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Abstract

Shallow-water coral reef ecosystems are positioned at the critical interface between terrestrial and marine environments, where

ocean circulation patterns control the delivery and distribution of nutrients and land-derived substances. This study examines

three-dimensional circulation patterns around Curaçao, a southern Caribbean reef island, using Lagrangian particle tracking

analysis with the hydrodynamic model SCARIBOS over the period 2020-2024. We analyze two distinct surface flow regimes

previously identified around the island: NW-flow periods dominated by the Caribbean Surface Current, and EDDY-flow periods

characterized by cyclonic eddies or low-energy conditions. These regimes create contrasting patterns in horizontal surface

circulation and vertical exchange, with significant differences in flow direction at the surface layer and enhanced upwelling

during EDDY-flow conditions. However, analysis of offshore-to-nearshore connectivity using conditional pathways reveals that

these large-scale surface regimes have no apparent influence on the delivery of deeper waters to nearshore coral reef areas. Spatial

analysis reveals that volumetric transport decreases from east to west along the southern coastline. The West Point segment

exhibits the lowest horizontal transport but the highest vertical exchange, receiving 48% of its volume transport from subsurface

layers, contrasting with other segments where surface volume transport dominates (75-87%). These findings demonstrate that

three-dimensional circulation patterns create spatially variable conditions for water renewal, nutrient delivery, and thermal

regulation, improving our understanding of coral reef ecosystem dynamics and supporting reef management strategies.
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INTRODUCTION 

Coral reef ecosystems around tropical islands are simultaneously exposed to oceanic circulation 1 
patterns and terrestrial inputs. These include anthropogenic influences such as land-derived nutrients and 2 
pollutants from sewage systems and groundwater (e.g., Richmond, 1993; Wear and Thurber, 2015; Painter 3 
et al., 2023). The exchange between offshore and nearshore waters controls the delivery and distribution 4 
of nutrients and pollutants to nearshore coral reef areas, as well as the rate of removal of these substances, 5 
ultimately determining the resilience and adaptive capacity of these ecosystems (Lowe and Falter, 2015; 6 
Winter et al., 2020). 7 

The range of physical oceanographic conditions under which coral reefs thrive is vast, from very strong 8 
wave-energetic environments to more tidally dominated conditions (Falter et al., 2013; Monismith, 2007). 9 
However, local variations in these processes cannot be fully understood through open-ocean circulation 10 
patterns alone. Offshore ocean dynamics interacting with islands result in processes that affect nutrient 11 
availability (Gove et al., 2016), dilution (Nelson et al., 2011) and transport of land-derived substances 12 
(Devlin and Brodie, 2005), and upwelling-driven cooling (Rogers et al., 2022). Despite the recognized 13 
importance of these ocean-reef interactions, our quantitative understanding of how coral reefs are 14 
connected to the surrounding ocean remains limited (Lowe and Falter, 2015). This knowledge gap stems 15 
from both the complex, multi-scale nature of these interactions and the lack of studies that examine coral 16 
reef ecosystems across multiple spatial scales, from large-scale ocean circulation down to reef site scales. 17 

Coastal upwelling represents a particularly important mechanism among these island-ocean 18 
interactions. It delivers subsurface nutrients to reef environments while also affecting the transport and 19 
dilution of terrestrial inputs (Gove et al., 2006; Silva et al., 2021). Beyond nutrient delivery, coastal upwelling 20 
can induce substantial cooling of surface waters, creating important thermal refugia that potentially reduce 21 
bleaching effects in warming oceans (Wall et al., 2015; Randall et al., 2020). However, the occurrence and 22 
spatial patterns of upwelling around tropical reef islands remain poorly characterized. 23 

To investigate these island-ocean interaction processes, our study focuses on the small tropical island 24 
of Curaçao and its adjacent counterpart Klein Curaçao, situated in the southern Caribbean Sea at 12°N 25 
latitude and 69°W longitude. The island is known for its pristine and well-preserved shallow-water fringing 26 
reefs along its southern coastline, which are rapidly declining (Bak et al., 2005; Vermeij et al., 2011). 27 
Previous studies of Curaçao have examined various aspects of coral reef and land-sea interactions. 28 
Kruijssen et al. (2024) emphasized the importance of groundwater flow as a pathway for terrestrial nutrient 29 
and pollutant transport into the ocean, Sánchez Barranco et al. (2025) highlighted how bays concentrate 30 
terrestrial nutrients and facilitate their seasonal transport to coral reefs, and Steward et al. (2025) stressed 31 
the importance of spatial planning for the future of the island's coral reefs. Yet, gaps remain in our 32 
understanding of three-dimensional ocean circulation patterns and their interaction with the island’s 33 
nearshore waters. 34 
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Curaçao is exposed to the strong Caribbean Surface Current that flows northwestward along the island. 35 
Besides this strong flow, the island also often experiences periods of low-energy flow conditions, including 36 
cyclonic eddies that have a strong influence on surface currents and the distribution of land-derived 37 
substances around the island (Bertoncelj et al., 2025). Bertoncelj et al. (2025) studied coastal connectivity, 38 
demonstrating much stronger connectivity between different parts of the island during cyclonic eddy 39 
events, that were occurring at least a few months each year within the studied period 2020-2024. Enhanced 40 
intra-island connectivity may be critical for larval transport, nutrient distribution, and the dispersal of land-41 
based pollutants. However, surface dynamics alone do not provide a complete understanding of the 42 
island's ocean-reef interaction processes, as important mechanisms such as vertical exchange have not 43 
been studied yet. 44 

Building on the work of Bertoncelj et al. (2025), this study aims to address these knowledge gaps by 45 
examining the full three-dimensional ocean circulation around Curaçao. We aim to answer the following 46 
research questions: (1) What are the dominant 3D flow pathways around Curaçao between 2020 and 2024? 47 
(2) What is the temporal variability of offshore-to-nearshore connectivity? (3) How spatially variable is the 48 
offshore-to-nearshore connectivity? Understanding these circulation patterns will improve our ability to 49 
predict coral reef responses to future environmental changes and developing effective management 50 
strategies for small island systems.  51 

In this study, we use the 3D version of the hydrodynamic model SCARIBOS (Bertoncelj et al., 2025) and 52 
apply the Parcels framework to study Lagrangian trajectories using ‘conditional pathways.’ This approach, 53 
previously applied successfully in studies such as van Sebille et al. (2013, 2014), Tamsitt et al. (2017), and 54 
Yit Sen Bull and van Sebille (2016), provides the flexibility to select specific pathways that address our 55 
research questions. 56 

