m s™! at SBN-NW (Figure 7) and
401  ~0.03 m s at SBN-S (Figure 8) along the major axis.

402 Subtidal kinetic energy is substantially higher at SBN-NW (mean 0.09 m? s72) than
403  at SBN-S (mean 0.01 m? s2), with SBN-NW also exhibiting stronger episodic events
404  (maximum ~0.20 m? s72). This indicates that subtidal variability is both more energetic and
405  more intermittent at SBN-NW.

406

407
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411  dots show instantaneous east-north velocity components; blue curves denote the 1-c PCA
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covariance ellipse; dashed black lines indicate the centroid linear fit.
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423 3.4 Currents and wind dynamics

424 Prior to evaluating the influence of wind forcing on horizontal currents, the relative
425  contributions of tidal and sea level variability were quantified through a partitioning
426  analysis of the along- and cross-axis components using harmonic analysis, after which the
427  wind-driven processes were assessed. Wind—current relationships were evaluated using
428  both wind stress and wind velocity across all sites and for both along- and cross-axis
429  components, considering both depth-averaged currents and the average of the top three
430  ADCP bins. For clarity, only representative cases exhibiting the strongest and most
431  coherent relationships are shown in the figures, while the remaining results, including
432 weaker or non-significant relationships, are described in the text. These results are
433 insensitive to 40—48 h cutoffs and hold across seasonal windows (not shown).

434 Wind forcing shows a moderate but clear relationship with the residual currents. In
435  SBN-NW, the along-axis currents exhibit a weaker correlation with wind stress (r = 0.34)
436  and wind velocity (r = 0.39), with near-zero to slightly negative lag (0 to —2 h), suggesting
437  a rapid or near-instantaneous response. In contrast, the cross-axis component shows
438  stronger correlations, particularly with wind velocity (r = 0.62) (Fig. 9a) and wind stress (r
439 = 0.5), both peaking at a lag of approximately +1 h, indicating a delayed response of the
440  transverse flow to wind forcing. In SBN-S the wind—current coupling is weak to moderate
441  along-axis (r = 0.35 at +1 h lag) (Fig. 9b), while wind stress yields a similar magnitude (r
442 = 0.33) at a lag of -1 h, indicating a near-synchronous response. In contrast, across-axis
443  correlations are negligible for both wind stress (r = 0.04 at —5 h) and wind velocity (r =
444 0.04 at —8 h), indicating little to no wind-driven variability in the transverse direction.

445 Magnitude-squared coherence between wind forcing and currents is low at high
446  frequencies but increases in the subtidal band (> 48 h). At SBN-NW, along-axis coherence
447  remains weak to moderate (0.1-0.3), while cross-axis coherence reaches 0.3—0.5 (stress)
448  and 0.4-0.5 (wind) (Fig. 9c) at longer periods (3-8 days), indicating a consistent transverse
449  wind-driven response. At SBN-S, along-axis coherence also increases at subtidal periods,
450  reaching 0.3 (stress) and 0.4 (wind) (Fig. 9d), indicating a moderate wind influence,
451  whereas cross-axis coherence remains low (< 0.2) with no consistent peak.

452 Transfer function estimates show that at SBN-NW (along-axis) and SBN-S (across-

453  axis), gain remains low and shows no clear frequency dependence, while phase is variable,
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454  indicating a weak and inconsistent relationship with wind forcing. In contrast, stronger
455  responses are observed in the cross-axis at SBN-NW (Fig. 9¢) and along-axis at SBN-S
456  (Fig. 9f), where gain increases in the subtidal band (2—8 days) and phase approaches 0° at
457  longer periods, indicating an approximately in-phase or weakly lagged response. Phase
458  estimates over this band imply hour-scale lags, consistent with rapid surface-layer
459  adjustment (set-up/set-down), particularly at SBN-NW. Together, these results indicate a
460  fast, band-limited wind control of cross-axis surface currents at SBN-NW and a weaker

461  but detectable along-axis response at SBN-S.
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463  Figure 9. Wind—current relationships at SBN-NW and SBN-S based on the average of the top three
464  ADCP bins. Lagged correlation between wind and currents for the across-axis at SBN-NW (a) and
465  along-axis at SBN-S (b). Positive lag indicates currents near-synchronous responding after wind
466  forcing. Magnitude-squared coherence as a function of period at SBN-NW (c) and SBN-S (d). The
467  dashed vertical line indicating the low-pass (LP) cutoff at 48 h. Transfer function estimates showing
468  gain (blue) and phase (orange) at SBN-NW (e) and SBN-S (f).

