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Abstract
Estuarine and coastal geomorphology, biogeochemistry, water quality, and coastal food webs in river-dominated shelves of 
the Gulf of Mexico (GoM) are modulated by transport processes associated with river inputs, winds, waves, tides, and deep-
ocean/continental shelf interactions. For instance, transport processes control the fate of river-borne sediments, which in 
turn affect coastal land loss. Similarly, transport of freshwater, nutrients, and carbon control the dynamics of eutrophication, 
hypoxia, harmful algal blooms, and coastal acidification. Further, freshwater inflow transports pesticides, herbicides, heavy 
metals, and oil into receiving estuaries and coastal systems. Lastly, transport processes along the continuum from the rivers 
and estuaries to coastal and shelf areas and adjacent open ocean (abbreviated herein as “river-estuary-shelf-ocean”) regu-
late the movements of organisms, including the spatial distributions of individuals and the exchange of genetic information 
between distinct subpopulations. The Gulf of Mexico Research Initiative (GoMRI) provided unprecedented opportunities 
to study transport processes along the river-estuary-shelf-ocean continuum in the GoM. The understanding of transport at 
multiple spatial and temporal scales in this topographically and dynamically complex marginal sea was improved, allowing 
for more accurate forecasting of the fate of oil and other constituents. For this review, we focus on five specific transport 
themes: (i) wetland, estuary, and shelf exchanges; (ii) river-estuary coupling; (iii) nearshore and inlet processes; (iv) open 
ocean transport processes; and (v) river-induced fronts and cross-basin transport. We then discuss the relevancy of GoMRI 
findings on the transport processes for ecological connectivity and oil transport and fate. We also examine the implications of 
new findings for informing the response to future oil spills, and the management of coastal resources and ecosystems. Lastly, 
we summarize the research gaps identified in the many studies and offer recommendations for continuing the momentum of 
the research provided by the GoMRI effort. A number of uncertainties were identified that occurred in multiple settings. These 
include the quantification of sediment, carbon, dissolved gasses and nutrient fluxes during storms, consistent specification of 
the various external forcings used in analyses, methods for smooth integration of multiscale advection mechanisms across 
different flow regimes, dynamic coupling of the atmosphere with sub-mesoscale and mesoscale phenomena, and methods 
for simulating finer-scale dynamics over long time periods. Addressing these uncertainties would allow the scientific com-
munity to be better prepared to predict the fate of hydrocarbons and their impacts to the coastal ocean, rivers, and marshes 
in the event of another spill in the GoM.

Keywords Estuarine and shelf dynamics · Ocean circulation · Biophysical and ecological connectivity · Oil transport and 
fate · Gulf of Mexico

Introduction

Transport processes associated with river inputs, winds, 
waves, tides, and their complex interactions throughout 
estuaries, shelves, and the open ocean play important roles 
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in modulating coastal geomorphology, biogeochemistry, 
water quality, and food webs. These transport processes 
are especially important in river-dominated shelf envi-
ronments, such as the northern Gulf of Mexico (GoM), 
which seasonally receive an influx of fresh water into their 
estuaries and shelf. Transport processes control the spatial 
distribution of fundamental water properties (temperature 
and salinity) and water constituents (sediments, nutrients, 
contaminants) over event-driven, seasonal, and inter-
annual time scales. Many organisms are also influenced 
by transport, in that their advection and dispersal enable 
ecological connections among different habitats.

In the northern GoM, transport processes control the 
fate of river-borne sediments (river to estuary), which in 
turn affect coastal land changes (e.g., Allison et al. 2012). 
For example, due to decrease in sediment supply from 
the Mississippi River (Blum and Roberts 2009; CPRA 
2017; Mize et al. 2018), activities related to exploration 
and operations of oil and gas extraction (e.g., Foy 1990;  
Mendelssohn et al. 2012; Turner and McClenachan 2018), 
and the high rate of relative sea-level rise (Dixon et al. 
2006; Ivins et al. 2007), about 23% (> 4800  km2) of Lou-
isiana’s coastal wetlands were converted to open water 
between the 1930s and 2014 (CPRA 2017). As a method 
of land building, proposed Mississippi River sediment 
diversions have received significant attention from state 
and federal agencies along the Gulf Coast to mitigate 
Mississippi River Delta land loss (DeLuca 2014; CPRA 
2017). The need to design, operate, and maintain efficient 
sediment diversions has motivated a thorough and quan-
titative understanding of the processes that control sedi-
ment transport. Although land loss along the Louisiana 
coastline has drawn the greatest attention in the northern 
GoM, beach erosion also occurs along the sandy barrier 
islands of Texas, Mississippi, Alabama, and west Florida 
(Morton et al. 2004; Morton 2008; Anderson et al. 2014; 
Eisemann et al. 2018).

Freshwater influx from rivers brings nutrients and car-
bon, and thus influences eutrophication dynamics, includ-
ing hypoxia, harmful algal blooms, and coastal acidifi-
cation in the estuaries and on the shelf (e.g., Tester and 
Steidinger 1997; Goolsby et al. 1999; Rabalais et al. 2007; 
Cai et al. 2011; Holstein et al. 2016a, b; Weisberg et al. 
2016a, 2019; Justić et al. 2007 and 2017). For example, 
nutrient inputs from the Mississippi and Atchafalaya Riv-
ers into the northern GoM (river to estuary to shelf) pro-
mote enhanced phytoplankton production and fuel high 
respiration rates that, when coupled with water column 
stratification, result in summer hypoxia of shelf bottom 
waters. Hypoxia may also occur episodically due to the 
oxidation of decaying matter under extreme harmful algal 
bloom events, as happened off the west Florida coast in 
2005 (Weisberg et al. 2009). In addition to consuming 

oxygen, respiration produces  CO2, thus lowering water pH 
and acidifying bottom waters (e.g., Cai et al. 2011; Laurent 
et al. 2017).

Delivery and transport of the fresh water affects pesti-
cide, herbicide, heavy metal, and oil pollution in the receiv-
ing estuaries and shelves (e.g., Meade 1995; McMillin and 
Means 1996; Clark et al. 1999; Holm et al. 2003). For exam-
ple, water samples collected from the Mississippi River at 
Baton Rouge between 1991 and 1997, and from sites on the 
upper Mississippi, Missouri, and Ohio Rivers during 1996 
and 1997, were analyzed to show that herbicide loading to 
the GoM from the Mississippi River catchment is comprised 
of approximately 640 metric tons of atrazine, 320 metric 
tons of cyanazine, 215 metric tons of metolachlor, 53 metric 
tons of simazine, and 50 metric tons of alachlor annually 
(Clark et al. 1999). Even though there are no known stud-
ies on human and wetland plant health effects that occur at 
exposure concentrations, this influx could potentially affect 
the marsh ecology, given that herbicides have been shown 
to inhibit growth of wetland plants (Langan and Hoagland 
1996), in addition to possible adverse impacts on human 
health (Lynch et al. 2006; Boffetta et al. 2013).

Transport processes along the river-estuary-shelf-ocean 
continuum regulate the movement of organisms, including 
individuals, materials, or genes, between distinct subpopu-
lations (e.g., Cardona et al. 2016; Holstein et al. 2016a, b; 
Bracco et al. 2019b). For example, a modeling study showed 
that gag grouper (Mycteroperca microlepis) larvae are trans-
ported to the nearshore via the bottom Ekman layer and that 
such transport is facilitated by remote forcing associated 
with GoM Loop Current (LC) interactions with the shelf 
slope near the Dry Tortugas (Weisberg et al. 2014). Simi-
larly, the delivery of Karenia brevis from its bloom initiation 
region to the coastal regions of southwest Florida, where 
“red-tides” are most frequent, follows the same pathway 
(Weisberg et al. 2019), helping to explain why both gag 
juveniles and K. brevis share similar epicenter distributions.

The above transport processes are largely controlled by 
circulation within rivers, wetlands, estuaries, deltas, and 
shelves, extending from nearshore shallow areas to offshore 
shelf slope areas. Within the shelf-break region, farther 
offshore transport is possible, toward the GoM interior and 
beyond. Local and remote interactions affect the material 
fluxes across the shelf-slope break (e.g., Weisberg 2003; 
Walsh 2003), and these fluxes can further propagate land-
ward influencing the coastal zone (Weisberg et al. 2004). 
Mississippi waters moving along the LC front can reach the 
Straits of Florida and the Atlantic Ocean (Ortner et al. 1995; 
Hu et al. 2005; Schiller and Kourafalou 2014; Androulidakis 
et al. 2019).

The Deepwater Horizon (DwH) oil spill that occurred off-
shore of the Mississippi Delta beginning in April 2010 and 
lasting for 3 months was the largest offshore oil spill in US 
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history. The Gulf of Mexico Research Initiative (GoMRI), a 
10-year ($500 million) research program formed in response 
to this incident (Shepherd et al. 2016), has provided unprec-
edented opportunities to study transport processes along the 
river-estuary-shelf-ocean continuum and facilitated many 
discoveries. For this review, we focus on five specific trans-
port themes: (i) wetland, estuary, and shelf exchanges; (ii) 
river-estuary coupling; (iii) nearshore and inlet processes; 
(iv) open ocean transport processes; and (v) river-induced 
fronts and cross-basin transport (Fig. 1). We also discuss the 
relevance of transport processes for ecological connectiv-
ity and oil transport and fate. We focused on these topics 
because they are fundamental for understanding transport 
in the GoM and are not only critical for future responses 
to oil spills but have broad implications on many aspects 
of the physics and ecology of the GoM. We conclude with 
a section on legacy of the GoMRI research program and 
recommendations to inform future research and successful 
future management strategies in the region.

Transport Processes in the Gulf of Mexico

Wetland, Estuary, and Shelf Exchanges

Overview

The exchange of water and materials between wetlands, estu-
aries, and the shelf is critical for many physical, geological, 
biochemical, and ecological processes in river-dominated 

environments. These exchanges are driven by estuarine 
circulation, river-induced currents, meteorological forcing 
such as wind and atmospheric pressure related to fronts and 
storms, surface and internal waves, and astronomical tides 
(Rozas 1995; Hiatt et al. 2019).

