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a b s t r a c t 

The gains from implementing high-resolution versus less costly low-resolution models to describe coastal 

circulation are not always clear, often lacking statistical evaluation. Here we construct a hierarchy of 

ocean–atmosphere models operating at multiple scales within a 1 × 1 ° domain of the Belizean Barrier 

Reef (BBR). The various components of the atmosphere–ocean models are evaluated with in situ observa- 

tions of surface drifters, wind and sea surface temperature. First, we compare the dispersion and velocity 

of 55 surface drifters released in the field in summer 2013 to the dispersion and velocity of simulated 

drifters under alternative model configurations. Increasing the resolution of the ocean model (from 1/12 °
to 1/100 °, from 1 day to 1 h) and atmosphere model forcing (from 1/2 ° to 1/100 °, from 6 h to 1 h), and 

incorporating tidal forcing incrementally reduces discrepancy between simulated and observed velocities 

and dispersion. Next, in trying to understand why the high-resolution models improve prediction, we 

find that resolving both the diurnal sea-breeze and semi-diurnal tides is key to improving the Lagrangian 

statistics and transport predictions along the BBR. Notably, the model with the highest ocean–atmosphere 

resolution and with tidal forcing generates a higher number of looping trajectories and sub-mesoscale 

coherent structures that are otherwise unresolved. Finally, simulations conducted with this model from 

June to August of 2013 show an intensification of the velocity fields throughout the summer and reveal a 

mesoscale anticyclonic circulation around Glovers Reef, and sub-mesoscale cyclonic eddies formed in the 

vicinity of Columbus Island. This study provides a general framework to assess the best surface transport 

prediction from alternative ocean–atmosphere models using metrics derived from high frequency drifters’ 

data and meteorological stations. 

© 2016 Elsevier Ltd. All rights reserved. 

1. Introduction 

The coastal ocean is receiving significant attention due to an 

increasing exploitation of its resources worldwide ( Pauly et al., 

2013 ). Knowledge of the coastal circulation is useful for many ap- 

plications, from assessment of pollution risk to management of 

nearshore fisheries. For example, transport in the coastal ocean 

drives the exchange of larval fish among populations and influ- 

ences the population dynamics and genetic structure of marine 
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species ( Paris et al., 2007; D’Aloia et al., 2013; D’Aloia et al., 2014 ). 

Consequently, it is important to predict patterns of dispersal and 

population connectivity to manage fisheries and design effective 

networks of reserves ( Sala et al., 2002 ; Fogarty and Botsford, 2007; 

Almany et al., 2009 ). Although management strategies might ben- 

efit from considering coastal circulation, observations of currents 

and coastal circulation models are scarce for most reef ecosystems. 

Development of ocean circulation models has proceeded rapidly 

over the last 25 years. Progress has been made in three key ar- 

eas. First, the number and spatial extent of models has increased: 

models now predict transport at coastal, basin, and global scales 

( Hurlburt and Hogan, 20 0 0 ). Second, the horizontal resolution of 

models has increased: models with fine resolutions are now able 

http://dx.doi.org/10.1016/j.ocemod.2016.09.010 
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Fig. 1. Map showing the Belizean Barrier Reef System and the rest of the Meso- 

American Barrier Reef System, with surface ocean currents from GLB-HYCOM on 12 

November 2012 showing the Caribbean Current in light blue, domain of the atmo- 

spheric (yellow square) and ocean (green square) models, and the 40 km stretch 

where drifters are deployed (red rectangle). (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.) 

to resolve eddies and instabilities in the ocean ( Luettich et al., 

1992; Shchepetkin and McWilliams, 2005 ). Third, the vertical reso- 

lution of models has increased: models can use uniform depth lev- 

els (z-level models) ( Griffies et al., 2005 ), density as a vertical co- 

ordinate ( Bleck, 2002 ), or terrain-following (sigma or s-coordinate) 

structure ( Ezer et al., 2002 ). Curiously, despite these advances, the 

gains made by increasing the resolution of the models are not well 

understood because i) the predictive skill of alternative models 

with different spatio-tem poral resolution is rarely compared and ii) 

the mechanistic cause of the difference in predictive skill is rarely 

investigated. 

One reef ecosystem that is experiencing increased utilization of 

its resources is the Belizean Barrier Reef System (BBRS) ( Fig. 1 ). The 

BBRS stretches from Honduras through Belize to Mexico, and it is 

the longest (ca. 10 0 0 km) barrier reef in the Western Hemisphere. 