469

470 3.5 Drivers of strong vertical thermal oscillations

471 Several episodes of rapid transitions between stratified and mixed states are evident
472 throughout the full record (Fig. 3; see Section 3.2), indicating that these events constitute

473 arecurrent mode of variability governing episodic changes of the vertical structure across
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474  the study area. To examine the dynamics of these transitions in detail, a representative
475  period of pronounced vertical thermal variability (20 May—25 June 2021) was selected.
476  This interval was chosen because it provides complete and concurrent observations at both
477  sites (SBN-NW and SBN-S), allowing a consistent spatial comparison.

478 Both locations exhibit pronounced stratification prior to ~10 June, interrupted by a
479  brief weakening of stratification around 28-29 May, after which vertical temperature
480  gradients rapidly reestablish. This is followed by a rapid (~2-3 days) collapse of
481  stratification around 10—12 June (dashed lines) and convergence of temperatures across all
482  depths, indicating a transition to a vertically homogeneous water column that persists
483  thereafter (Fig. 10). The event is coherent between sites, although higher-frequency
484  wvariability is more pronounced at SBN-NW. Prior to the collapse, vertical temperature
485  differences (AT = 4m — 18m) are consistently ~2—4 °C, with peaks exceeding 4 °C,
486  reflecting strong stratification with surface temperatures of ~32-33 °C overlying cooler
487  bottom waters (~28-30 °C), also represented by the contour plots used to illustrate the first-

488  order vertical structure and its temporal evolution (upper and lower right panels).

5- T T x T - ] 5 11 1

May 27 May 03 Jun 10 Jun 17 Jun 24 Jun
2021 15

32" SBN-NW 20 May 27 May 03 Jun 10 Jun 17 Jun 24 Jun

©

= 301 13 , - x
28 ¢ 1 T

20 May 27 May 03 Jun 10 Jun 17 Jun 24 Jun
2021

34

SBN-S ' ‘ '
32}
°()
-3 4 om |
—_—4m m
28l 4% g 20May 27May 03Jun  10Jun  17Jun 24 Jun

. . . 2021
20May 27May  03Jun 10 Jun 17 Jun 24 Jun ]
489 2021 28 29 30 31 32 33 34

490  Figure 10. Representative episode of strong vertical thermal variability at SBN-NW and SBN-S.
491  Left column: (top) near-surface to near-bottom temperature difference (AT = 4m — 18m); (middle
492  and bottom) temperature time series at instrumented depths (6 h moving mean) for SBN-NW and
493  SBN-S, respectively. Right column: corresponding depth—time temperature fields derived from the
494  discrete sensors at each site. Contour plots are used to synthesize the vertical structure from discrete
495  depth measurements.

496 During the strong vertical thermal variability event, the current velocities

497  component aligned with the principal axis at SBN-NW, exhibits higher magnitudes above
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498  ~0.3 m/s and clear vertical coherence, with episodic intensifications throughout the water
499  column (Fig. 11. a, ¢) coinciding with the strong stratification periods and homogenous
500  vertical states afterwards. In contrast, SBN—S shows weaker along-axis velocities with
501  magnitude of ~0.2 m/s and reduced vertical coherence (Fig. 11. b, d), indicating a less
502  energetic and more variable flow regime relative to the dominant direction. As indicated
503  in the previous section, currents in SBN are often the result of the combined effect of wind
504  and differences in sea level. These forcings can work in the same direction, supporting each
505  other, or at distinct levels, depending on the location
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507  Figure 11. Low-pass filtered currents correspond to SBN-NW (a, ¢), and to SBN-S (b, d). The
508  upper panels (a, b) show depth—time distributions of along-axis velocity, obtained by rotating the
509  velocity field onto the principal axis of variability (PCA), which defines the dominant flow
510  direction. The panels (c, d) present time series at selected depths from the bottom (3, 7, and 14 m).
511