We present examples from the northern and eastern 
GoM, where most estuaries consist of relatively large water 
bodies in the lower reaches, some connecting to the upper 
reaches with sinuous natural bayous and straight segments of 
navigational and pipeline channels, interspersed with lakes 
and bays of various sizes and large expanses of freshwa-
ter, brackish, and salt marshes. Because the majority of the 
estuaries in the northern GoM are separated from the open 
ocean by barrier islands (Schroder and Wiseman 1999), the 
exchanges with the shelf mostly take place through tidal 
inlets (Li et al. 2011). Astronomical tides in this region 
are diurnal and small (i.e., less than 0.6 m, Marmer 1954; 
Feng and Li 2010). Nevertheless, tidal currents can main-
tain high velocity, especially in inlets (1–2 m/s, Murphy and 
Valle-Levinson 2008; Murphy et al. 2009; Li et al. 2011; 
Valle-Levinson et al. 2015), and in narrow channels inside 
estuaries (0.5–0.7 m/s, Snedden et al. 2007). Within the 
estuaries, the exchanges between open waters and marshes 
occur through channel flow and intermittent sheet flow over 
the marsh platform. Winds associated with the recurrence 
of cold fronts dominate during November–May, causing sig-
nificant rapid water level variations (up to 1 m, Chuang and 
Wiseman 1983; Perez et al. 2000) and prolonged inundation 
of adjacent marshes.

Fig. 1  Key transport processes in the Gulf of Mexico (GoM): (1) 
wetland, estuary, and shelf exchanges; (2) river-estuary coupling; (3) 
nearshore and inlet processes; (4) open ocean transport processes; 
and (5) river-induced fronts and cross-basin transport. The site of the 

Deepwater Horizon oil spill (DwH) is denoted by a white star symbol 
on the inset panel. The placement of symbols representing the five 
processes is arbitrary
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The baseline understanding of transport processes in 
these systems before GoMRI was extensive and included 
both observational and modeling studies. For example, 
there were several long-term water quality sampling efforts 
that spanned freshwater and brackish regions, including a 
transect of 37 stations in Barataria Bay from 1994 to 2016 
(Wissel et al. 2005; Turner et al. 2019), and a transect of 16 
stations in the Breton Sound Estuary between 1988 and 2010 
(Lane et al. 1999, 2007; Wissel et al. 2005; Lundberg et al. 
2014). In addition, shorter-term research efforts with field 
measurements of sediment, nutrients, and carbon were car-
ried out in wetlands (e.g., Marton and Roberts 2014; Schutte 
et al. 2020), rivers and estuaries (e.g., Roberts and Doty 
2015; He and Xu 2017), and coastal and shelf waters (e.g., 
Rabalais et al. 2007; Lehrter et al. 2013).

It should be noted, however, that field measurements 
were mostly carried out during calm weather conditions, 
except for a few continuous studies that encompassed low 
frequency storm conditions (e.g., Perez et al. 2000). The 
measurements were generally compartmentalized, with 
only limited integration across the river-estuary-shelf-ocean 
continuum. In addition, field measurements were typically 
focused on water quality variables (such as salinity, turbidity, 
and nutrient concentrations), whereas direct current meas-
urements were rare (e.g., Li et al. 2011). During most field 
surveys, water samples were collected only at the surface or 
some assumed mid-depth without any further vertical pro-
filing because of the assumption that water column in these 
shallow (2–3 m deep) estuaries is always well mixed. The 
assumption of a well-mixed water column favored the devel-
opment of numerical frameworks that were either simple 
box models (e.g., Das et al. 2010), or 2-dimensional (hori-
zontally resolved) models (e.g., Inoue et al. 2008; Das et al. 
2011, 2012).

Findings of the GoMRI Research Program

As a result of the GoMRI Research Program, progress in 
the understanding of wetland, estuary, and shelf transport 
processes has been made using field measurements and 
models, and the integration of both. For example, meas-
urements in tidal inlets have indicated a bathymetric con-
trol on exchange flows and atmospherically forced flows 
whose magnitude may exceed that of tidal flows (e.g., Li 
et al. 2011; Olabarrieta et al. 2017). Exchange flows tend to 
be laterally sheared under weakly stratified (top-to-bottom 
density differences < 2 kg/m3) or vertically mixed condi-
tions, and vertically sheared otherwise (Valle-Levinson 
2011; Huguenard et al. 2015; Valle-Levinson et al. 2015; 
Cui et al. 2018). Deep ship channels were also shown to be 
a critical pathway by which offshore subsurface material 
could be rapidly transported into estuarine systems (Coogan 
et al. 2019).

Another important finding was the effect of meteotsu-
namis that can develop during both winter and summer 
seasons, and preferentially during El Niño years and hur-
ricane conditions (e.g., Olabarrieta et al. 2017). These are 
waves like storm surges, with periods < 1.5 h, produced by 
atmospheric forcing and wind stress (e.g., Shi et al. 2019). 
Meteotsunamis can trigger horizontal currents > 1 m/s and 
therefore are one of the effective forcing mechanisms for 
transporting oil, and particularly important as they can 
be of the same magnitude as tidal currents (and reverse 
the forecast tidal currents), but far less predictable. Also, 
more systematic GoMRI studies have shed light on how 
the bay geometry and bathymetry affect the relative roles 
of remote and local wind effects on transport, possibly 
augmenting the risk of nuisance flooding associated with 
river diversions (Payandeh et al. 2019).

From the modeling perspective, use of unstructured-
grid models, such as the Finite-Volume Community Ocean 
Model (FVCOM), has enabled more realistic simulation 
of complex coastline geometries, the inclusion of sinu-
ous bayous and channels, and the capability to simulate  
periodic inundations over the low-lying wetlands (e.g., 
Chen et al. 2003). These advances built upon the earlier 
work of Weisberg and Zheng (2006) for Tampa Bay and 
Zheng and Weisberg (2010) for Rookery Bay. As an example, 
FVCOM was used to study how Tampa Bay responded to Hur-
ricane Irma (Chen et al. 2018), where water was first transported 
out of the bay and then it was replaced by a different water 
mass entering the bay. High-resolution, three-dimensional  
nested modeling with flooding and drying revealed where 
the water that exited Tampa Bay flowed and where the 
replacement water eventually came from (Fig. 2). FVCOM  
simulations also revealed the along- and cross-inlet circu-
lation features at the main inlet (Barataria Pass) of Bara-
taria Bay (Cui et al. 2018), the tidal and wind modulation 
of the estuarine plume (Cui 2018), sediment erosion, trans-
port and deposition patterns (Sorourian 2019),  dynam-
ics of coastal hypoxia (Justić and Wang 2014) and oil  
transport and fate (Huang et al. in review).

Advances have been made in modeling of marsh morpho-
dynamics, which is a key step to understand and quantify the 
impact of oiling on marsh erosion (e.g., Beland et al. 2017) 
and compare it to other (either natural or anthropogenic) 
causes of marsh loss. For example, a theoretical model was 
developed to simulate the dynamics of ponds on the marsh 
platform (Mariotti 2016), and a 2D model was developed to 
simulate wave-driven marsh edge erosion in Barataria Bay 
(Valentine and Mariotti 2019).

Progress has also been made in modeling of meteoro-
logical forcing. Most coastal ocean circulation simulations 
now adopt operational meteorological analysis or reanalysis 
products (such as the North American Regional Reanalysis, 
NARR) to drive numerical models. We have also learned 
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that wind measurements at the land–water interface are often 
biased, and simple corrections have been proposed to pro-
vide more reliable wind estimates (Mayer et al. 2017; Chen 
et al. 2018; Mariotti et al. 2018).

In the past few years, progress has also been made 
toward understanding the transport of oil-sediment aggre-
gates (Ye et al. 2020, 2021), which is particularly rele-
vant in estuarine and nearshore waters where suspended 

sediment concentrations are relatively high. This effort has 
recently led to the development of a coupled ocean-oil-
sediment-biology model (Dukhovskoy et al. 2021). The 
Marine Oil Snow Sedimentation of Flocculent Accumula-
tion (MOSSFA) triggered by DwH has also been tracked 
by analyzing sediment cores collected on the continental 
slope and abyssal plain within ~ 100 km of the blowout 
(Larson et al. 2020).

Fig. 2  Simulated Lagrangian drifter trajectories in the Tampa Bay 
during Hurricane Irma. All the drifters were released at 1:00 UTC, 
10 September 2017. (a) The blue dots represent the initial locations 
of the drifters for the inside bay experiment. The red line shows the 
boundary between the old and renewed water in the Tampa Bay dur-
ing Hurricane Irma. (b) The trajectories of drifters that stayed in the 

bay (black, surface; red, bottom). (c) The trajectories of drifters that 
left the bay. (d) The initial locations of the drifters for the outside bay 
experiment. (e) The trajectories of drifters that went into the bay. (f) 
The trajectories of drifters that did not go into the bay (from Chen 
et al. 2018)
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Identified Uncertainties and Challenges

In terms of field measurements, considerable challenges 
exist in implementing integrated sampling campaigns 
across the entire river-estuary-shelf-ocean continuum. A 
crucial aspect is the monitoring of sediment, carbon, dis-
solved gasses, and nutrient fluxes during extreme weather 
events (e.g., strong storms and hurricanes) that, despite 
being relatively rare, might contribute a large fraction of 
the annualized transport. Deployed instruments (e.g., cur-
rent meters and multi-parameter sondes) are capable of 
collecting data during extreme weather events but their use 
remains challenging as they often fail or are lost at sea, and 
because they can simultaneously be deployed at only a few 
locations. In addition, deployed instruments are unable, or 
not fully capable, to measure all relevant parameters (e.g., 
sediment composition, organic carbon, nutrients, oil).

Given that remote sensing is often not possible dur-
ing extreme events (for example, due to cloud cover), 
the development of more robust, more reliable, and pos-
sibly cheaper deployable instruments constitutes a cru-
cial need. Promising results are expected to come from 
network-based technological advances such as the Internet 
of Things (IoT). Also, drones and unmanned aerial vehi-
cles (UAV) are expected to become more common and 
accessible, thus facilitating monitoring during fair weather 
conditions.

Remaining challenges include the quantification of vari-
ous external forcings, such as winds, incident solar radiation, 
latent and sensible heat fluxes, precipitation, evapotranspira-
tion, freshwater inflows, tidal propagation, and availability 
of high-resolution bathymetry/topography data. Accurate 
measurements of these variables are particularly challeng-
ing in these complex deltaic estuaries because of distortion 
and reduction of wind stress (due to presence of woodlands, 
spoil banks, and wetland vegetation), reflection and absorp-
tion of short and long wave radiation (due to tree shading, 
shallow depths, and variable sediment types), small tem-
poral and spatial scales of rainfall, heterogeneous nature of 
evaporation and plant transpiration, and rapid changes in 
geomorphology.

A striking example of the limited knowledge associ-
ated with both field measurements and modeling is the net 
exchange of water and sediments (as well as carbon and 
nutrients) through tidal inlets. For example, at the main inlet 
of Barataria Bay (Fig. 3), there are large uncertainties in the 
estimates of net estuarine outflow (i.e., 127–380  m3/s), and 
the magnitude and the direction of sediment flux (import or 
export) (Payandeh et al. 2021; Mariotti et al. 2021).