METHODS 

WATER MASSES AROUND CURAÇAO 
Curaçao is located at 12°N latitude and 69°W longitude in the southern Caribbean Sea, approximately 57 

60 km north of Venezuela (Figure 3A). The island measures 61 km in length and 14 km at its widest point, 58 
with Klein Curaçao located 10 km to the southeast across an 800 m deep channel (Figure 1A). The 59 
bathymetry around Curaçao varies significantly, with steep slopes characterizing the southern coastline 60 
and more gradual slopes along the northern coastline (Figure 1A). 61 

We analyzed CTD data from an expedition conducted with RV Pelagia between 4th and 22nd January 62 
2024 (expedition 64PE529) to determine appropriate depth layers for Lagrangian particle analysis. Our 63 
focus is exclusively on offshore CTD stations located in waters deeper than 1000 m to characterize water 64 
masses representative of offshore regions, where most of our experimental domain lies. We excluded 65 
coastal stations because terrestrial processes such as freshwater runoff and groundwater discharge 66 
introduce spatial and temporal variability in temperature and salinity that the model does not represent, 67 
making direct comparisons with nearshore observations difficult to interpret. 68 

The coastal water masses in the region around Curaçao have been characterized in previous studies 69 
(Hernández-Guerra and Joyce, 2000; Corredor and Morell, 2001; van Duyl et al., 2024), which identified 70 
three primary layers: Caribbean Surface Water (CSW; 0 to -50 m), Subtropical Underwater (STUW; -50 to -71 
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200 m), and Western North Atlantic Central Water (WNACW; <-200 m). To determine offshore water mass 72 
structure from our own dataset, we applied K-means clustering on the CTD data with three clusters. We 73 
then computed the 5th and 95th percentile depth boundaries for each cluster and identified the mixed layer 74 
depth based on the density profile. Figure 1 shows the resulting water mass analysis and compares our 75 
CTD observations with SCARIBOS model data from the same period (Figure 1E). 76 

Three distinct water masses were identified from the CTD observations:  77 

- Caribbean Surface Water (CSW, extending to -153 m at the lower 95th percentile) 78 

- Subtropical Underwater (STUW, spanning -171 to -440 m between 5th-95th percentiles) 79 

- Western North Atlantic Central Water (WNACW, deeper than -477 m) 80 

As shown in Figure 1C, the mixed layer from the CTD observations is relatively shallow, reaching -81 
30.8 ± 12.1 m, and is contained within the CSW. These mixed layer depths are in good agreement with 82 
Valcarcel et al. (2025), who observed similar depths of -20 to -58 m with mean depth of -31 m in nearshore 83 
CTD profiles during trade wind conditions. Comparison of CTD observations with the data simulated with 84 
the hydrodynamic model SCARIBOS reveals differences that vary by depth. SCARIBOS consistently 85 
simulates lower salinity values in the surface layer below the mixed layer across all stations, while showing 86 
good agreement in the mid-depth layer and overestimating salinity in the deep layer at some stations 87 
relative to CTD observations. 88 

For purpose of simplification, we determined the thresholds of layers used in our analysis as the mean 89 
between the 5th and 95th percentiles of the water masses, identified with the CTD observations, as:  90 

- Surface layer: 0 to -162 m (corresponding primarily to CSW) 91 

- Mid-layer: -162 to -458.5 m (corresponding primarily to STUW) 92 

- Deep layer: <-458.5 m (corresponding primarily to WNACW) 93 

These categories are used throughout the entire Lagrangian particle analysis.  94 
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 95 
Figure 1: Water mass structure and model comparison. (A) Geographic locations of CTD stations during RV 96 
Pelagia expedition with bathymetry collected during RV Pelagia, (B) Density-depth profiles showing the three 97 
identified water masses with 5th and 95th percentile boundaries, (C) Surface density profile with mixed layer 98 
depth indicated, (D) Temperature-salinity diagram of CTD profiles, and (E) Temperature-salinity diagram from 99 
SCARIBOS model output at corresponding locations during 4-22 January 2024 (black), together with 100 
temperature-salinity diagram of CTD profiles (colored). 101 

HYDRODYNAMIC MODEL AND MONTHLY SURFACE CURRENT REGIMES 
This analysis uses the hydrodynamic model SCARIBOS, which is described in detail and validated in 102 

Bertoncelj et al. (2025). The model uses the Coastal and Regional Ocean Community Model (CROCO) 103 
(Auclair et al., 2023) and covers the islands of Curaçao, Aruba and Bonaire between 66.0-70.5° W and 10.0-104 
13.5° N (orange box in Figure 3A). The model runs for four years from March 2020 to April 2024. It has a 105 



Bertoncelj et al. 

 

 

 

 

 

 

 

 et al. 

Ocean-nearshore circulation around Curaçao 

6 Ocean and Coastal Research 2021, 
v69:e00000 

  
 

 

horizontal resolution of 1/100° (approximately 1.1 km in both directions) and 50 vertical sigma layers. The 106 
vertical layers are thicker at depth and thinner near the surface, where the top layer varies from centimeters 107 
to 4 m thick. The model uses boundary conditions from GLORYS12V1 (Lellouche et al., 2021), atmospheric 108 
data from ERA5 (Hersbach et al., 2020), tides from TPXO7 (Egbert and Erofeeva, 2002), and river discharge 109 
data from Dai and Trenberth (2002). 110 

SCARIBOS was validated against multiple datasets including surface currents from GlobCurrent (Rio et 111 
al., 2014), water level measurements from a bubbler sensor, and two weeks of ADCP measurements from 112 
ship surveys (described in detail in Bertoncelj et al., 2025). Validation showed good agreement between 113 
modeled and observed surface currents, with the model accurately capturing both current direction and 114 
speed around the islands. Water level validation demonstrated that the model correctly reproduces tidal 115 
dynamics, including spring and neap tides, with centimeter-level accuracy for the main tidal components. 116 
Surface temperature and salinity were validated against multi-observation datasets (for temperature: 117 
Guinehut et al., 2012; for salinity: Droghei et al., 2016), showing strong agreement especially for 118 
temperature, with some differences in salinity mainly along the Venezuelan coast. Overall, the validation 119 
confirms that SCARIBOS reliably simulates the surface ocean dynamics. 120 