512 The complex bathymetry gradient of the SBN region causes the growth of currents
513  driven by local winds to be highly sensitive to the axis of maximum variance of currents
514  (Fig. 6) which is affected by the bottom topography. Even in such small area, the slight
515  shift in the bathymetry can play a role in the growth and direction of the currents. This
516  pronounced sensitivity to local bathymetry for SBN currents is demonstrated in the
517  progressive current diagram (Fig. 12). The SBN-NW site exhibits stronger and more

518  directional displacement along the principal axis, flowing northeastward at the three depths
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519 (3, 7, and 14m) (Fig. 12a), whereas SBN—S shows weaker and slightly more dispersed

520 trajectories eastward-like, indicating reduced flow persistence (Fig. 12b).
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522 Figure 12. Progressive vector diagrams of the hourly ADCP currents at SBN-NW (a) and SBN-S
523 (b), for selected depths (3, 7, and 14 m), for the period 20 May-26 June 2021.
524

525 To identify the forcing mechanisms associated with strong vertical thermal
526  oscillation events, we further analyzed the temperature variability (AT), used here as a
527  proxy for stratification variability, using spectral and cross-spectral methods. The spectral
528  characteristics of AT and external forcing reveal a clear scale-dependent structure in the
529  variability of AT at SBN (Fig. 13). Temperature spectra at both locations are dominated by
530  energy at low frequencies (2-4 day), with a pronounced peak in the diurnal band (~0.04
531  cph) (Fig. 13a), consistent with the strong daily cycle observed and vertical structure (Fig.
532 10), followed by a much smaller semidiurnal peak at SBS-S (Fig. 13a). This diurnal signal
533 is coherent across depths and is reflected in AT, indicating that vertical thermal gradients
534  are strongly modulated at daily timescales.

535 The forcing spectra shows distinct frequency-dependent contributions (Figs. 13 b,
536  c). Sea level (77) exhibits the strongest energy in both the diurnal and semidiurnal bands,
537  while current component (vc) and wind stress (7, zc) display lower overall energy but retain
538  variability at similar frequencies. Notably, the along-axis component (#,) at SBN-NW
539  (Figs 13b) exhibits enhanced variance near the diurnal and semidiurnal bands, compared
540  to u, at SBN-S (Figs. 13c¢). The cross-axis component (v.) shows slightly stronger peaks in
541  the semidiurnal band at SBN-NW, whereas at SBN-S its strongest peak occurs in the
542  diurnal band, while wind stress (74, 7c) indicates similar energy peaks throughout the

543 frequencies at both sites.
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545  Figure 13. Power spectral density (PSD) of vertical temperature difference (AT = 4m —18m) at
546  SBN-NW (black) and SBN-S (blue) (a). PSD of forcing components projected onto the local
547  principal axes at SBN-NW (b) and SBN-S (c), including along- and across-axis wind stress (T, Tc),
548  current velocity (U, Uc), and sea level (n). Vertical dashed lines indicate characteristic bands (2—
549  4day, diurnal, semidiurnal).

550

551 At SBN-NW, magnitude-squared coherence exceeds the 95% significance
552  threshold for several variables, with peaks of ~0.55 for ¢ and u,, and ~0.35-0.45 for 7, and
553  n, respectively, indicating a robust daily-scale linkage between wind forcing, currents, sea
554  level, and vertical temperature structure (Fig. 14a). Cross-spectral density magnitude is
555  also largest in this band, particularly for along-axis currents (u,) (Fig. 14c), showing that
556  current variability provides significant energetic contribution to diurnal AT fluctuations.
557 At SBN-S, the same diurnal peak is present but weaker, with coherence of ~0.35, for z
558 and ~0.25-22 for 7, and v, respectively (Fig. 14b), and substantially lower cross-spectral
559  magnitude, indicating a less energetic and less coherent thermal response (Fig. 14d).

560 Secondary coherence peaks occur near semidiurnal frequencies, but associated
561  spectral energy is small, implying a limited thermal imprint despite dynamically active
562  tidal motions. A secondary quarter-diurnal (Ms) signal was detected in the hydrodynamic
563  field, most clearly in the coupling between sea level and along-axis currents at SBN-NW
564  (coherence = 0.50), whereas coherence with AT remained weak at both sites (generally <
565  0.25). In the 2—4 day band, coherence is generally modest at both sites, although 7 and z
566  retain some influence, consistent with low-frequency background modulation of

567  stratification.
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568 Phase estimates (not shown) further indicate that significant diurnal relationships
569  correspond to lags of only a few hours, whereas some wind-stress terms approach anti-
570  phase behaviour, suggesting that stratification changes arise from a combination of rapid
571  mechanical mixing and oscillatory advection rather than a purely delayed local forcing

572 response.