Promising advances are expected to come from remote 
sensing, both from the continuation of long-lasting programs 
such as LANDSAT, and from the launch of new programs, 
such as the Surface Water and Ocean Topography (SWOT) 

program. In addition, the improvements in cloud computing, 
such as GoogleEarthEngine, are expanding the capabilities 
to perform analysis of remote sensing data at the regional 
and global scale.

In terms of numerical modeling, a major challenge iden-
tified as part of the GoMRI analyses is the development of 
efficient numerical algorithms to speed up model simula-
tions. Undoubtedly, high-resolution model grids (on the 
order of 10 m) and small integration time steps (0.1–1 s) 
pose a considerable computational burden even for the cur-
rent state-of-the-art supercomputers. Moreover, it is still 
being intensely debated how to realistically incorporate 
open ocean influences in estuarine simulations (see “Open 
Ocean Transport Processes”). Finally, in terms of funda-
mental physical processes, wind waves and their interaction 
with tidal currents remain an understudied component of 
estuarine dynamics. This is especially true with respect to 
water column mixing and sediment resuspension, deposi-
tion, and transport.

River‑Estuary Coupling: River Diversions

Overview

The Mississippi River drains ~ 40% of the conterminous 
United States and carries approximately 65% of all sus-
pended solids and dissolved solutes that enter the ocean 
from it (Milliman and Meade 1983; Meade 1996; Milliman 
and Farnsworth 2011). Deltaic Mississippi River estuaries 
historically received Mississippi River water but are now 
largely devoid of its influence because of closure of active 
distributaries and artificial flood control levees constructed 
along the Mississippi River over the last 100 years (Day 
et al. 1997; Turner 1997). Due to various flood control meas-
ures along the Mississippi and Atchafalaya Rivers, currently 
the rivers deliver fresh water and sediment to the shelf break, 
where buoyant surface plumes emanate from the distributary 
channel outlets (see “River-Induced Fronts and Cross-basin 
Transport” for more details). Interdistributary basins (deltaic 
estuaries), including Barataria, Terrebonne, and Timbalier 
estuaries to the west, and Breton Sound and Lake Pontchar-
train to the east, receive only intermittent Mississippi River 
input, primarily by way of diversions and spillways.

Diverting water from the Mississippi River back into the 
estuaries and coastal wetlands was proposed decades ago 
(Gagliano et al. 1971; Chatry et al. 1983). The primary moti-
vation at the time was to prevent increased salinities in the 
oyster-producing regions adjacent to the Mississippi Delta. 
The use of river diversions was later expanded to include 
marsh nourishment via riverine sediment and nutrient addi-
tions, even though the effectiveness of such measures var-
ies among different studies (Gagliano et al. 1971; Day and 
Templet 1989; Swarzenski et al. 2008; Deegan et al. 2012), 
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as well as a possible method to control nutrient loading from 
the Mississippi River to the GoM (Mitsch et al. 2001).

Sediment diversions on the Lower Mississippi River play 
a central role in the proposed $50-billion, 50-year strategy 
for restoring the Louisiana’s coast. The strategy, as outlined 
in the Louisiana’s Comprehensive Master Plan for a Sus-
tainable Coast (CPRA 2012, 2017), includes diversions of 
the Mississippi and Atchafalaya River water and sediments 
into the estuarine basins of the Louisiana Deltaic Plain. The 

key objective is to mitigate the loss of coastal wetlands and 
achieve biophysical and socio-economic sustainability of the 
State’s coastal resources. In the past three decades, the State, 
together with its federal and local partners, has constructed 
and operated several river diversions, the Caernarvon Diver-
sion (maximum discharge of ~ 220  m3/s) in Breton Sound 
Estuary and the Davis Pond Diversion (maximum discharge 
of ~ 300  m3/s) in Barataria Estuary, as well as the West Bay 
Sediment Diversion (maximum discharge of ~ 700  m3/s) and 

Fig. 3  Water and sediment fluxes in Barataria Bay inferred from 
observations and modeling. Solid white arrows denote geographical 
regions. Solid blue arrows and hollow white arrows represent water 
fluxes and sediment fluxes, respectively. Legends in green indicate 
inflow sites (GIWW, Gulf Intracoastal Waterway). The site of the 
proposed future mid-Barataria sediment diversion is represented by a 
green star symbol. Mean water discharge at Naomi from 2006 to 2019 
was used to infer mean discharge for both Naomi and West Pointe à 

la Hache siphons. Total suspended solids (TSS) measurements at 
Pointe à la Hache (0.3 km away from West Pointe à la Hache) were 
used for TSS flux calculation at Naomi and West Pointe à la Hache. 
Superscript letters on flux estimates refer to literature sources used 
for calculation: aAllison et  al. 2012; bUnited States Geological Sur-
vey; cSwarzenski and Perrien 2015; dDas et al. 2011; eLi et al. 2011; 
fMarmer 1948; gLouisiana Department of Environmental Quality



 Estuaries and Coasts

1 3

several smaller siphons. The latest update to the Coastal 
Master Plan (CPRA 2017) proposed the construction of 
four large-scale sediment diversions into the Barataria and 
Breton Sound estuaries whose discharge capacity would be 
one order of magnitude higher (e.g., ∼990–2120  m3/s) than 
the Caernarvon and Davis Pond Diversions.

Field and modeling studies have demonstrated that river 
diversions affect many environmental factors of significance 
to the structuring and functioning of coastal and estuarine 
ecosystems, including salinity, turbidity, residence times, 
stratification, nutrient loads, concentrations, and ratios (e.g., 
Peyronnin et al. 2017; White et al. 2018; Bargu et al. 2019; 
Huang et al. 2020).

Findings of the GoMRI Research Program

Since the establishment of GoMRI, progress has been made 
in both field observations and modeling efforts related to 
river diversions. In response to the 2010 DwH spill, all river 
diversions in Louisiana were operated at or near their maxi-
mum discharge level for an extended period to attempt to 
prevent offshore oil from moving landward and threaten-
ing coastal wetlands. For instance, the Davis Pond Diver-
sion was operated at six times the normal discharge level 
for nearly 4 months. Riverine freshwater discharge and the 
associated river-induced density fronts in the coastal ocean 
indeed influenced the oil transport pathways during the 
DwH incident but not with the same protective effect for all 
coastal areas around the Mississippi Delta (Kourafalou and 
Androulidakis 2013; see “River-Induced Fronts and Cross-
basin Transport”). Nevertheless, these efforts proved ideal 
for testing the effects of high river discharge rates on deltaic 
estuaries and wetlands.

The effects of river diversions on wetland-estuarine-
coastal exchanges in Barataria and Breton Sound estuaries 
were studied using high-resolution coupled estuarine-coastal 
models (e.g., FVCOM, Huang et al. 2011; Cui et al. 2018). 
Model simulations suggested that the peak discharge from 
the Caernarvon diversion (~ 200  m3/s) into Breton Sound 
enhances water exchange between wetlands and adjacent 
water bodies, substantially increasing water velocity in the 
bayous and channels within 20–25 km of the diversion struc-
ture (Huang et al. 2011; Huang et al. in review). However, 
the peak diversion discharge has no influence on hydrody-
namics > 30 km from the diversion sites. Consequently, it 
can be inferred that the operation of river diversions at full 
capacity in the aftermath of the DwH incident was not effec-
tive in preventing the offshore oil slicks from drifting into 
Barataria and Breton Sound estuaries (Huang et al. 2011; 
Huang et al. in review).

The modeling efforts supported by GoMRI also explored 
how estuarine flushing characteristics change under 

hypothetical future large diversion scenarios (CPRA 2017). 
The results suggest that large sediment diversions can affect 
estuarine flushing > 60 km from diversion structure and 
therefore could have significant effects on surface oil trans-
port, albeit with important ecological tradeoffs due to estua-
rine freshening. For example, a hypothetical constant dis-
charge of 850  m3/s from a Mid-Barataria sediment diversion 
(Fig. 3) for 3 months is predicted to greatly reduce estuarine 
residence times, especially in the lower reaches of Barataria 
Bay, with the average salinity exhibiting a ~ 12 point reduc-
tion near the Barataria Pass compared to a scenario with no 
diversion (Cui 2018). Furthermore, the area experiencing 
decreased salinities is larger along the bottom (near the bed) 
than at the surface, suggesting that the density gradients in 
the estuary would also change if a large-scale Mid-Barataria 
diversion is implemented (Cui et al. 2018).

An important finding associated with the river-estuary-
shelf-ocean continuum is the occurrence of a region of 
salinity maxima inside an estuary. This region, known as a 
“salt plug” was also observed in Barataria Bay (e.g., Juarez 
et al. 2020). A salt plug occurs when an embayment receives 
relatively fresh water at the landward end (head) and at its 
mouth. The effects of buoyancy at both ends of the embay-
ment create a region of surface convergence where maxi-
mum salinity waters are trapped. Barataria Bay is influenced 
by Mississippi River waters both at its head (intensified by 
the Davis Pond diversion) and its mouth, and exhibits salt-
plug conditions especially in winter (Juarez et al. 2020). It 
is likely that under low wind conditions, spilled oil drifting 
into deltaic estuaries receiving diverted freshwater inputs 
will accumulate at these salt plug regions.

Identified Uncertainties and Challenges

GoMRI studies pointed out that better quantification of vari-
ous forcing functions and boundary conditions would greatly 
improve the accuracy of model-predicted transport. Impor-
tant forcing functions and boundary conditions include 
winds, incident solar radiation, latent and sensible heat 
fluxes, precipitation, evapotranspiration, diversion discharge 
rates, tides, and bottom bathymetry. Accurately measuring 
most of these variables is challenging because of their highly 
variable nature and complex geomorphology and ecology of 
deltaic estuaries. Examples include variations in wind stress, 
reflection and absorption of short- and long-wave radiation 
due to changing wetland vegetation cover, spatiotemporal 
variability in rainfall events, heterogeneity in evaporation 
and plant transpiration, and dynamic changes in geomor-
phology. Some of the uncertainties, however, could be easily 
reduced. For example, diversion discharge rates, typically 
inferred through the rating curve method, would be more 
accurate if directly measured.
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Nearshore and Inlet Processes

Overview

Accounting for the transport of oil along beaches and bar-
rier islands is perhaps one of the most important aspects 
of an emergency response to an oil spill, as this is where 
the public tends to be most impacted. Such transport is 
not a local phenomenon; rather, it entails many aspects 
of ocean circulation, including the effects of waves. For 
ocean circulation, both deep-ocean/continental shelf inter-
actions (locally and remotely) and the effects of local forc-
ing (by tides, winds, rivers, and heat and mass fluxes) must 
be considered. Inclusion of wave effects involves consid-
eration of Stokes drift, which is aligned with the direc-
tion of the wave propagation. Both ocean circulation and 
waves show depth-dependent anisotropy. Their influence 
can therefore change depending on the depth of the water. 
Shoaling isobaths constrain the Eulerian currents to flow 
along the isobaths, whereas refraction tends to turn the 
wave propagation normal to the shoaling isobaths. Thus, 
Stokes drift, when added to the currents, facilitates the 
deposition of oil on the beach, as shown for the DwH oil 
spill by Weisberg et al. (2017). Surf zone dynamics create 
another complication — once oil enters the surf zone it is 
subject to rapid mixing, and is transported by processes 
such as littoral drift and rip currents. These processes are 
generally absent from both circulation models and oil spill 
models.