We distinguish two dominant surface flow regimes around Curaçao: northwest-directed flow (NW-121 
flow) and cyclonic eddy-dominated flow (EDDY-flow). These regimes reflect temporal variations between 122 
periods dominated by the strong northwestward Caribbean Surface Current and periods when cyclonic 123 
eddies and low-energy flow conditions prevail. During the analyzed period, both regimes were observed 124 
to dominate surface flow during several months of each year from 2020 to 2024 (Bertoncelj et al., 2025). 125 

To classify the prevailing monthly flow regime for each month of the analyzed period, we 126 
investigated monthly mean surface current cross-sections oriented southwest-to-northwest 127 
perpendicular to the orientation of Curaçao (Figure 2). From these cross-sections, we computed the 128 
alongshore and cross-shore components of the surface velocity. For classification purposes, we focus on 129 
the southern section, as this is the area where most shallow-water coral reefs are (Waitt Institute, 2017). A 130 
calendar month is classified as NW-flow dominated if it meets all the following criteria: 131 

- The entire cross-shore component in the southern section is directed offshore (southwestward). 132 

- At least half of the southern section shows strong northwestward alongshore flow with velocities 133 
exceeding 0.3 m s-1. 134 

- Flow magnitudes remain positive across the southern section, except potentially in areas very close 135 
to the Venezuelan coast. 136 

This monthly classification assigns each month to a single flow regime based on the monthly mean, 137 
although transitions may occur within a month (e.g., a NW-flow period followed by EDDY-flow). In such 138 
cases, if the northwestward flow is not sufficiently strong or persistent in a certain calendar month, we 139 
assume eddy activity has a prevailing influence during that month. We acknowledge that not all months 140 
meet these criteria unambiguously. For instance, March 2023 exhibits a NW-flow pattern that satisfies 141 
most conditions but is weak in overall magnitude and is therefore categorized as EDDY-flow dominated. 142 
Figure 2 illustrates the monthly flow classifications, where NW-flow months are labelled in purple and 143 
EDDY-flow months in green. 144 

 145 
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 146 
Figure 2: Cross-sections of monthly mean surface current velocities perpendicular to the coastline of 147 
Curaçao. Each panel, grouped by year, shows the northern (top) and southern (bottom) sections of the cross-148 
section. The top-left map indicates the location of the cross-section relative to the island. Full velocity vectors 149 
(grey) are shown alongside alongshore (blue) components of the flow. Monthly flow regimes are classified as 150 
either NW-flow dominated (green), or cyclonic EDDY-flow dominated (purple). Classifications are based on 151 
the southern section, which hosts most shallow-water coral reefs.  152 

  153 
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LAGRANGIAN PARTICLE TRACKING EXPERIMENTS 
We conducted Lagrangian particle tracking experiments using the Parcels v3.1.2 framework 154 

(Delandmeter and Van Sebille, 2019) to simulate the transport pathways of passive tracers in the study 155 
area. Virtual particles were seeded into the selected domain every 24 hours between 1 April 2020 and 31 156 
March 2024. The domain expands the area around Curaçao depicted with black lines in Figure 3A. Each 157 
particle is advected for a maximum of four months; if it remains in the domain beyond this period, it is 158 
removed. This maximum duration is chosen based on a sensitivity analysis, which showed that after three 159 
months, at most (but usually much less than) 10% of particles remain in the domain; typically along the 160 
Venezuelan coastline and, to a lesser extent, near Bonaire, Curaçao, and Aruba. 161 

All particles are neutrally buoyant tracers and represent the volume transport of water masses. Seeding 162 
occurs at multiple depths, from the surface to the maximum model depth, using logarithmic vertical 163 
spacing to provide higher resolution near the surface where the current is generally the strongest. The 164 
vertical spacing ranges from approximately 4.3 m at the surface to 435 m at the deepest depth. Particles 165 
are seeded on a regular horizontal grid with a spacing of 0.01° (~1 km). A schematic of the vertical seeding 166 
distribution is shown in Figure 3B-E. 167 

To handle the sigma-coordinate system used by CROCO, the FieldSet.from_croco() method in the 168 
Parcels v3.1.2 framework automatically converts particle depths from meters to sigma-coordinates before 169 
interpolation. The conversion uses the CROCO vertical grid transformation. First, depth levels 𝑧 are 170 
converted from the sigma coordinates:  171 

𝑧! = ℎ"𝜎 + (𝐻 − ℎ")𝐶#,% 172 

𝑧 = 	 z! + 	ζ /1 +	
z!
H2 173 

where 𝐻 is the local ocean depth, 𝜁 is the sea surface elevation, ℎ! is the critical depth parameter, and 𝐶",$ 174 
is the dimensionless vertical coordinate stretching function (as implemented in CROCO; Auclair et al., 175 
2023). The sigma coordinate 𝜎 for a particle at given depth 𝑧 is found through linear interpolation: 176 

σ = σ% +
𝑧 − 𝑧&,,⃑
𝑧'(),,,,,,,⃑ − 𝑧',,⃑

(σ%() − σ%) 177 

During the advection calculations, the advection kernel converts the vertical velocity 𝑤 to sigma-units 178 
(𝑤*) at every time step using: 179 

𝑤* = 𝑤 ∙
𝜎
𝐻 180 

Particle advection uses a fourth-order Runge-Kutta scheme in forward mode, with an internal time step 181 
of 5 minutes. The advection is applied without diffusion, as the hydrodynamic model SCARIBOS with its 182 
fine grid already introduces sufficient numerical diffusion. Particle attributes such as position and depth 183 
are recorded at hourly intervals. 184 

In total, we release approximately 26 million particles during the simulation period. However, only a 185 
subset of these particles is considered ‘active’: that is, only those initially moving inward into the model 186 
domain are tracked. Once a particle exits the domain, it is permanently removed from the simulation. 187 

Particle trajectories are analyzed using an analytical discrete streamtube method (van Sebille et al., 188 
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2018). This approach computes trajectories across grid cells using the velocity field at grid cell faces while 189 
preserving volume conservation. We assume that volume remains conserved throughout the particle 190 
lifespan, following the approach described in van Sebille et al. (2018) and applied in several studies (e.g., 191 
Blanke et al., 1999; Döös et al., 2008; van Sebille et al., 2013; van Sebille et al., 2014; Tamsitt et al., 2017; 192 
Rühs et al., 2019).  193 

Volume transport of each particle 𝑄+ is calculated as the product of the incoming speed  𝑣+,,,,⃑ 	and the 194 
particle’s representative area 𝐴+: 195 