1y : R 1
H

08+ 3 a '35 0.8 3 a '3 7, vs AT
3 :: '3 g ;! |3 vy 8 8T
S ' = 06 - ' )
@ @
= =
Q Q
(&) &]
0
102 107 10°
4 o 4 d 7, V8 AT
T, Vs AT
3 3 u, vs AT
) = v vs AT
o 2 a2
1F 1
0 A L NN 0 \
1072 107 10° 102 107 10°
573 Frequency (cycles per hour) Frequency (cycles per hour)

574  Figure 14. Magnitude-squared coherence and cross-spectral density magnitude between AT (18m
575  —4m) and forcing components at SBN-NW (a, ¢) and SBN-S (b, d). Wind forcing is represented
576 by along- and across-axis wind stress (T4, T.), then current velocity (u., v¢), and sea level (7).
577  Dashed vertical lines indicate the 2—4 day, diurnal, and semidiurnal bands, and the horizontal
578  dashed line marks the 95% coherence significance threshold.

579

580 Band-limited variance partitioning indicates that thermal stratification variability
581  (AT) at both sites is dominated by the diurnal band, followed by 2—4 day variability, and a
582  smaller semidiurnal contribution (Fig. 15). However, the relative importance of individual
583  forcing terms differs between SBN-NW and SBN-S. Individual percentages represent
584  unique variance explained by each predictor and therefore do not sum to the full-model
585  variance because predictors share covariance.

586 At SBN-NW, the diurnal band explains the largest fraction of AT variance (67%;
587  Fig. 15¢). The strongest semi-partial contributions are from z. (9.8%), u, (8.8%), followed
588 by @ (2.2%), and n (1.5%) (Fig. 15a), indicating that daily thermal variability is strongly
589  associated with both wind forcing and current variability. This interpretation is supported

590 by moderate diurnal coherence between AT and 7 (0.55), u4 (0.55), 11 (0.44), and 7, (0.35)
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591  (Fig. 14a). Correlations are strongest at short lags (typically 1-3 h), although phase
592  estimates indicate that some relationships are near anti-phase rather than purely lagged
593  responses. The semidiurnal band explains a moderate fraction of variance at SBN-NW
594 (31%), with dominant contributions from u, (4.5%) and v. (3.5%), while wind-stress terms
595  arenegligible (Fig. 15a). Strong coupling between sea level and along-axis currents (1-Us;
596  coherence = 0.91) indicates strong tidal control of the current field. In the 2—4 day band,
597  variance explained remains substantial (39%) and is dominated by 7 (12%), followed by
598 v (6.8%) and u, (5.4%) (Fig. 15a), indicating that subtidal modulation of stratification is
599  primarily associated with low-frequency sea level variability.

600 At SBN-S, the same frequency hierarchy is present but with weaker overall
601  explanatory skill. The diurnal band explains 54% of AT variance (Fig. 15¢). Here, the
602  dominant terms are 7, (14.5%), 17 (11.1%), ve (7.4%), and ua (5.5%) (Fig. 15b). Coherence
603  values are generally lower than at SBN-NW, reaching 0.35 for z, 0.25 for 7, 0.22 for v,
604 and 0.15 for 7 (Fig. 14b), indicating a weaker and less organized diurnal coupling. The
605  semidiurnal band explains only 16%, with small contributions from u. (3.4%) and 7, (2.4%)
606  (Fig. 14b); however, strong 77-u, coherence (0.83) shows that semidiurnal tidal motions are
607  dynamically present, even if their thermal imprint is limited. In the 2—4 day band, explained
608  variance is 36%, closely matching SBN-NW, and is again dominated by r (12%), with

609  smaller contributions from current terms (3.9-4.1%).