A requisite for tracking oil as it approaches the beaches 
and barrier islands is a numerical circulation model with the 
following: (1) a construct complete enough to account for 
both remote and local forcing, (2) horizontal and vertical 
resolution fine enough to include the shoreline and barrier 
island intricacies, and (3) the ability to include flooding 
and drying, without which a physically reasonable set of 
beaches and barrier islands cannot be included. This is 
usually done by nesting a coastal ocean model in a larger 
scale ocean model (see review in Kourafalou et al. 2015). 
Such approach has been beneficial for detailing the transport 
of waters from the Mississippi Delta: e.g., Schiller et al. 
(2011), Androulidakis et al. (2015) and Androulidakis and 
Kourafalou (2013) for the Northern GoM; He and Weisberg  
(2003), Weisberg et al. (2009, 2017) and Zheng and Weisberg  
(2012) for the West Florida Shelf; and Kourafalou et al.  
(2009) and Kourafalou and Kang (2012) for South Florida 
coasts and the Florida Keys. These models used boundary 
conditions from data-assimilating outer models such as the 
Hybrid Coordinate Ocean Model (HYCOM; hycom.org; 
Chassignet et al. 2009) applied in the GoM at 1/25° resolu-
tion (GoM-HYCOM 1/25).

Along a similar line, the Coupled Ocean–Atmosphere– 
Wave–Sediment Transport (COAWST) Modeling System 
has been widely used in the last decades, especially to  

simulate hurricanes (Warner et al. 2010; Zambon et al. 2014; 
Warner et al. 2017). This model has been particularly suc-
cessful at simulating not only the inner shelf and surf zone 
regions (Kumar et al. 2012), but also backbarrier estuaries 
(Defne et al. 2019).

Findings of the GoMRI Research Program

As highlighted in the previous sections, the coastal areas 
around barrier islands and their inlets have complex circula-
tion patterns owing to the interaction of multiple processes. 
Significant GoMRI research efforts went into improving 
the understanding of these regions through observational 
and modeling efforts. Of particular interest were buoyant 
discharge plumes as there was uncertainty about whether 
these features would provide some measure of natural 
protection for beaches and estuaries during the DwH oil 
spill. A consistent finding of the observational work sug-
gested that plumes from smaller scale river/estuary systems 
(relative to the Mississippi River), e.g., Mobile Bay and 
Choctawhatchee Bay, can be protective, but this effect is 
variable and strongly dependent on wind conditions deter-
mining plume position (Dzwonkowski et al. 2015; Roth et al. 
2017). A conceptual diagram of such protective capacities 
was developed in Roth et al. (2017) (Fig. 4). These obser-
vational findings were expanded with a numerical model of 
the Choctawhatchee River plume which demonstrated that 
the protective effect of plumes degraded as wind speeds 
increased and the protective capacities changed significantly 
with tidal forcing (Kuitenbrouwer et al. 2018). Furthermore, 
Huguenard et al. (2016) found that the frontal features asso-
ciated with the Choctawhatchee tidal plume were accompa-
nied by intense mixing that could entrain surface material, 
potentially oil, throughout the water column. Thus, frontal 
features associated with river plumes represent a complicat-
ing factor for oil spill response and prediction (i.e., a 2-D 
surface problem can become a 3-D issue in these regions) 
as these small-scale structures are not typically included in 
regional modeling efforts.

Advances were made in improving the resolution of 
regional modeling to better resolve coastal areas and tidal 
inlets. An example is the data-assimilating GoM HYCOM 
model at 1/50° resolution (GoM-HYCOM 1/50, Le Hénaff and 
Kourafalou 2016; Androulidakis et al. 2019; Androulidakis 
et al. 2020a, b) that, in addition to doubling the resolution of 
GoM-HYCOM 1/25, included detailed river plume dynamics 
and contained topographic details around estuaries and islands. 
Unstructured grid models continued to evolve to provide 
even more details in such topographically complex areas. An  
example of a high-resolution, unstructured grid model is the 
West Florida Coastal Ocean Model (WFCOM). This was first 
done as FVCOM nested in the Global HYCOM (Zheng and  
Weisberg 2012) and then nested in the GOM-HYCOM 
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(Weisberg et al. 2014). The importance of high horizontal 
resolution was made evident, as the Global HYCOM neither 
includes the barrier islands nor the sounds or estuaries behind 
them, while the GoM-HYCOM 1/25 omits the inlets. Only 
with high enough resolution (as in WFCOM) can all these fea-
tures be incorporated. High vertical resolution is also impor-
tant. By resolving the surface and bottom Ekman layers, the 
three-dimensional nature of the flow field can be included, 
mitigating the need for adding an arbitrary wind factor. The 
vertical coordinate must also include flooding and drying to 
avoid the requirement for an arbitrary and unrealistically large 
minimum depth.

Identified Uncertainties and Challenges

Several model uncertainties resulting from initial conditions, 
surface (winds, heat, and freshwater fluxes, SST), and open 
boundary forcing were identified during GoMRI-supported 
analyses. For example, the quality of the wind forcing is 
well-known to be critical to the success of regional-coastal 
modeling (e.g., He et al. 2004), since the winds are often 
underestimated by meteorological models in coastal regions 
(e.g., Mayer et al. 2017; Mariotti et al. 2018). Challenges 
remain regarding how to improve the surface forcing by 
assimilating observations, particularly during extreme mete-
orological events (e.g., Chen et al. 2018; Liu et al. 2019).

The coordination between coastal ocean observing (data) 
and modeling should be encouraged and sustained. In situ 
observations provide a basis for model veracity testing and 

improvement (e.g., Liu and Weisberg 2011). With scien-
tifically designed and justified observation platforms (e.g., 
Weisberg et al. 2015; Liu et al. 2015), future coordinated 
efforts will benefit from the assimilation of these diverse 
data sets into models to improve simulations and forecasts 
(e.g., Barth et al. 2008; Pan et al. 2014).

Additional effort toward fully coupled current and wave 
models will better represent the coastal dynamics of mate-
rial transport for the nearshore beaches and barrier island 
areas. For these shallow areas, a major challenge is how 
to include the relevant coastal ocean processes over long 
time scales. Coupling models and long-term simulations of 
fine-scale dynamics raise issues about the computational 
aspects of such analyses and the need for efficient algo-
rithms and innovative use of the ever-changing field of 
advanced computing.

Inclusion of wave effects would ideally utilize a fully cou-
pled wave and circulation model, but this is precluded both 
by computational limitations and by the lack of a univer-
sally accepted way to include Lagrangian transport (Stokes 
drift) in an Eulerian modeling framework (e.g., Brostrom 
et al. 2014). Linearly adding Stokes drift from a separate 
wave model, despite being an approximation, does provide 
an expediency with demonstrated value (e.g., Rohrs et al. 
2012; Le Hénaff et al. 2012b; Curcic et al. 2016; Weisberg 
et al. 2017).

Improvements in model accuracy and numerical effi-
ciency would increase the ability to forecast oil trans-
port in case of another oil spill. Equally important, such 

Fig. 4  The effects of buoyant 
discharge plumes on surface 
oil transport; depending on the 
wind conditions, the plume 
position and the relative shield-
ing effect on a given region can 
be highly variable (from Roth 
et al. 2017)
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improvements would be useful for many other nearshore 
applications such as responses to major storm events (e.g., 
Liu et al. 2019), search and rescue operations, harmful algal 
blooms (e.g., Weisberg et al. 2019), studies of fish recruit-
ment (e.g., Rose et al. 2015), and environmental awareness 
for recreation boating and fishing.

Open Ocean Transport Processes

Overview

It was well known by 2010 that the circulation of the sur-
face ocean boundary layer in the GoM is strongly influenced 
by the interaction of large mesoscale (horizontal scale of 
O(100) km) circulation features. The key mesoscale pat-
tern is the LC (Fig. 5) that, at irregular intervals of several 
months, sheds large anticyclonic (clock-wise) mesoscale 
eddies (200–300 km in diameter), also known as LC eddies 
or Rings. The LC eddies are, in turn, often surrounded by 
smaller vortices, both cyclonic and anticyclonic, and intense 
vorticity filaments (Sturges and Leben 2000). Cyclonic 
(counter-clockwise) eddies, called LC frontal eddies, 
move around the periphery of the LC and play a role in 
the detachment of the LC eddies (Le Hénaff et al. 2012a; 
2014; Androulidakis et al. 2014). LC eddies generally move 

westward with a velocity of about ~ 2–5 km  day−1 and have 
lifetimes from a few months to about 1 year (e.g., Vukovich 
2007). Following the shedding of a Ring, the LC changes 
from a northward extending position that approaches the 
continental slope of the northern GoM to a southward 
retracted position. The LC system (the Loop Current, LC 
eddies, and LC frontal eddies) influences processes on the 
continental slope and on the shelf break in the northern GoM 
in all seasons (Schiller et al. 2011; Cardona and Bracco 
2016) and causes persistent, strong, cross-isobath currents 
with dipolar structures acting as an efficient mechanism for 
offshore transport of river waters and materials (Hamilton 
and Lee 2005; Schiller et al. 2011; Androulidakis et al. 2018; 
2019).

Findings of the GoMRI Research Program

The role of the mesoscale circulations on advection in the 
GoM has been further investigated during GoMRI, identify-
ing the role of specific structures in both transporting mass 
(Kourafalou et al. 2018; Drouin et al. 2019) and acting as 
barrier to onshore transport (Gough et al. 2019).