𝑄+ = 5𝑣+5 ∙ 𝐴+ 196 

where 5𝑣⃑+5 is the magnitude of the velocity field at the particle's position at the moment of release (𝑡 = 0), 197 
with the velocity components computed internally by Parcels.  198 

A representative area of each particle is computed based on the initial position of the particle as: 199 
𝐴+ = Δ𝑥+ ∙ Δ𝑧+ 200 

where Δ𝑥+ and Δ𝑧+ are the horizontal and vertical grid spacing, respectively. These are defined as:  201 

Δ𝑥+ =
1
2 <𝑑,,-./0 + 𝑑,,12340> 202 

Δ𝑧+ =
1
2<𝑑5,6789. + 𝑑5,7.-8$> 203 

where 𝑑,,-./0 and 𝑑,,12340 are the distances to neighboring particles in the horizontal direction, and 𝑑5,6789. 204 
and 𝑑5,7.-8$ are the distances to neighboring particles in the vertical direction. 205 

For particles whose initial position is near the seabed, the vertical extent is adjusted to: 206 

Δz: = min C
1
2 (d;,<=>?@ + d;,=@A>B), z: − z=>CC>DF 207 

where z: is the particle's seeding depth and z=>CC>D is the local bottom depth, ensuring that the assigned 208 
volume does not extend below the ocean floor. 209 
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 210 
Figure 3: (A) Map of SCARIBOS model domain (orange) with particle release locations (black boarders) 211 
and example locations of particles’ positions after 50 hours in April 2020, colored by their depth at 𝑡 = 50 212 
hours. (B-D) Particle release depths at each of the four boarders (west, south, north, east), colored by their 213 
initial depth. 214 

LAGRANGIAN PARTICLE TRACKING ANALYSIS 
To study the general 3D flow around Curacao, we built transition matrices that represent the movement 215 

of particle trajectories through depth layers around Curaçao. For that, we defined five cross-sections 216 
perpendicular to the orientation of the island, at a 45° angle from true north, depicted in Figure 4A. Each 217 
cross-section was further subdivided into smaller segments based on depth and distance from the coast. 218 
Depth categories were selected based on depth layers defined with the CTD data. We defined surface 219 
segments (segments with labels ending with D1) that have a crossing depth between 0 and -162 m, mid-220 
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depth segments (segments with labels ending with D2) that have depth between -162 and -458.5 m, and 221 
the deep segments (segments with labels ending with D3) have depths deeper than -458.5 m. 222 
Segmentation was designed to be finer in the nearshore areas around Curaçao and Klein Curaçao, which 223 
are of particular interest in this study. The areas directly adjacent to the coasts of Curaçao and Klein 224 
Curaçao are referred to as ‘nearshore segments’ throughout the manuscript. Figure 4B-F depicts segments 225 
of each cross-section along with the crossings of a subset of particles seeded between April and June 226 
2022. 227 

A particle was considered to have crossed a section if the displacement vector between two consecutive 228 
time steps intersected the vector defining the cross-section. When a crossing occurred, we recorded the 229 
particle ID, time, coordinates, depth, and corresponding segment name. We tracked all particle 230 
movements between segments (both within and between cross-sections) to create a timeline of segment 231 
transitions for each particle. However, if a particle crossed the same segment multiple times consecutively 232 
without crossing any other segment in between, only the first occurrence was recorded. All other segment 233 
transitions were included in the timeline, allowing us to capture the full pathway of particle movement 234 
through the study area. 235 
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236 
Figure 4: (A) Map showing the five cross-sections (orange lines) and particle release locations (black lines) 237 
around Curaçao. (B-F) Depth profiles of each cross-section showing their segments and labels. The position 238 
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of Curaçao is indicated by closely spaced vertical lines at approximately 100 km distance in panels (C) and 239 
(D), while the position of Klein Curaçao is indicated by closely spaced vertical lines at approximately 75 km 240 
distance in panel (E).  241 

RESULTS 

GENERAL CONNECTIVITY 
To analyze transport pathways around Curaçao, we tracked all particle movements between segments 242 

to create a timeline of segment transitions for each particle, recording only the first occurrence when 243 
particles crossed the same segment consecutively. The sequence of crossings was used to create transition 244 
matrices for the entire simulation period. To summarize the dominant patterns, we constructed Sankey 245 
diagrams showing the 80 most frequent particle transitions for each flow regime (Figure 5). These 246 
pathways are weighted by volume transport and represent the strongest and most persistent circulation 247 
patterns around Curaçao and Klein Curaçao. 248 

Surface layer horizontal transport (Figures 5A and B) dominates over mid-depth (Figures 5C and D) 249 
and bottom layers (Figures 5E and F) in both regimes. The most striking differences between regimes occur 250 
in the surface layer in the southwestern sections adjacent to Curaçao. During NW-flow months (Figure 5A), 251 
northwestward transport dominates this region, whereas southeastward flow prevails during EDDY-flow 252 
months (Figure 5B). Notably, the northeastern part of the domain maintains northwestward surface flow 253 
under both regimes. This suggests that the Caribbean Current, generally dominating the surface flow in 254 
this region (Bertoncelj et al., 2025), does not disappear during EDDY-flow months but instead shifts 255 
northward, away from Curaçao. This northward displacement of the current's core position is associated 256 
with cyclonic eddy circulation around the island and altered surface flow conditions. 257 

While the mid-depth layer remains relatively consistent between regimes, the bottom layer shows 258 
marked differences too. In the northeastern region, an eastward flow is present during NW-flow regime 259 
(Figure 5E), whereas a westward flow dominates during EDDY-flow months (Figure 5F). Additionally, while 260 
both regimes share the same vertical exchange pattern between the surface and mid-depth layers, vertical 261 
exchange between the bottom and mid-depth layers is only observed during EDDY-flow months (Figures 262 
5D and F). 263 

It is also notable that out of the 80 strongest flow transitions, the ones connecting nearshore segments 264 
are limited to only two occasions and only during NW-flow regime (Figure 5A): inflow toward the northern 265 
section of the West Point, and offshore outflow away from the southern coastline of the Mid-Point section. 266 
The latter may indicate a divergent surface flow along the southern coastline, consistent with the patterns 267 
seen in the Hotspot analysis in Bertoncelj et al. (2025).  268 

The limited representation of nearshore-offshore connections in this diagram (only 3 out of 80 269 
strongest transitions) reflects the small spatial extent of nearshore segments and consequently relatively 270 
low volume transport through them. 271 



Bertoncelj et al. 