=15 15 100
] I Diurnal b I SBN-NW
@ a I semidiurnal c I sBN-S
& 2-4
3 2-4day oz el
9 -
< 10 10 g
= 5]
S o 60
b &
£ 5 40
85 5 12
4 s
e 3
8 w 20
c
8
©
6 1 0 T To u, v, 7 LA Te u, v, n 2-4 day Diurnal Semidiurnal

611  Figure 15. Unique variance explained in AT by individual forcing components (wind stress: Ta, Tc;
612  along- and across-axis currents: u,, v¢; sea level: (1) expressed as percentage of total AT variance
613  at SBN-NW (a) and SBN-S (b); (c) Total explained variance of AT(%) for the full model in the 2—
614 4 day, diurnal, and semidiurnal bands. Contributions were calculated as the reduction in full-model
615  R? when each predictor was omitted.

616
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617 4. Discussion and conclusions

618 The analyses presented here are based on a multi-instrument dataset collected at
619  several locations around Sir Bu Nair Island (SBN), providing spatial coverage, extended
620  temporal records, and vertical measurements spanning most of the water column. Despite
621  modest field constraints, including instrument loss and associated data gaps, this dataset
622 represents the most comprehensive physical oceanographic description of SBN to date and
623  probably anywhere else in the southern Gulf. It enables identification of the primary
624  forcings controlling local circulation and characterization of episodic vertical stratification
625  and mixing events around the island.

626

627 4.1 Principal circulation regime around Sir Bu Nair Island

628 The present observations provide the first integrated description of circulation
629  around Sir Bu Nair Island (SBN) and show that local hydrodynamics are strongly
630  controlled by the interaction of tides with the island’s steep surrounding bathymetry. At
631  both mooring sites, currents were highly anisotropic and aligned with a dominant principal
632 axis, indicating rectilinear flow constrained by local bathymetry rather than freely rotating
633 shelf circulation.

634 At SBN-NW, upper-layer along-axis currents commonly reached ~0.6 m s (95th
635  percentile), with episodic peaks approaching 0.8—1.0 m s!, while negative excursions
636  reached ~—0.4 m s™! (5th percentile) and occasionally lower, consistent with values reported
637  from a shorter deployment (Cavalcante et al., 2024). At SBN-S, corresponding flows were
638  weaker, commonly reaching ~0.3 m s™' (95th percentile), with episodic peaks of ~0.5-0.7
639 m s In contrast, cross-axis velocities generally remained within £0.1-0.2 m s™! at both
640  sites. This marked directional asymmetry is typical of island and reef environments where
641  tidal and residual motions are steered by depth gradients and coastline geometry into
642  preferred pathways (Lowe and Falter, 2015; Wolanski and Hamner, 1988). The stronger
643  directional coherence at SBN-NW suggests a more direct circulation connection with the
644  surrounding shelf, whereas the weaker and more variable structure at SBN-S indicates a
645  more sheltered or locally recirculating flow regime. These results show that circulation
646  around SBN cannot be represented by a single island-scale state, but varies substantially

647  between adjacent flanks.
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648 Subtidal currents were also predominantly barotropic (see Sect. 4.2), with most
649  kinetic energy contained in the depth-mean flow and variance concentrated along the
650  principal axis, indicating that the rectilinear circulation pattern persists at lower
651  frequencies. Such vertically coherent flow is consistent with previous Gulf studies showing
652 thattidal shear, bottom friction, and shallow bathymetry promote strong mixing and depth-
653  uniform currents over broad areas of the basin (Alosairi and Pokavanich, 2017; Kdmpf and
654  Sadrinasab, 2006; Salim et al., 2024; Cavalcante et al., 2012). However, this state was
655  periodically interrupted during late spring and summer stratification events, most notably
656  during late May—mid June 2021 and during the corresponding seasonal window in 2022
657  (Fig. 10). During these periods, temporary surface—bottom decoupling developed, with
658  surface waters 2—4 °C warmer than bottom waters and enhanced vertical shear.

659

660 4.2 Relative roles of tides and wind forcing

661 Tidal forcing is the primary driver of current variability at SBN, particularly along
662  the principal flow axis. Harmonic analysis shows that tidal constituents explain most of the
663  along-axis variance at SBN-NW (~80%), but a much smaller fraction of the cross-axis
664  variance (~35%). At SBN-S, tidal control is weaker overall, accounting for ~39% of the
665  along-axis variance and only ~12% of the cross-axis variance. Spectral analyses further
666  show that the principal tidal energy is concentrated in the diurnal and semidiurnal bands,
667  consistent with previous Gulf-wide studies (Cavalcante et al., 2011; Reynolds, 1993;
668  Akbari et al., 2016), although both peaks are less pronounced at SBN-S.