Following the DwH oil spill, it was realized that mes-
oscale structures alone did not explain the distribution of 
pollutants: smaller submesoscale (scale of O(1) km, Rossby 
number of O(1)) circulations have to be accounted for in any 
hindcast or forecast effort related to tracer mixing. Through 
modeling and observational studies, especially the drifter 
experiments Grand LAgrangian Deployment (GLAD; Poje 
et al. 2014) and LAgrangian Submesoscale Experiment 
(LASER; D’Asaro et al. 2018), the role of the submesoscale 
circulations (Fig. 6) in relation to the mixing within the sur-
face boundary layer has been elucidated, at least in part. In 
this regard, a review of submesoscale circulations can be 
found in McWilliams (2016) and a partial review of appli-
cations to advective processes in the GoM is contained in 
Bracco et al. (2019a, b).

Furthermore, models and analysis of observations have 
revealed the key modulation of advective processes exerted 
by the discharge of the Mississippi River System (and other 
smaller rivers entering the basin). The freshwater influx 
interacts with mesoscale eddies and modifies the density 
gradients and stratification that control submesoscale insta-
bilities (Luo et al. 2016; Barkan et al. 2017a).

The juxtaposition of mesoscale eddies and filaments in 
waters with very different densities contributes to frontal and 
baroclinic instabilities and to the formation of submesoscale 
lateral convergence zones (Luo et al. 2016; Barkan et al. 
2017a, b). These convergence zones are where fresh water, 
nutrients, and pollutants (including oil) accumulate (Zhong 
et al. 2012; Zhong and Bracco 2013; Huntley et al. 2015; 
Poje et al. 2014; Choi et al. 2017; D’Asaro et al. 2018; 
Bracco et al. 2019a). The effect of riverine discharge is, 

Fig. 5  (a) Sea surface height (SSH) field in the northern Gulf of 
Mexico with superposed geostrophic currents in a submesoscale 
permitting regional ocean simulation of May 1st, 2015 (in gray). 
Bathymetric contours (200 m, 500 m, 1000 m, 2000 m, and 3000 m) 
are indicated in black, together with the location of the De Soto 
Canyon (marked by a thin black arrow). (b) Corresponding surface 
relative vorticity field normalized by the Coriolis parameter (non-
dimensional). The anticyclonic Loop Current (LC), a cyclonic fron-
tal eddy (C), and an anticyclonic LC eddy (A) are indicated by thick 
black arrows highlighting their spinning direction
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on one hand, to enhance submesoscale currents by provid-
ing lateral buoyancy gradients, and, on the other hand, to 
suppress submesoscale currents by increasing stratification 
near the surface. In the GoM, suppression is predominant 
in winter when baroclinic instabilities are most abundant 
around and inside the LC and its rings, but their strength 
and number is somewhat limited by the freshwater input, 
due to the increased stratification near the surface (Barkan 
et al. 2017a). In late spring and early summer, when the riv-
erine discharge is commonly at its maximum, submesoscale 
enhancement by river discharge prevails in the offshore 
GoM, because the generation of submesoscale fronts is 
amplified by the density gradients induced by the freshwa-
ter fluxes, despite the shallow mixed layer (Luo et al. 2016). 
Analyses related to the DwH spill showed that the freshwater 
volume in De Soto Canyon (marked on Fig. 5) increased 
from the second half of May, increasing the frontogenetic 
tendency of the flow with the consequent generation of 
fronts that were partially responsible for the convergence 
of oil. These fronts became clearly visible in the Synthetic 
Aperture Radar (SAR) images of the surface oil collected 
from the end of May onward (see e.g. Walker et al. 2011).

The modulation of submesoscale circulations by low 
salinity waters is partially controlled by the LC and its 
detached eddies. During the summer months, a northward 
extending LC can efficiently transport low‐salinity water 
southward to the Florida Straits (Schiller and Kourafalou 
2014; Androulidakis et al. 2019), while a LC eddy near the 
Louisiana‐Texas shelf would promote the recirculation of 
low‐salinity water within the central Gulf (Brokaw et al. 
2019). In a retracted LC state, the riverine water remains 
close to the northern coasts (Brokaw et al. 2019).

A key consequence of the existence of an energetic sub-
mesoscale field in the offshore GoM throughout the year is 

that the Lagrangian sampling of the current field is biased 
toward regions characterized by strong convergence or 
elevated positive vorticity in the upper turbulent boundary 
layer. This preferential sampling affects any Lagrangian 
(passively buoyant) or quasi-Lagrangian surface-confined 
tracers, such as drifters, plastic, Sargassum, oil or other  
pollutants, and is relevant to the flow around and within 
the mesoscale eddies (Zhong et al. 2012; Haza et al. 2016). 
The impact of such preferential sampling has been quanti-
fied using models through the analysis of probability den-
sity functions (Choi et al. 2017) and structure functions  
(Pearson et al. 2019) and can greatly affect the interpreta-
tion of Lagrangian observational studies at scales less than 
10 km. Drifters, for example, rapidly converge into sub-
mesoscale coherent structures, such as eddies and fronts 
(D’Asaro et al. 2018). As shown by Pearson et al. (2019), 
the surface drifter statistics for separations below 10 km con-
sistently exhibit scaling laws close to 2/3 because of conver-
gence, which are shallower than the Eulerian second-order  
statistics. As a result, no conclusions on Eulerian energy sta-
tistics can be directly drawn from Lagrangian measurements.

Through studies following the 2010 oil spill, it also 
became clear that transport of material (e.g., oil) on the 
surface of the open and coastal ocean alike can differ sub-
stantially from that inferred from currents at depths of 
decimeters to meters. Traditional methods of measuring 
and modeling currents used to estimate surface transport 
provide currents at some depth below the surface. Wave-
induced Stokes drift, Langmuir circulation, and the turbulent 
vertical flux of wind-driven momentum (e.g., Wenegrat et al. 
2014) all can contribute to substantial vertical shear of cur-
rents within the upper meter and influenced the evolution of 
the oil patch in 2010 (Le Hénaff et al. 2012b). The effects of 

Fig. 6  Simulated surface vertical velocities (left) and relative vorti-
city normalized by the Coriolis parameter (right) in a submesoscale 
permitting run at 500 m horizontal resolution on February 2, 2016, 
while the LASER experiment was underway. The figure shows 

numerous submesoscale eddies and vorticity filaments associated to 
large vertical velocities and submesoscale fronts (simulation analyzed 
in Sun et al. 2020)
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this shear on the transport of surface material using currents 
measured or modeled at some depth are typically parameter-
ized as a “wind drift,” particularly in the case of oil spill 
modeling (e.g., Samuels et al. 1982).

Recently, new methods of observing currents directly at 
the ocean surface, both in situ (e.g., Morey et al. 2018) and 
using remote sensing technology (Rodriguez et al. 2018), 
provided novel insight into the relation of surface currents 
to near-surface currents. For example, Morey et al. (2018)  
reported that during a drifter study in the GoM the magni-
tude of surface velocity measured by ultra-thin (5  cm)  
surface-following drifters was approximately 35% greater on  
average than that measured by typical surface drifters with 
drogues centered at the depth of 1 m. Shear associated with 
the estimated Stokes velocity profile accounted for much of 
this difference. Using near-field remote sensing and surface 
drifting instruments, Laxague et al. (2018) reported current 
speeds at 1 cm depth twice that of the average speed over 
the upper 1 m.

These new measurement capabilities can be applied with 
other concurrent observations to improve the parameteriza-
tion of surface wind drift, with the goal of better account-
ing for sea state and stratification in ocean and climate 
circulation models. Developing a better understanding of 
the structure of the near-surface current shear is not only 
important for estimating the total surface current from cur-
rent data at some depth below the surface, but also for 
accurately simulating the physics involved in the transport 
of buoyant material such as oil. In particular, breaking 
waves fragment surface oil into droplets that are mixed 
into the subsurface layer where they are advected by the 
ambient current (which differs from that directly at the sur-
face) before the larger droplets resurface (e.g., Johansen 
et al. 2015).

Much progress has been made as a result of GoMRI-
related research in simulating the mesoscale circulation 
of the GoM and developing capabilities for forecasting its 
evolution (Wei et al. 2014; Carrier et al. 2014; Jacobs et al. 
2014; Coelho et al. 2015; Dukhovskoy et al. 2015; Cardona 
and Bracco 2016; Iskandarani et al. 2016; Putrasahan et al. 
2017). Furthermore, the scientific community has advanced 
the understanding of the role of circulations at scales 
between few hundreds of meters and 10 km. Theoretical 
developments and process modeling continue to thrive (see 
for example Barkan et al. 2019), with recent observational 
campaigns at unprecedented resolution. These included 
deployment of hundreds of biodegradable satellite-tracked 
surface drifters and drift cards, and simultaneous surface 
current mapping by aerial, optical remote sensing systems, 
and ship-mounted radars (D’Asaro et al. 2020), as well 
as high-resolution mapping of river-induced fronts with 
in situ, aerial, and remote sensing platforms (Androulidakis 
et al. 2018; Garcia-Pineda et al. 2020).

Identified Uncertainties and Challenges

Analyses highlighted fundamental uncertainties that remain 
open related to the advection mechanisms across different 
spatiotemporal flow regimes. For example, Mariano et al. 
(2011) identified as dominant periods for the surface veloc-
ity field in the open GoM “1–2 days due to inertial oscilla-
tions, tides, and the sea breeze; 5–6 days due to wind forc-
ing and submesoscale eddies; 9–10 days and two weeks or 
longer periods due to wind forcing and mesoscale variability, 
including the period of eddy rotation.” However, the avail-
able information does not allow quantification of the multi-
scale interactions, potential feedbacks and energy transfers 
between inertial waves, tides, sea breeze, submesoscale and 
mesoscale circulations in different seasons and under differ-
ent winds, heat fluxes, and freshwater conditions. A recent 
GoMRI-funded study, for example, showed the existence of 
diurnal cycling of submesoscale circulations that extended 
to the horizontal divergence and vertical velocity field (Sun 
et al. 2020).

The coupling between oceanic meso- and submesoscale 
circulations and the atmosphere is another important topic 
that has received attention in western boundary systems 
but should be further pursued in the GoM (see e.g. Byrne 
et al. 2016 and Renault et al. 2018 for a mesoscale and sub-
mesoscale example). Furthermore, the recent discoveries on 
the relation of surface currents to near-surface currents ques-
tion our parameterizations and vertical discretization choices 
at the ocean surface, which are key to providing reliable 
boundary conditions to unstructured models for simulating 
coastal dynamics in shallow shelves and inlets.