 

 

 

 

 

 

 

 et al. 

Ocean-nearshore circulation around Curaçao 

14 Ocean and Coastal Research 2021, 
v69:e00000 

  
 

 

 272 
Figure 5: Sankey diagram for NW-flow dominated months (left) and EDDY- flow dominated months (right). 273 
For both diagrams only the 80 flows with the largest volume transport are depicted. Colors indicate flow 274 
direction: green represents southeast-to-northwest transport, purple the reverse (northwest-to-southeast), 275 
blue indicates downward movement, and red indicates upward movement. Volume transport is indicated 276 
with the thickness of the arrows, where 1	Sv = 10E	mFsG). 277 

To examine connectivity in greater detail, including the weaker but important nearshore connections, 278 
Figure 6 presents the complete transition matrix showing the probability distribution of volume transport 279 
pathways, with each row indicating where flow from a given segment is most likely to go next. Overall, 280 
transitions occur predominantly within the same depth layer, as already seen in Sankey diagram (Figure 281 
5), indicating that horizontal flow dominates the system. At the surface, particle movements are directed 282 
primarily northwestward, as shown by stronger connections below the main diagonal (self-transitions, 283 
marked by crossed squares). In contrast, at mid-depth and bottom layers, more exchange occurs towards 284 
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the southeast, shown by stronger transitions above the diagonal. 285 

 286 

 287 
Figure 6: Transition matrix showing volume-weighted particle transitions across all months from April 2020 288 
to March 2024. Matrix values represent the percentage of transitions between cross-sections and depth layers 289 
on a logarithmic scale. Solid lines separate the three depth layers (surface, mid-depth, deep), creating 290 
quadrants that represent transitions within the same layer (diagonal quadrants) or between different layers 291 
(off-diagonal quadrants). Dashed lines mark boundaries between different cross-sections. NW-directed 292 
transitions appear below the main diagonal, and SE-directed transitions above. 293 

Vertical exchange is most pronounced in the mid-depth layer. In the southeastern part of the domain, 294 
we observe notable vertical connectivity between transect SC, KC, and MP locations, with upward flow 295 
from bottom to mid-depth layers and downward flow from mid-depth to bottom. Upward exchange also 296 
occurs from mid-depth to surface layers, but with minimal downward flow from surface to mid-depth. This 297 
asymmetric pattern indicates that vertical connectivity is stronger in the deeper water column, particularly 298 
in the southeastern region. 299 

Interestingly, we also detect some direct exchange between the bottom and surface layers, bypassing 300 
the mid-depth layer. This occurs because particles can move through mid-depth waters in the regions 301 
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between cross-sections without being recorded as crossing a mid-depth segment. For example, upward 302 
flow is directed to KC_9D1, while downward flow appears towards SC_3D3. These patterns suggest the 303 
presence of localized upwelling and downwelling processes in the southeastern part of the domain, near 304 
Klein Curaçao. 305 

To highlight differences between flow regimes, we created separate transition matrices for months 306 
associated with NW-flow and EDDY-flow regimes and subtracted the EDDY-flow matrix from the NW-flow 307 
matrix to construct a differential transition matrix. Figure 7 presents this differential transition matrix, 308 
where positive values (red shading) indicate stronger transitions during EDDY-flow months and negative 309 
values (blue shading) show stronger transitions during NW-flow months. The surface layer exhibits strong 310 
contrast between the two flow regimes: northwestward flow dominates during NW-flow months (blue 311 
below the diagonal), while southeastward flow strengthens during EDDY-flow months (red above the 312 
diagonal). This pattern is reversed at depth, as the mid-depth and bottom layers show stronger 313 
southeastward flow during NW-flow months and stronger northwestward flow during EDDY-flow months. 314 

We also observe enhanced within-cross-section transitions during EDDY-flow months, indicating 315 
stronger particle movement in the SW–NE direction (along the 45° orientation of the cross-sections). This 316 
pattern suggests more movement directly towards and away from Curaçao, rather than particles simply 317 
bypassing the island.  318 

The two flow regimes also govern spatial differences in downwelling from the surface layer to the mid-319 
depth layer around the island. Notably, EDDY-flow months intensify downwelling in the southeastern 320 
region (Figure 7: bottom right values in surface to mid-depth quadrant). However, the regimes differ even 321 
more in overall vertical exchange patterns. EDDY-flow months promote stronger upward transport across 322 
all three layers (mid-depth to surface and bottom to mid-depth quadrants in Figure 7), while NW-flow 323 
months favor stronger downward transport only from mid-depth to bottom layer. This suggests that 324 
EDDY-flow conditions create a more dynamic vertical circulation system with enhanced upwelling across 325 
the domain. 326 
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 327 
Figure 7: Differential transition matrix between EDDY-flow and NW-flow months. Matrix values represent the 328 
difference in transitions (EDDY minus NW) on a logarithmic scale. Positive values (red shading) indicate 329 
transitions that are more frequent during EDDY-flow conditions, while negative values (blue shading) indicate 330 
transitions that are more frequent during NW-flow conditions. 331 

OFFSHORE-NEARSHORE CONNECTIVITY 
To analyze offshore-nearshore connectivity, we applied conditional pathways to examine flow patterns 332 

specifically associated with the nearshore regions of Curaçao and Klein Curaçao. The concept of 333 
conditional pathways has been successfully applied in previous studies (e.g. van Sebille et al, 2013; van 334 
Sebille et al, 2014; Yit Sen Bull and Van Sebille, 2016; Tamsitt et al., 2017) as it enables targeted analysis of 335 
particle trajectories under specific conditions. We filtered particle trajectories to include only those that 336 
crossed at least one nearshore segment (labelled in Figure 4C-E as: WP_5D1, MP_5D1 and KC_5D1 for 337 
southern coastline of Curaçao, and WP_6D1, MP_6D1 and KC_6D1 for northern coastline of Curaçao). For 338 
these selected particles, we extracted their complete trajectories and analyzed the timeseries of pathways 339 
before reaching the nearshore (representing flow arriving at Curaçao) and after leaving the nearshore 340 
(representing flow departing from Curaçao). 341 