669 This interpretation is reinforced by the coherence and phase relationships between
670  sealevel and currents. At SBN-NW, sea level is strongly coherent with along-axis currents
671  in both the diurnal (0.85) and semidiurnal (0.90) bands, with phase offsets of several hours,
672  indicating a well-organized tidal response modified by propagation around local
673  bathymetry. Cross-axis currents also exhibit substantial coherence (0.6 and 0.8), implying
674  that part of the tidal flow is redirected by bathymetric steering. At SBN-S, the strongest
675  coupling occurs in the semidiurnal along-axis band (0.85), whereas other bands are weaker
676  and more variable. These frequency-domain results are consistent with the stronger current

677  amplitudes and directional organization observed at SBN-NW and indicate that tidal
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678  exchange with the surrounding shelf is more energetic and organized there than at the more
679  sheltered and locally modified SBN-S site.

630 A secondary quarter-diurnal peak (Ma, ~0.161 cph) was also present in the spectra.
681  Previous work interpreted this feature as possible seiche activity around SBN (Cavalcante
682 et al., 2024). However, its coincidence with the expected My overtide of the dominant
683  semidiurnal tide, together with its weak association with AT in the present analysis,
684  indicates that nonlinear tidal harmonic generation around the island and adjacent shoals is
685  a more likely explanation. By contrast, energy near 25-26 h period identified from multi-
686  year Gulf sea level records is more consistent with previously proposed Gulf-scale seiche
687  dynamics (Afshar-Kaveh et al., 2020). Although tides dominate instantaneous currents and
688  sea level fields, they do not fully explain the observed variability, particularly in the cross-
689  axis component and at subtidal timescales.

690 Wind forcing therefore emerges as an important secondary control operating within
691  atide-dominated regime. The clearest responses occur in the cross-axis flow at SBN-NW
692  and the along-axis flow at SBN-S, where correlations peak at short lags (0-2 h) and
693  coherence strengthens at subtidal periods of 3-8 days. Although secondary to tides, these
694  wind-driven adjustments likely modulate residual transport pathways (Cavalcante et al.,
695  2020), and are consistent with synoptic Shamal variability (Al Senafi and Anis, 2015;
696  Makarem et al., 2026), which is known to influence Gulf circulation and sea level setup
697  (Thoppil and Hogan, 2010; Kdmpf and Sadrinasab, 2006; Pous et al., 2004; Michael
698  Reynolds, 1993). In addition, the short lag response found in this study suggests local
699  barotropic adjustment through wind setup/set-down and shallow-water pressure gradients
700  rather than a classical offshore Ekman response.

701

702 4.3 Mechanisms of episodic stratification collapse

703 The repeated development and rapid collapse (typically 2—3 days) of vertical
704  thermal gradients at SBN characterize a highly dynamic stratification regime. During the
705  May—June 2021 event (Fig. 10), AT exceeded 4 °C before collapsing nearly simultaneously
706  across the water column, implying rapid destratification rather than gradual erosion.
707  Importantly, the near 17-month record shows that such events were not localized, as

708  comparable episodes occurred across all three mooring locations during 2021-2022 (Fig.
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709 10), with AT commonly reaching 2—4 °C. This spatial coherence indicates that the
710  governing processes operate at the scale of the wider SBN platform. The seasonal timing
711 s consistent with strong late spring—summer heating in the Gulf (Burt and Paparella, 2024;
712 Paparella et al., 2019), which promotes the formation of a shallow warm surface layer over
713 cooler deeper water, as previously observed in SBN region (Cavalcante et al., 2024).

714 The persistence of large thermal gradients despite energetic tides indicates that tidal
715  stirring alone is insufficient to suppress summer stratification. Within the diurnal band,
716  variability reflects both tidal and atmospheric contributions. However, coherence and
717  variance partitioning (Figs. 14—15) show that AT is strongly associated with cross-axis
718  wind stress (z.) and along-axis currents (u#,) at SBN-NW (coherence ~0.55), where this
719  band explains 67% of the variance compared with 54% at SBN-S. This suggests that
720  diurnal wind forcing, likely associated with shamal events , plays an important role in
721  modulating thermocline depth and vertical exchange, acting in combination with tidally
722 driven currents.