River‑Induced Fronts and Cross‑basin Transport

Overview

Mesoscale and submesoscale fronts due to river discharge 
are common in the GoM, especially in the northern shelf 
areas that receive large river inputs (see “Open Ocean Trans-
port Processes”). In contrast to the saltier waters of the GoM 
interior, strong fronts are induced as the river plumes carry 
low-salinity waters and associated materials (such as nutri-
ents, sediments, and pollutants) offshore. Discharge from 
large rivers also induces buoyancy-driven currents that move 
brackish water and associated substances along the northern 
GoM. The processes controlling river plume dynamics and 
associated transport processes were known prior to GoMRI 
(Walker 1996; Walker et al. 2005; Schiller et al. 2011). 
Schiller et al. (2011) and Androulidakis and Kourafalou 
(2013) discussed the development and evolution of the Mis-
sissippi River plume that has major pathways both westward 
(along the Texas-Louisiana shelf) and eastward (along the 
Mississippi-Alabama-Florida shelf). This is based on river 
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plume considerations for buoyancy-driven currents, which 
have two major pathways, based on the direction of Kelvin-
wave propagation (Kourafalou et al. 1996): “downstream” 
and “upstream” (which for the Mississippi is to the right of 
the Delta and toward northeast of the Delta, respectively); 
these pathways are further modified due to wind influence. 
Schiller et al. (2011) also elucidated the processes that initi-
ate riverine fronts not only on the shelf areas but also off-
shore, toward the GoM interior due to the influence of the 
LC and its associated eddies. These fronts create offshore 
branches of waters of river origin that are unique to the GoM 
and have been found to reach the Florida Straits and far-
ther to coastal waters off Georgia following the Gulf Stream 
(Ortner et al. 1995; Hu et al. 2005; Schiller and Kourafalou 
2014; Le Hénaff and Kourafalou 2016). These fronts can 
influence the optical, physical, and chemical properties of 
remote waters.

When Mississippi River water travels eastward, three 
pathways emerge, by which this water moves to and around 
the Florida Keys (Weisberg et al. 2005): (1) direct and (2)  
indirect LC and eddy pathways, and (3) a wind- and 
buoyancy-driven West Florida Shelf pathway. Thus, along with  
the Mississippi River plume, wind-driven currents and the 
LC system largely impacted the transport of hydrocarbons 
associated with the 2010 DwH blowout (e.g., Liu et al. 
2011a, d; Walker et al. 2011; Weisberg et al. 2011; 2016b).

Findings of the GoMRI Research Program

New findings during the GoMRI decade of sponsored 
research built upon the previous studies, establishing that the 
river-induced fronts play an important role in along-shore 
and cross-shore transport, acting both as barriers on mate-
rial transport and as convergence zones that guide transport 
along frontal lines. Based on satellite- and model-derived 
surface fields of oil patches and GoM salinity, Kourafalou 
and Androulidakis (2013) illustrated the influence of river-
induced fronts on hydrocarbon transport during the 2010 
DwH incident. They showed that the distinct river plume 
domains to the east and west of the Mississippi Delta influ-
enced the variability of the observed Surface Oil Patch 
(SOP), as they were guided by the variability in river dis-
charge and wind stress. As seen in Fig. 7, the Mississippi 
plume front kept the oil away from the Delta during the 
spring discharge maximum on 5/20/2010 (as deeper circu-
lation also advected thin jets of plume and oil offshore). 
The SOP was still offshore on 6/20/2010, pushed away 
from the shelf areas east of the Delta, where the plume-
induced currents turned clock-wise (offshore). The pattern 
was very different on 7/6/2010, when prevailing winds from 
the East advected plume waters westward, along a narrow 
coastal jet, which also entrained oil along the coast west 
of the Delta. These results were further investigated with 

a multi-platform observational study (Androulidakis et al. 
2018) that measured the impact of river-induced fronts on 
the transport and fate of waters in oil-covered areas near 
the Mississippi Delta, where oil patches were observed 
by satellite and in situ methods. Drifters released in such 
waters were well aligned with the river plume fronts and 
traveled in three distinct areas: downstream (westward) 
along the Louisiana-Texas shelf, upstream (northeastward) 
along the Mississippi-Alabama-Florida shelf and offshore 
(southward), toward the GoM interior. These regimes cor-
respond to the major buoyancy-driven currents, modified by 
other shelf flows (especially wind-driven circulation) and 
offshore influence (LC and associated eddies), as discussed 
in “Overview” under “River-Induced Fronts and Cross-basin 
Transport.”

The riverine fronts that extend into the GoM interior and 
the related cross-basin transport processes were further elu-
cidated in GoMRI studies. Schiller and Kourafalou (2014) 
analyzed several cases of combinations in coastal, shelf, and 
offshore circulation that influenced the offshore transport 
of Mississippi waters and their removal from the shelf to 
the basin interior. Le Hénaff and Kourafalou (2016) showed 
that Mississippi waters can reach the Florida Keys, traveling 
not only along the LC but also along the edge of the West 
Florida Shelf, following a transport pattern also discussed by 
Weisberg et al. (2005). Androulidakis et al. (2019) used ship 
survey profiles, satellite observations, and high-resolution 
model fields (GoM-HYCOM 1/50, Le Hénaff and Kourafalou 
2016) to quantify the three-dimensional structure of offshore 
(southward) branches of Mississippi plumes, concentrating 
on the double episode of 2015 (branches west and east of the 
LC). The surface signal of the offshore Mississippi water 
export in the summer of 2015 was also described by Chen 
and Hu (2017) to evaluate their method for estimating Sea 
Surface Salinity (SSS) from satellite ocean color observa-
tions (MODIS). Figure 8 shows examples of such episodes 
during both extended (a, b) and retracted (c, d) phases of the 
LC. The color patterns revealed in the MODIS Color Index 
(CI) images (Fig. 8a-d) are consistent with those inferred by 
Sea Surface Salinity (SSS) patterns derived both from the 
GoM-HYCOM 1/50 model and from MODIS data, based 
on a novel algorithm to estimate SSS from multi-band ocean 
color data (Chen and Hu 2017).

Several GoMRI studies focused on the smaller estu-
aries, showing that river-induced fronts are important 
locally, while they can also contribute to regional trans-
port. An example is the cross-shore transport of brackish 
waters in the Northwestern GoM, including from small 
local rivers after spring floods in 2016 (Le Hénaff et al. 
2019). This transport of waters of high nutrient content 
had significant ecological implications, as it played a key 
role in the episode of coral mortality in the Flower Gar-
den Banks National Marine Sanctuary (offshore Texas). 
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Another example is a low-tide front from a Florida estuary 
that moved material seaward near the surface, which could 
prevent buoyant material from entering the estuary during 
the full tidal cycle (Valle-Levinson et al. 2015).

Identified Uncertainties and Challenges

Going forward, the monitoring and reliable modeling of 
river-induced circulation and associated fronts, as well as the 
related influence on material transport, are fundamental for 
the understanding of the GoM ecosystem, the management 
of its marine resources, and the response planning for both 
natural disturbances and man-made hazards. Recent stud-
ies have shown the importance of accurately representing 

the transport of riverine waters in models and their fore-
casts, not only from the Mississippi and other major riv-
ers, but also from smaller estuaries that can, under some 
conditions, influence both local and remote environments. 
Le Hénaff et al. (2019) highlighted the challenge of predict-
ing complex interactions across the ocean continuum, from 
estuarine to basin scales, as key to manage marine resources. 
Such reliable forecasts require assimilation of data in both 
deep and coastal waters. The latter remains challenging and 
requires the advancement of sustained coastal observatories 
with appropriate spatial resolutions. Developing efficient 
protocols and software infrastructure for coupling among 
estuarine, coastal/shelf, and ocean models will be required 
to further our capabilities for simulating river-induced fronts 

Fig. 7  (Left) Model-computed Sea Surface Salinity (SSS) and (right) 
data-derived (NOAA surveys and satellite composites) Surface Oil 
Patch (SOP), on characteristic days during the DwH incident: (a) 
May 20, 2010; (b) June 20, 2010; and (c) July 6, 2010; the black star 
at the left panels denotes the location of the Macondo well (MC 252). 

The black SSS lines indicate the 33 salinity contours, taken as the 
frontal boundary of brackish waters. The thin horizontal lines in the 
SOP plots mark the southern model domain at 28° N (adapted from 
Kourafalou and Androulidakis 2013)
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and their effects on transport. Such dynamic couplings are 
either not presently explicit or are approximated by param-
eterizations (e.g., Verri et al. 2020).

Another challenge is to advance observational method-
ologies in realistic settings of oil spills, toward a comprehen-
sive set of tools that combine appropriate in situ and satellite 

Fig. 8  Typical fronts related to GoM river inflows at selected dates. 
Offshore pathways of the Mississippi River plume reaching south-
ern GoM and the Florida Keys are evident during both extended 
Loop Current (LC) phase (a, b) and retracted LC phase, when the 
LC eddy helps the offshore removal of riverine waters (c, d). The 
(a-d) images are derived from MODIS satellite observations using a 
color index algorithm (Hu 2011), with different colors representing 
relative concentrations of particulate and dissolved materials. The 

river-induced fronts and offshore pathways of the Mississippi River 
plume are also evident on the horizontal distribution of (e) simulated 
Sea Surface Salinity (SSS) from the GoM-HYCOM 1/50 model and 
the (f) MODIS-derived SSS (7-day composite) (Chen and Hu 2017; 
Androulidakis et al. 2019). The white and black lines in (e) mark the 
major cyclonic eddies and anticyclonic circulation features, respec-
tively
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measurements. This is especially challenging in the presence 
of river plumes, where intense coastal to offshore interac-
tions may occur and impact the accurate documentation of oil 
transport and fate. Several novel observational and numeri-
cal techniques were used and tested during the last decade 
to describe the river-induced plume dynamics and especially 
the effects of the accompanying density fronts on the hydro-
carbons fate. An example is a multi-platform observational 
study around the Taylor platform near the Mississippi Delta, 
where vast amounts of oil were present over several years 
(Sun et al. 2018). Satellite radar (Fig. 9a; Garcia-Pineda et al. 
2020) and ocean color images (Fig. 9d; Androulidakis et al. 
2018) showed that when oil reaches the ocean surface, it can 
be trapped and travel along the river fronts. Field observations 
(i.e., Unmanned Aerial Systems — UAS, drifters and marine 
radars) confirmed the contribution of the river plume on the 

oil spill spreading. Drogued and un-drogued drifters (Novelli 
et al. 2017) examined the transport differences of surface and 
suspended oil in the water column related to wind-induced and 
sub-surface currents, respectively (Androulidakis et al. 2018). 
Garcia-Pineda et al. (2020) combined UAS (Fig. 9b), drifters 
(Fig. 9c), and Synthetic Aperture Radar (SAR; Fig. 9a and c) 
images to investigate the wind effects on oil residence time 
along river-induced fronts. Sea-surface roughness imagery 
derived from shipboard marine X-band radars may provide 
high-resolution information of oil patches, river plume, sur-
face currents, and the concentrated oil along the density fronts. 
The marine radar mapping technique was validated with more 
than 4000 radar-drifter pairs in the GoM (Lund et al. 2018) 
and efficiently used during a multi-platform (in situ and sat-
ellite) observational experiment at the Taylor oil spill site 
(Fig. 9d; Androulidakis et al. 2018), located in the vicinity of 