Using these conditional pathways, we generated timelines of particle depths before and after crossing 342 
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the nearshore segments. Particles were categorized into three depth classes (surface, mid-range and deep) 343 
based on their maximum depth during either their pre-arrival phase (for incoming flow analysis) or post-344 
departure phase (for outgoing flow analysis). This categorization allows us to identify potential upwelling 345 
processes (deep particles moving toward the surface before reaching nearshore areas) and downwelling 346 
processes (particles moving to greater depths after leaving nearshore areas). Note that the first 43 days of 347 
the timeseries should be interpreted with caution due to ramp-up effect, during which particles gradually 348 
fill the domain from their initial boundary seeding locations (van Sebille et al., 2012). All particles are 349 
weighted by their volume transport, so the analysis shows cumulative volume transports rather than 350 
absolute particle numbers. 351 

The depth timeseries of particles arriving at nearshore segments are shown in Figure 8. Each figure 352 
displays both the particle depth trajectories (lines) and monthly cumulative volume transport (bars) 353 
through each segment, color-coded by the particles' maximum depth prior to arrival. 354 

355 
Figure 8: Timeseries of particle depth trajectories arriving at nearshore segments (segment locations shown 356 
in left panels). Thin lines show particle depth trajectories until arrival at the destination segment, color-357 
coded by the particles’ maximum depth prior to arrival. Monthly bars represent cumulative volume 358 
transport, where 1	Sv = 10E	mFsG). 359 

 360 
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In general, each segment exhibits distinct characteristics: West Point (Figures 8A and D) receives overall 361 
more mid-depth and deep particles compared to other segments, while Klein Curaçao (Figures 8C and F) 362 
consistently receives predominantly surface particles throughout the simulated period. Mid-Point segment 363 
on the southern coastline (Figure 8B) shows highly variable volume transport with some periods (e.g. May-364 
June 2021) having almost zero net volume transport, followed by a period of relatively large inflow of 365 
volume transport from the surface (July-August 2021). In contrast, the Mid-Point segment on the northern 366 
coastline (Figure 8E) maintains very consistent volume transport loads throughout the entire period. 367 

The monthly volume transport varies greatly over time, with no obvious correlations between different 368 
segments. This suggests that timeseries of monthly volume transport alone do not reveal consistent 369 
patterns across nearshore locations around Curaçao and Klein Curaçao. 370 

However, examining the depth trajectories reveals synchronized events where multiple segments 371 
simultaneously receive deeper particles. For example, during September-November 2022, all segments in 372 
Figure 8 received at least some mid-depth and deep particles (all show the signal, though in different 373 
amounts). Despite being geographically separated, these segments showed coordinated deep particle 374 
arrivals, suggesting regional processes that sometimes bring deeper water masses simultaneously to the 375 
nearshore around both islands. Nevertheless, such synchronized events are not always the case. For 376 
example, the strong arrival of deep particles in March-April 2022 was confined to the Mid-Point segments 377 
on both coastlines (south and north) (Figures 8B and E), even though these locations are geographically 378 
separated by the island. 379 

Figure 9 shows the timeseries of departing trajectories. Most notably, particles rarely move to deeper 380 
waters after leaving the nearshore segments, indicating that downwelling processes are very limited. 381 
Additionally, there is almost no synchronized behavior in these rare downwelling events, with the 382 
exception of October-November 2022, when coordinated downwelling occurred at the southern Klein 383 
Curaçao segment and across the entire northern coastline (Figures 9C-F). 384 

Notably, neither arriving nor departing particle timeseries show clear correlations with the two flow 385 
regimes. Deep particle arrivals and downwelling events occur during both NW-flow and EDDY-flow 386 
months without consistent patterns, indicating that offshore-nearshore connectivity involves more 387 
complex processes than the large-scale circulation patterns described earlier. 388 
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 389 
Figure 9: Timeseries of particle depth trajectories departing from nearshore segments (segment locations 390 
shown in left panels). Thin lines show particle depth trajectories after leaving the nearshore segment, color-391 
coded by the particles’ maximum depth during the post-departure phase. Monthly bars represent 392 
cumulative volume transport, where 1	Sv = 10E	mFsG). 393 

While temporal patterns show limited correlation with flow regimes, examining the spatial distribution 394 
of overall volume transport reveals distinct regional variations. To quantify these patterns, we analyzed the 395 
total flow through each nearshore segment and determined what fraction was associated with surface, 396 
mid-depth, and deep particles. All particles are weighted by their volume transport, so the analysis shows 397 
cumulative volume transports rather than absolute particle numbers. Figure 10 summarizes these 398 
transport patterns across all nearshore segments for the entire simulation period of 4 years. 399 

Clear spatial patterns emerge along the coastlines. Along the southern coastline of Curaçao, volume 400 
transport increases from west to east, while along the northern coastline, volume transport increases from 401 
east to west. Strikingly, both the lowest and highest transport values occur at the West Point cross-402 
sections: the lowest volume transport is observed at the southern West Point segment, while the northern 403 
West Point segment exhibits the highest volume transport – approximately 4.5 times greater than its 404 
southern counterpart. This high transport at northern West Point is consistent with the patterns 405 
highlighted in the Sankey diagram (Figure 5A), where the northern West Point nearshore segment stands 406 
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out as one of the few nearshore areas to appear among the top 80 transitions, specifically during NW-407 
flow months. 408 

Beyond these spatial variations in total transport, the depth composition of flow also varies significantly 409 
between segments. Across all segments except for the southern West Point segment, arriving particles 410 
predominantly originate from the surface layer, with surface-originating particles accounting for 76–88% 411 
of incoming volume. Similarly, departing flow is dominated by surface particles (88–96%) at all segments 412 
except southern West Point. 413 

The southern West Point segment displays a distinctly different pattern. Here, 48% of the arriving 414 
particles originate from subsurface layers: 27% from mid-depth and 21% from deep. Similarly, its departing 415 
flow includes significant downward movement compared to other segments, with 20% of particles exiting 416 
to the mid-depth layer and 9% to the deep layer. These numbers suggest that the southern West Point is 417 
a key location for vertical exchange, characterized by both upwelling and (weaker) downwelling dynamics. 418 
This is consistent with its low total volume transport and indicates that this region is both the least 419 
ventilated and the most vertically active among the nearshore segments. 420 
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421 
Figure 10: Volume transport through nearshore segments for particles seeded between April 2020-March 422 
2024. Colors indicate depth layer contributions based on maximum depth reached during particle 423 
trajectories. Solid bars: arriving particles; shaded bars: departing particles. Bar size represents total volume 424 
transport over 4 years with values labelled next to each bar pair, where 1	Sv = 10E	mFsG). 425 