The BBRS separates the coastal domain in two different regions: a) 

a shallow lagoon located shoreward of the reef, between the reef 

and the coastline, to the west; and b) a region of steep walls and 

oceanic waters seaward of the reef, to the east. Thirteen marine 

protected areas have been established on the Belizean portions of 

the BBRS ( Cho, 2005 ) and offshore oil exploration is currently be- 

ing considered ( Cisneros-Montemayor et al., 2013 ). A coastal circu- 

lation model would facilitate management of this ecologically and 

economically important region ( Cooper et al., 2009 ). 

The main mesoscale circulation features in the region of the 

BBRS are the Caribbean Current and a cyclonic circulation in the 

Gulf of Honduras ( Fig. 1 ). In situ hydrographic measurements sug- 

gest that the BBRS circulation can be divided into two distinct 

regimes, a northern BBRS region that acts as a boundary between 

the northward-flowing Yucatan Current and the rest of the BBRS, 

and a southern BBRS region with weaker southward coastal cur- 

rents and the presence of the Honduras Gyre ( Carrillo et al., 2015 ). 

Satellite observations of ocean color suggest that there are signif- 

icant land-reef connections in the BBRS ( Soto et al., 2009 ), and 

in situ observations suggest that the strength of currents are con- 

trolled partially by tidal forcing at the northern and southern end 

of atolls in Belize ( McClanahan and Karnauskas, 2011 ). Existing 

models suggest that when cyclonic eddies are present near the 

BBRS they cause a reinforced cyclonic circulation and flow is pre- 

dominantly southward along the reef ( Ezer et al., 2005; Chérubin 

et al., 2008 ); conversely, when anticyclonic eddies are present near 

the BBRS they cause a weakened cyclonic circulation and flow is 

predominantly westward across the reef ( Ezer et al., 2005; Chéru- 

bin et al., 2008 ). 

In contrast to what is known about mesoscale circulation fea- 

tures, little is known about the sub-mesoscale ocean features in 

the region. Sub-mesoscale features are characterized by horizon- 

tal scale smaller than internal Rossby radius of deformation. The 

averaged first-baroclinic Rossby radius of deformation R 1 within 

the BBRS is approximately 65 km ( Chelton et al., 1998 ). Captur- 

ing the sub-mesoscale dynamics requires horizontal resolutions in 

the ocean models to be at least an order of magnitude smaller 

than the first-baroclinic Rossby radius of deformation. Our under- 

standing of the coastal circulation in the region of the BBRS would 

be advanced by implementing a high-resolution ocean–atmosphere 

model that accounts for: a) sub-mesoscales where the flow departs 

from geostrophic balance; b) non-linear flow-topography interac- 

tions ( Ezer et al., 2012 ); and c) tidal fluctuations. 

The main aim of the present work is to prescribe an ocean–

atmosphere model for the BBRS. For this purpose, we implement 

alternative models with various resolutions and forcing, and eval- 

uate them by their ability to predict initial surface transport of 

drifters along the BBR. The performance of the alternative mod- 

els is further assessed using surface wind, sea surface temperature 

from meteorological stations, and satellite derived sea surface tem- 

perature. The discrepancies among the models are investigated in 

more detail to understand the processes that need to be resolved 

for accurate predictions. Finally, we use the best model configura- 

tion to describe the surface flow of the region during the summer 

of 2013 when the observations were made. 

2. Methods: in situ observations and modeling 

2.1. In situ drifters, flow description, and meteorological stations 

The primary dataset used in this work is from surface drifters 

provided by the Consortium for Advanced Research on Transport of 

Hydrocarbon in the Environment (CARTHE, http://carthe.org ). The 

drifters are drogued at 40 cm and designed to sample the near- 

surface current while minimizing windage. They are tracked using 

Global Positioning System (GPS) every second with 5 m accuracy. 

The GT-31 GPS receivers are set in a waterproof housing attached 

to the drifter ( MacMahan et al., 2009 ). 

From May 30 to July 2 of 2013, 55 drifter deployments were 

made at 1–5 km off a 40 km stretch of the BBR centered on South 

Water Caye (16.82 °N, 87.97 °W) ( Fig. 2 b and c, red rectangles). This 

deployment region of about 400 km 

2 was chosen to describe the 

circulation near the coral reefs for subsequent integration with lar- 

val dispersal data ( D’Aloia et al., 2015 ). Thirty five percent of the 

drifters were deployed shoreward of the reef and 65% seaward of 

the reef at isobaths deeper than 50 m where the circulation can 

differ from that in the lagoon. The drifter deployments targeted 

different tidal phases with 27 drifters deployed on flood, 13 drifters 

on ebb, and 15 drifters on slack tidal phases. Most of the de- 

ployments involved clusters of 2 drifters at a single location, with 

initial separation of less than 500 m, to calculate dispersion. The 

mean duration of each deployment was 2.4 ± 0.8 h. The time se- 

ries of drifter positions is used to derive the four following metrics 
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