Fig. 9  Images collected from (a) RADARSAT-2 satellite (04/20/17), 
(b) Unmanned Aerial Systems (UAS) aerial view (04/20/17), and 
(c) TerraSar-X satellite with four drogued (DR, black and magenta 
lines) and un-drogued (UN, purple and green lines) drifter tracks 
(04/25/17) over the Taylor oil spill (Androulidakis et al. 2018). The 
Mississippi River plume, the Taylor Energy Site, the clear sea water, 
and the surface oil are marked. (d) Radar imagery snapshot contain-
ing the related surface currents (red vectors, m/s) measured over an 

area (~ 3 km radius) with respect to the respective MODIS chl-a con-
centration (mg/m3) map in the vicinity of the Mississippi Delta on 
04/20/17. The dark gray areas in the background are characterized 
by oiled waters and the dashed line indicates the 0.25 mg/m3 derived 
from the MODIS chl-a concentrations. RADARSAT-2 Data and 
Products © MDA (2017) — All Rights Reserved. TerraSAR-X data © 
2017 DLR e.V., Distribution Airbus DS
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the Mississippi Delta. Such detailed observations and related 
analyses provide a roadmap for obtaining data sets that can 
reduce uncertainty by advancing the understanding of the 
dynamics controlling oil transport and fate, while providing 
models with suitable tools for improved predictions.

Relevance of Transport Processes 
for Ecological Connectivity and Oil Transport 
and Fate

Ecological Connectivity

Overview

Most ecologically and commercially important fish and 
shellfish species, including those of the GoM, have com-
plex life cycles (Wilbur 1980) that often involve the trans-
port of a pelagic larval stage and include behavioral move-
ment and migration of juveniles and adults among habitats 
(Petitgas et al. 2013). Advancements in modeling of both 
the coastal ocean and estuary circulation and a better 
understanding of juvenile and adult behavioral movement 
have allowed further investigation into the exchanges and 
pathways of organisms that result in the interconnections 
among habitats and between the estuaries and the shelf. 
Such information is needed to predict how environmental 
variation, as well as many stressors such as dispersed oil 
(e.g., Liu et al. 2011a; Paris et al. 2012), which are them-
selves inherently spatial, will affect dynamically moving 
individuals. Management of fisheries, protection of spe-
cies (e.g., endangered), and coastal and ocean planning are 
also becoming increasingly spatially oriented (Fogarty and 
Botsford 2007; Crowder and Norse 2008; Katsanevakis 
et al. 2011).

Pelagic larvae may be locally retained when spawning 
and nursery habitat are co-located (Paris and Cowen 2004) 
or transported over longer distances when spawning occurs 
on the shelf and the embryos and larvae must recruit to 
distinct nursery areas or ingress into estuaries (Weisberg 
et al. 2014; Teodosio et al. 2016). The transport, range 
of dispersion, and exchange with areas are determined 
by the combination of the larva’s physical environment 
(passive transport), and by their own physical–chemical  
characteristics (e.g., buoyancy) and biological traits 
(e.g., vertical movement, starting locations, larval stage 
duration) (Johnson et al. 2009; Vaz et al. 2016). Larval 
transport is often modeled using a Lagrangian framework 
(Olson and Paris 2019) where virtual particles represent-
ing individual larvae are released in Ocean General Cir-
culation Models (OGCMs) and tracked in time based on 
hydrodynamic fields and other outputs (e.g., temperature) 
and with a wide variety of behaviors (Paris et al. 2013; 

Faillettaz et al. 2018) often with relatively simple rep-
resentations. Such coupled biophysical models of larval 
transport (particle-tracking models or PTMs) may also 
include a random component to resolve the sub-grid scale 
motion of the OGCMs and to mimic the effects of turbu-
lent diffusivity (Griffa 1996). These PTMs are sometimes 
referred to as “stochastic particle-tracking models” or 
STPMs. The evolution of the hydrodynamics modeling 
toward finer resolution, nesting of grids and coupling of 
models, and increased skill has carried over to improved 
larval transport modeling. PTMs have a long history of 
application (Gabric and Parslow 1994; Limouzy-Paris 
et al. 1997; Gallego et al. 2007; Metaxas and Saunders 
2009; Lett et al. 2009; Hawkins et al. 2019). However, 
their use for simulating larval transport in the GoM is rela-
tively new and experienced a surge of activity as a result 
of research triggered by the DwH oil spill.

In contrast to the long history of research on modeling 
larval transport, field data and modeling of juvenile and 
adult fish movement is a more recent area of research 
(Nathan et al. 2008; Hays et al. 2016; Fraser et al. 2018). 
The accelerating development of empirical and modeling 
approaches that predict fish movements and resulting spa-
tial distributions have been also driven by the increasing 
skill of hydrodynamics modeling and, more importantly, by 
the rapid developments in the data collected on the move-
ment patterns of individuals. The recent upsurge of research 
includes an emerging new field termed “movement ecology” 
(Nathan et al. 2008). Measurement capabilities for track-
ing the movement of individuals are also rapidly expanding 
(Ropert-Coudert et al. 2012; Hussey et al. 2015).

Findings of the GoMRI Research Program

Research as part of the GoMRI effort has advanced both the 
biophysical modeling of larval transport and our understand-
ing of spatial distributions and patterns of movement of the 
juvenile and adult stages of organisms. Wallace et al. (2014) 
measured stable isotopes in fish eyes as a possible way to 
infer individual macro-level habitat shifts and their broad-
scale movement patterns. For juveniles and adult stages, 
the simple representations of behaviors imposed on “par-
ticles” for larval PTMs are typically expanded for juvenile 
and adult fish (e.g., Watkins and Rose 2013) and movement 
is represented in both Lagrangian and Eulerian modeling 
approaches (e.g., Rose et al. 2015; Ainsworth et al. 2018).

Three general issues related to biophysical modeling of 
larval transport have been investigated by GOMRI stud-
ies: connectivity of subpopulations and metapopulations 
through larval exchange, likely pathways for larvae to get 
from spawning to nursery areas, and how more compli-
cated movement behavior would affect larval stage dynam-
ics. Connectivity is a major long-standing issue for marine 
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populations that are comprised of local concentrations of 
adults (sub-populations) because of its influence on popu-
lation dynamics and the resulting stability and resiliency 
of the overall population (Botsford et al. 2009; Cowen and 
Sponaugle 2009). The relevant GoMRI studies under these 
three categories related to connectivity are described below, 
as well as how these studies also specifically assessed over-
lap of the larvae with oil from the DwH spill.

GoMRI research related to the second general topic of the 
movement of juveniles and adults (i.e., post-larval stages) 
involved data analysis and modeling to determine short- and 
long-range movement patterns, assess habitat quality, and 
map the spatial distributions of the organisms. Tracking the 
movement trajectories of individuals with data and mod-
eling results in the spatial distributions of organisms that 
provides the basis for assessing habitat quality and quantity 
and their exposure to spatially and temporally varying stress-
ors. Resolving exchanges among habitats and documenting 
spatial distributions are necessary for effective management 
of the populations and fisheries.

For both topics of connectivity and movement of juve-
niles and adults, the DwH spill and associated management-
related responses will further complicate analyses going 
into the future. A major response to the spill was to impose 
fisheries closures, which then affected, to varying degrees, 
many aspects of the ecosystem (Murawski et al. 2016, 2020). 
Organism responses were species-specific, life-stage spe-
cific, and geographically localized (Murawski et al. 2020). 
These responses were the combined effects of exposure to 
the oil (direct), indirect responses to other affected organ-
isms (e.g., prey), and reduced mortality to fisheries closures, 
and they affected the long-term monitoring data differently 
across monitoring programs (Ward et al. 2018; Martin et al. 
2020). Because fish are long-lived, the event will need to 
be considered in analyses of data and modeling for decades 
into the future.

Particle Tracking Models (PTMs) and Larvae Jones et  al. 
(2015) simulated the transport of larval blue crabs in the 
northern GoM and their overlap with oil from the DwH spill. 
Connectivity among estuaries was highest for the estuaries 
adjacent to the Mississippi Delta. They showed that of the 
larvae that settled within the domain, approximately 38% 
were potentially exposed to oil from the spill; this varied 
from 0 to 93% across released cohorts with exposure typi-
cally occurring for 1-day and for young (< 15 days old) 
larvae. Cardona et al. (2016) used a PTM to quantify the 
connectivity of deep water black coral larvae in the northern 
GoM and showed that there was limited exchange among 
sites to the east and west of the Mississippi Fan, suggesting 
that deep local populations were relatively isolated. Zeng 
(2019) simulated bonefish larvae transport in the NW Atlan-
tic that included the GoM and determined how the spatial 

regions treated as independent areas in management were, 
to varying degree, connected and their exchanges depended 
on larval retention versus dispersal. Their PTM was imbed-
ded within the Regional Ocean Modeling System (ROMS) 
circulation model, rather than the more typical approach of 
averaging hydrodynamics output for use in off-line analyses 
(Paris et al. 2013; Putman and He 2013a). Finally, Paris et al. 
(2020) used a PTM to examine the relationship between 
oceanography (Miron et al. 2017), fish community structure 
(Murawski et al. 2018), and larval patterns based on over 
20 years of Southeast Area Monitoring Assessment Program 
(SEAMAP) data. They identified ecological regions that 
were influenced by Lagrangian patterns derived from Argos 
drifters (Miron et al. 2017) and controlled larval retention 
and self-recruitment levels; fish community structure simi-
larity among these ecological regions was mostly driven by 
larval connectivity.

Important to assessing impacts on populations is also 
knowing how larvae get from spawning areas to nursery 
areas. Weisberg et al. (2014) addressed the gag grouper 
conundrum, originally posed by Fitzhugh et al. (2005), 
regarding how gag juveniles, spawned near the shelf break, 
arrive at settlement locations along the shoreline and in the 
estuaries. Using a high-resolution nested model (FVCOM 
nested in the GoM-HYCOM 1/25), they tested both near-
surface and near-bottom routes of transport and found that 
the bottom Ekman layer (under protracted upwelling condi-
tions) accounted for the specific observations of 2007 and 
the more general distribution of gag juveniles along Florida’s 
west coast. Thus, the historical spatial order found for gag 
juvenile settlement agrees with the expectation from coastal 
ocean circulation. The modeling was supported by stable 
isotope data showing that settled juveniles had an isotopic 
signature consistent with macroalgae identified as being part 
of hard-bottom (spawning site) that persists throughout a 
near-bottom larval migration route. Todd et al. (2014), using 
a hydrodynamic model of the region, identified an onshore 
transport mechanism on the northern West Florida Shelf 
linked to the asymmetry in oscillating wind patterns associ-
ated with synoptic weather patterns during the late winter 
and early spring, a critical time period for gag spawning. 
Lagrangian trajectories originating in known gag spawning 
areas in the northeastern Gulf were associated with the high-
est likelihood of reaching inshore nursery habitat.