  426 
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DISCUSSION 

SURFACE FLOW REGIMES GOVERN HORIZONTAL CIRCULATION PATTERNS 
This study, using Lagrangian analysis, shows that Curaçao experiences two distinct surface flow 427 

regimes: NW-flow and EDDY-flow (previously identified in Bertoncelj et al., 2025). Our results reveal how 428 
these regimes influence three-dimensional circulation patterns around the islands. Importantly, during 429 
EDDY-flow periods, the Caribbean Current does not vanish but rather shifts northward, as evidenced by 430 
persistent northwestward flow in the northeastern domain even when circulation around Curaçao reverses 431 
to southeastward flow. This latitudinal variability in the Caribbean Current's position in the southern 432 
Caribbean has been previously acknowledged in Rueda-Roa et al. (2018), and here we showed that it 433 
correlates with island-scale circulation patterns. Mechanisms behind this variability are, however, still 434 
unknown and understanding them would improve our ability to predict circulation patterns and their 435 
impacts on Curaçao's nearshore ecosystems. 436 

While the Sankey diagrams (Figure 5) show the expected directional differences in surface currents 437 
between NW-flow and EDDY-flow regimes, the differential transition matrix (Figure 7) reveals more subtle 438 
dynamics. Most notably, EDDY-flow periods exhibit enhanced transport towards and away from Curaçao 439 
and Klein Curaçao, suggesting stronger flow-island interactions and horizontal mixing during this regime. 440 
The weaker flow velocities during EDDY-flow months (Figure 2) also suggest greater particle retention 441 
around the islands, potentially increasing the residence time of both beneficial nutrients and harmful 442 
contaminants near coral reef ecosystems. This contrasts with NW-flow periods, when currents primarily 443 
bypass the islands with minimal interaction, as already shown with the Hotspot analysis in Bertoncelj et al. 444 
(2025). Understanding the timing and drivers of these regime shifts is therefore crucial for assessing 445 
transport of various substances to Curaçao's reefs.  446 

The two flow regimes also create contrasting vertical circulation patterns around the islands. EDDY-447 
flow conditions promote stronger upward transport across all depth layers, while NW-flow months favor 448 
downward transport primarily from surface to mid-depth waters. This suggests that EDDY-flow periods 449 
create a more dynamic vertical circulation system with enhanced domain-wide upwelling. However, 450 
enhanced upwelling across the broader domain does not necessarily translate to increased coastal 451 
upwelling near the coral reefs. While these patterns suggest that EDDY-flow conditions may enrich surface 452 
waters with deeper water, understanding how these large-scale circulation patterns ultimately affect the 453 
delivery of nutrients and substances to coral reef environments requires examining the direct connectivity 454 
between offshore waters and nearshore areas where corals are located. 455 

TEMPORAL DYNAMICS AND SPATIAL PATTERNS OF OFFSHORE-NEARSHORE CONNECTIVITY 
Although the two dominant surface flow regimes strongly influence surface dynamics critical for 456 

shallow-water ecosystems, our analysis reveals that these regimes have limited influence on offshore-457 
nearshore connectivity patterns. Analyses of particle arrival timeseries and monthly volume transport to 458 
nearshore segments (Figure 8) reveal that different physical mechanisms control transport from deeper 459 
layers to the surface around the islands. 460 

Deep particle arrivals show overall no clear relationship with the timing of surface flow regime. When 461 
examining particle trajectories prior to nearshore arrival (not shown), we found no distinctive spatial 462 
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patterns linking source locations and their trajectories towards the nearshore to either the NW-flow or 463 
EDDY-flow regime. However, deep particles often arrive in batches along similar trajectories, suggesting 464 
large-scale transport pathways that operate independently of surface regime variability. These include 465 
pathways from the northwestern corner of the particle tracking domain toward West Point (rising with 466 
increase in bathymetry), and to a lesser extent from northern and east-southeastern boundaries. This 467 
independence from surface variability is likely driven by the Caribbean Counter Current, which remains 468 
present during both flow regimes (Figure 5C and D). Upwelling occurs when this deeper flow encounters 469 
topographic features such as island slopes and bathymetric ridges, a process known as the island mass 470 
effect (Hamner and Hauri, 1981; Gove et al., 2006; Liu et al., 2014; De Falco et al., 2022), creating localized 471 
vertical transport regardless of surface conditions. 472 

This lack of regime influence on offshore-nearshore connectivity contrasts with findings by Bertoncelj 473 
et al. (2025), where the surface flow was shown to significantly affect coastal connectivity. In that study, 474 
particles released along the coastline were more likely to circulate around the island during the EDDY-flow 475 
regime, while under NW-flow, surface divergence at the leeward side of the island rapidly deflected them 476 
offshore. Based on this, one might expect that the surface regime would also influence the arrival of 477 
offshore particles at the nearshore. However, our results show otherwise. This likely arises from the 478 
different experimental setups. In the current study, particles were initialized offshore at the domain 479 
boundaries, far away from Curaçao, and only a subset (those that reached the nearshore segments) were 480 
analyzed. In contrast, Bertoncelj et al. (2025) tracked particles released directly along the coast, focusing 481 
on how surface circulation redistributes them alongshore or moves them offshore. Our current analysis, 482 
by design, isolates offshore-to-coastal delivery, with a focus on the volume transport and depth 483 
characteristics of incoming particles. While strong surface divergence may rapidly remove surface coastal 484 
particles in the NW-flow regime, it does not appear to significantly influence the arrival of particles from 485 
offshore, which follow more complex three-dimensional pathways. These findings underscore the 486 
importance of distinguishing between surface redistribution of coastal-origin particles and offshore-driven 487 
import of particles to the coast when interpreting connectivity. The former is crucial for understanding 488 
how locally released substances such as pollution or coral larvae may spread along the coastline and 489 
impact coral reef ecosystems. In contrast, the latter is key to assessing how different parts of the island are 490 
ventilated by offshore waters, and whether there are any consistent sources of upwelled, cold and nutrient-491 
rich water that may enhance productivity or influence local biogeochemical conditions. 492 