723 At lower frequencies, both sites exhibit substantial 2—4 day variance in AT (36—
724 39%), with sea level (7) providing the dominant unique contribution (~12%; Fig. 15). The
725  near-synchronous convergence of temperatures across all depths during the June 2021
726  event (Fig. 10) indicates that destratification occurs rapidly once the water column has been
727  sufficiently weakened. In this context, subtidal variability sets the large-scale state of the
728  system, while shorter-timescale forcing governs the timing and intensity of mixing, with
729  the strongest response observed at SBN-NW.

730

731 4.4 Ecological implications

732 Over the past decade, coral reefs across much of the southern Arabian Gulf have
733 experienced significant decline as a result of recurrent marine heatwaves, with loss of more
734 than 80% of live coral documented (Burt, 2024). SBN stands out as an anomaly in this
735  regard, where only a single bleaching event occurred during this same period, and where
736  coral losses have been only modest; it also remains the only known location in the southern
737  Arabian Gulf to host large stands of heat-sensitive Acropora table corals that have been
738  extirpated elsewhere in the region (Hadj-Hammou et al., 2025). The unique hydrodynamic

739  setting identified here provides a plausible mechanism to explain this resilience.
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740 While SBN’s offshore location (>70 km) reduces exposure to coastal anthropogenic
741  pressures (Howells et al., 2020; Hadj-Hammou et al., 2025), our results indicate that its
742 biological persistence is closely linked to dynamic thermal variability. During periods
743  when calm wind conditions persist, such as during summer of 2021 when temperatures
744 exceeding 35 °C persisted for up to 24 consecutive days (Fig. 5), even tidal flushing could
745  not overcome the thermocline barrier, and shallow water temperatures persisted at
746  bleaching and mortality levels for several weeks. As a result, the first recorded bleaching
747  event on record for SBN occurred, resulting in impacts to the coral community, with
748  particular losses of heat-sensitive Acropora species (Hadj-Hammou et al., 2025).

749 These observations highlight a paradoxical relationship between physical forcing
750  and reef resilience at SBN. Under typical summer conditions, episodic shamal-driven
751  mixing can weaken stratification and introduce cooler subsurface waters into shallow reef
752 habitats, reducing cumulative thermal stress (Paparella et al., 2019; Yao and Johns, 2010a).
753  However, during anomalously weak wind periods, stratification intensifies and heat
754  accumulates within the shallow reef zone, allowing temperatures to persist above bleaching
755  thresholds for extended periods. This dependency on wind-driven cooling may become
756  increasingly important under climate change, as observations indicate a decline in summer
757  shamal frequency since the mid-1990s (Al Senafi and Anis, 2015), coinciding with
758  increasingly recurrent bleaching events across Gulf reefs (Riegl et al., 2018). Although
759  future projections remain uncertain, increasing interannual variability in regional wind
760  conditions may result in more frequent low-wind summers, potentially increasing the
761  likelihood of prolonged thermal stress events at SBN and other offshore Gulf reefs.

762 Spatial variability in circulation further influences SBN’s role in regional
763  connectivity. Previous modelling studies (Riegl et al., 2017; Cavalcante et al., 2016)
764  identify SBN as a likely larval source for degraded reefs along the southern Gulf coast. The
765  present results provide a physical basis for this interpretation, indicating that stronger and
766  more persistent flow at SBN-NW likely facilitates offshore export and directional
767  dispersal, whereas weaker and more variable flow at SBN-S may favour local retention
768  and self-recruitment. In a warming Gulf, the capacity of SBN to function as both a thermal
769  refuge and a larval source likely depends on the interaction between diurnal mixing events

770  and subtidal synoptic forcing. These coupled processes may help mitigate the effects of
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771  prolonged thermal stress, although their effectiveness will depend on the frequency and
772 timing of future extreme events.

773 Overall, circulation and thermal variability at SBN are governed by a hierarchy of
774  interacting processes, with tides setting the dominant flow structure, wind forcing
775  modulating residual circulation, and synoptic variability controlling the timing of
776  stratification collapse. The combination of strong topographic steering and multi-scale
777  forcing produces highly heterogeneous conditions over short spatial scales, with important
778  implications for both physical exchange and ecosystem functioning in the region.

779
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