Despite the temporal independence from surface flow regimes, clear spatial patterns emerge in overall 493 
volume transport along the coastlines, as shown in Figure 10. Among all the studied segments, West Point 494 
on the southern coastline stands out as particularly significant. The combination of strong vertical 495 
exchange processes and minimal horizontal transport at this location creates a unique hydrodynamic 496 
environment. The reduced volume transport through this segment aligns with the expected sheltering 497 
effect in the leeward region of the island, consistent with ADCP validation data presented by Bertoncelj et 498 
al. (2025, Figure 4), which demonstrates significantly lower surface current velocities in this area. This 499 
hydrodynamic setting, where weak horizontal flow coincides with active vertical mixing, may create 500 
conditions favorable for localized biogeochemical processes, as upwelled nutrients have longer residence 501 
times to be taken up by coral reef ecosystems before being flushed away. This interpretation is supported 502 
by observational evidence from Sánchez Barranco et al. (in prep.), who found both physical indicators (a 503 
more mixed water column) and biogeochemical indicators (elevated nutrient concentrations and higher 504 
chlorophyll-a levels) at West Point, confirming enhanced vertical processes and upwelling-driven nutrient 505 
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enrichment at this location. 506 

These findings highlight the complexity and localized nature of nearshore circulation along Curaçao's 507 
coastline. Rather than behaving as passive extensions of broader offshore circulation, nearshore zones 508 
function as semi-independent systems with distinct dynamics controlled by local bathymetry, coastline 509 
orientation, and small-scale hydrodynamic features. This independence of offshore-nearshore dynamics 510 
from regional flow regimes emphasizes the need for high-resolution modeling approaches when assessing 511 
nearshore transport processes. Coarser-resolution models, such as e.g. global ocean reanalysis GLORYS 512 
(Lellouche et al., 2021), would likely miss these fine-scale processes and may lead to oversimplified 513 
interpretations of nearshore circulation.  514 

IMPLICATION FOR CURAÇAO’S SHALLOW WATER CORAL REEFS 
Although this study focuses on physical water transport rather than direct measurements of nutrients, 515 

oxygen, or pollutants, the circulation patterns we observe can provide important context for coral reef 516 
functioning. Water transport can serve as a first-order indicator for processes such as water renewal, and 517 
vertical exchange, all of which influence reef conditions. This is particularly relevant for the southern 518 
coastline of Curaçao, where most of the island’s shallow-water coral reefs are located. 519 

Our results show clear differences in volume transport between coastal segments, which may have 520 
implications for coral reef resilience and exposure to environmental stressors. Mid-Point and Klein Curaçao 521 
exhibit stronger volume transport and thus experience higher rates of ventilation. In these areas, water is 522 
renewed more frequently, reducing the time during which various substances can build up or persist. This 523 
effect may offer some protection to coral reefs by reducing the exposure duration to harmful substances 524 
(e.g., localized pollutants, which often originate from nearby urban areas and bays). This could help explain 525 
the high coral cover (up to 60%) reported at Klein Curaçao in 2015 by Waitt Institute (2017). 	526 

The situation at West Point is complex. While it is the least ventilated locally, it also receives a higher 527 
proportion of water arriving from deeper layers due to upwelling dynamics in this region. This has two 528 
potentially opposing implications. On one hand, deeper water is typically cooler, which could offer thermal 529 
relief during extreme heat events, potentially serving as thermal refugia (Wall et al., 2015; Randall et al., 530 
2020). On the other hand, upwelled water may carry higher concentrations of nutrients (Wang et al., 2007; 531 
Gove et al., 2016). Depending on context, this could either support primary productivity or lead to 532 
eutrophication and algal overgrowth, which would be detrimental to coral health. According to Waitt 533 
Institute (2017), this region supported relatively high coral cover (up to 30% in 2015), especially when 534 
compared to Mid-Point (up to 10%). This suggests that the combination of nutrient-rich and possibly 535 
cooler deep water may, in some cases, support coral reef development. However, the role of upwelled 536 
nutrients in shaping reef ecosystems remains an open question and likely varies with depth, location, local 537 
topography and proximity to shore. A recent systematic review by Spring and Williams (2023) highlights 538 
that these effects can differ greatly depending on these specific settings. 539 

Such physical differences can influence how long coral reefs are exposed to stressors like heat or local 540 
pollutants. To better understand the mechanisms affecting reef ecosystems around Curaçao, it is essential 541 
to not only interpret the physical circulation patterns shown in this study, but also integrate them with 542 
other drivers, such as biogeochemical properties of the seawater in the studied area, land-based runoff, 543 
groundwater flow and local bay dynamics. Physical insights remain crucial for understanding the 544 
environmental context in which Curaçao's reefs exist and for informing reef management strategies. In 545 
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particular, knowing which areas are more or less connected to offshore and deeper waters can help 546 
prioritize monitoring and mitigation efforts. 547 

MODEL RESOLUTION: CAPABILITIES AND INTERPRETIVE CONSTRAINS 
The SCARIBOS model's ~1 km horizontal resolution with 50 depth layers is adequate for exploring sub-548 

island scale variability, which is central to our research objectives. This spatial resolution effectively 549 
captures mesoscale and submesoscale dynamics across the study region, with our findings demonstrating 550 
that such fine-scale resolution is essential for distinguishing between different flow regimes as well as 551 
ocean-to-nearshore dynamics. 552 

Nevertheless, previous studies highlight critical limitations when interpreting results at scales finer than 553 
the model grid resolution. Dauhajre et al. (2019) demonstrated that Lagrangian connectivity in nearshore 554 
environments is highly sensitive to horizontal resolution of hydrodynamic model input. Their work 555 
revealed that resolutions ≤100 m are required to capture rapid alongshore and vertical transport processes 556 
occurring within 1 km of the shoreline, such as fronts, filaments, topographic wakes, and narrow 557 
alongshore jets. Similarly, Saint-Amand et al. (2023) emphasized the careful interpretation of connectivity 558 
results, which is again constrained by spatial scales of model resolution. Their findings indicate that 559 
connectivity results of studies such as ours cannot be meaningfully interpreted at individual reef scales, 560 
but rather at the scale of larger ‘reef patches.’ For instance, results associated with our West Point segment 561 
represents broader northwestern coastal processes extending several kilometers around the coordinates 562 
of the segment, rather than localized conditions at a single location, i.e. at a reef site called West Point. 563 

Nevertheless, our approach describes offshore-nearshore dynamics by revealing how nearshore 564 
environments connect with broader circulation patterns and how these connections vary temporally, 565 
spatially, and with depth. While our resolution cannot resolve fine-scale hydrodynamics within reef flats 566 
or surf zones (scales in order of 10-100 m), our results establish important context for understanding how 567 
large-scale oceanographic processes shape the environmental conditions experienced by these 568 
ecosystems. 569 
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