Staaterman et al. (2012) examined how adding directed 
movement toward the settlement habitat in a PTM not only 
affected how much time larvae had to travel before success-
ful settlement, but resulted in reduced dispersal distances. 
They found that early onset of orientation and large maxi-
mum detection distances increased settlement and resulted in 
an increase in larvae settling near their starting (home) reef.
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Putman and He (2013a) used a PTM to assess how differ-
ent spatial and temporal averaging of the physics (transport) 
affected model skill simulating transport of larvae relative to 
drifters, and then simulated (albeit passive only) transport of 
young turtles escaping the shelf to reach the better habitat 
of the oceanic waters. They showed how over-averaging the 
hydrodynamics output can cause results that were incon-
sistent with observations of in situ drifter trajectories, and 
that cross-shelf transport of virtual juvenile turtles moving 
to better ocean habitat depended on the release site. The 
results apply to a variety of organisms because of the focus 
on passive transport (which affects all species although to 
varying degrees), but they are only relevant to long-range 
movements (fine-scale behavior is not considered) for which 
net transport plays a dominant role. Putman et al. (2013b) 
further focused on simulating the distribution of the oce-
anic stage of Kemp’s Ridley sea turtles. Assuming survival 
increases with water depth and allowing for going in an off-
shore direction when very young, they predicted that the 
turtles would occur mostly in the western GoM, with some 
rare events of rapid eastward transport so the turtles some-
times occurred on both coasts of Florida.

Many of the PTM analyses made innovative use of field 
data collected in the GoM to support or parameterize the 
models. For example, PTM results were corroborated or 
contrasted with genetic data (Cardona et al. 2016), stable 
isotopes (Weisberg et al. 2014), or survey data (Paris et al. 
2020). Combining field data with modeling enabled quan-
tification of the results with higher confidence and should 
serve as template as PTM and data collection continues in 
the GoM.

Movement of Juveniles and Adults Movement of juveniles 
and adult stages of fish and other taxa was incorporated into 
a comprehensive food web model of the GoM (Ainsworth 
et al. 2018). The model simulated the growth, mortality, 
recruitment, and movement of 91 functional groups on a 
12h time step in a coarse 3-D grid comprised of 61 horizon-
tal polygons (up to 7 vertical layers). It also concurrently 
simulated the spatial–temporal dynamics of the DwH oil 
spill using a deep-sea blowout model developed as part of 
GoMRI research (Paris et al. 2012; Le Hénaff et al. 2012b; 
Perlin et al. 2019). The oil spill effects were imposed on 
growth and mortality and the food web response was quanti-
fied. The modeling results of Ainsworth et al. (2018) showed 
major local declines in many functional groups in areas most 
impacted by the DwH spill, with recovery times ranging 
from 10 to 50 years depending on life history. Some impacts 
were predicted far from the spill source due to reduction 
in prey and the subsequent transport of the prey (and their 
pelagic larvae) to other regions on the grid, which in turn 
affected higher order predators. Movement was simulated 
as seasonal redistributions of biomass among major habitat 

types, and as long-range migrations of some species repre-
sented via specified fractions of biomass entering and leav-
ing the model domain.

GoMRI research examined the connectivity of the wet-
lands in estuaries with the shelf habitats using field data 
analyses. For many coastal fish species, including many spe-
cies in the GoM (e.g., Shaw et al. 1985; Rogers et al. 1993), 
eggs and larvae are transported into the estuaries (and asso-
ciated wetlands and other habitats) from adults spawning on 
the shelf (Epifanio et al. 2001). In general, for species that 
use both the shelf and estuaries, one would expect to see 
reduced fish in their estuarine environment if their eggs and 
larvae were exposed to oil on the shelf. Yet, Fodrie and Heck 
Jr. (2011) used long-term monitoring data of juvenile fishes 
in seagrass habitat and did not detect a reduction in juveniles 
nor changes in species distribution following the DwH spill. 
Moody et al. (2013) used monitoring data of fishes on salt 
marshes as part of ongoing oyster-reef restoration project 
and compared trajectories of the abundances of resident and 
transient species before and after the spill. While two resi-
dent species declined after the spill, they recovered by the 
next year and there were no declines in transient species, 
which are most likely to be impacted because their eggs 
and larvae would be exposed on the shelf. Able et al. (2015) 
studied marsh fish assemblages 2 years after the spill and no 
detectable differences were observed in oiled versus unoiled 
marshes. A recent paper by Martin et al. (2020) looked at 
20 years of fisheries-independent data from Mississippi and 
Alabama on fishes and invertebrates and showed differences 
in community composition, abundances, etc. during the 
intra-spill period (2010–2012) compared to pre- and post-
spill time horizons.

A precursor to assessing connectivity is to define sub-
regions with similar ecology and species composition and 
communities that can provide the basis for examining con-
nectivity among spatial sub-units in the GoM. Murawski 
et al. (2018) collected adult demersal fish using long-line 
sampling in a transect design that covered the 40 to 300 m 
depth strata throughout the GoM. They identified 6 zones of 
similar fish community structure. Miron et al. (2017) used 
surface drifter observation data to delineate 5 subregions of 
high retention in the Gulf. Such physics-based identification 
of subregions is very useful to compare to sub-units based 
on biological considerations to infer how biological consid-
erations combine with circulation to result in the realized 
connectivity among eco-regions.

Identified Uncertainties and Challenges

Future efforts should focus on collecting behavioral data 
on fish swimming modes and capabilities, responses to 
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environmental variables, movement strategies (e.g., hiding, 
cruising), and degree of specificity and fidelity to different 
conditions and habitats, in order to expand the coupling 
between coastal ocean circulation modeling and fish ecol-
ogy. Great promise exists for identifying transport pathways 
and ascertaining the underlying movement patterns that 
lead to observed spatial distributions. Obtaining the data to 
refine larval and adult movement in circulation, population, 
and food web models will lead to better predictions of the 
spatial and temporal trends of organisms and quantification 
of the degree of connectivity within the GoM subregions 
and habitats. A critical issue for the movement of early life 
history stages, as well as juveniles and adults, is how multi-
ple cues determine behavioral movement on short and long 
time and space scales. For many species, these cues are 
time-dependent and vary in two and often three dimensions. 
In addition, the idea of linking the movement trajectories to 
the bioenergetics and survival (i.e., fitness and food limi-
tation) of the individual is just recently gaining attention. 
This was limited until recently by little field data on fine-
scale movement trajectories. Telemetry data are becoming 
available on enough individuals to determine patterns in 
trajectory pathways, and the technology now permits for 
the recording of the environmental conditions experienced 
by the individuals over time (e.g., temperature) as the fish 
travel along these trajectories (Hussey et al. 2015). The 
rapidly advancing monitoring methods merging genetics, 
telemetry, and other emerging technologies (Danovaro et al. 
2016), with observing systems (Liu et al. 2015), will pro-
vide the empirical basis for these model developments and 
their validation.

Associated with modeling is the need for continued 
monitoring and synthesis of existing field data. Such 
information is needed to provide spatially resolved bio-
logical inputs to models and for assessing the overall skill 
of the combined physical and ecological modeling. With 
the GoMRI efforts as initial steps, continued systematic 
analysis of connectivity pathways of key species at local 
and Gulf-wide scales is needed for effective management 
of the GoM’s habitats and resources. Many of the economi-
cally and ecologically important fish and shellfish species  
have early life stages (egg and larvae) that rely on trans-
port ranging from a 1 km scale (within the shelf and within  
estuaries) to hundreds of km's (shelf to estuaries) for success-
ful completion of their life cycles (Chen 2017). Recruitment  
(defined as survivors to an age or size after which  
mortality rate is relatively constant) determines popula-
tion abundances and therefore sustainable harvest levels 
(Plagányi et al. 2019). Recruitment is greatly influenced by 
the dynamics in the early life stages (Fogarty and O’Brien 
2016; Lorenzen and Camp 2019) when transport plays an 
important role in growth and survival of individuals.

Oil Transport and Fate

Overview

The fate of oil spilled into the ocean depends on many fac-
tors, including transport and dispersion by the ocean circula-
tion (sections “Wetland, Estuary, and Shelf Exchanges” to 
“River-Induced Fronts and Cross-basin Transport”), physi-
cal weathering (evaporation, emulsification), photochemical 
degradation, other chemical transformations, and biologi-
cal consumption (e.g., Spaulding 1988; Yapa 1996). These 
physical/chemical/biological processes may have different 
time scales, ranging from hours to years. To inform response 
activities (e.g., booming, skimming, in situ burning, and 
applying dispersant), what is needed are short-term forecasts 
on time scales of hours to days, for which physical ocean-
ography plays an important role. Therefore, information on 
ocean currents, winds, and waves is essential at those scales.

Prior to the DwH incident, and partly due to a paucity 
of high-quality numerical ocean circulation models, many 
oil spill models relied on low-accuracy ocean circulation 
modules which propagated large uncertainties into forecasts 
of oil transport. Commonly added was a wind-age term to 
account for either unresolved Ekman layer effects, or simply 
to make an empirical correction to align observed and mod-
eled oil spill trajectories (e.g., Abascal et al. 2009). Also, 
due to the lack of open-access to operational ocean circula-
tion nowcast/forecast model results, most oil spill modeling 
was performed in a hindcast mode, despite the availability 
of satellite-inferred oil slick location information.

Differing from prior oil spills, during the DwH event 
crude oil rose from the ocean bottom in approximately 
1500 m water, much deeper than any previous oil spill. 
The amount of hydrocarbons released remained uncertain 
throughout the spill, and mitigation activities, such as dis-
persants use, containment, collection and burning at sea, 
affected the composition and trajectory of released oil, com-
plicating trajectory modeling efforts. Such uncertainty was 
compounded by errors in both the velocity fields generated 
by the suite of extant ocean circulation models and the tra-
jectory model algorithms. Many regional ocean models did 
not represent the details of the transport of river waters from 
the estuaries to the shelf and beyond and none resolved sub-
mesoscale dynamics. Kourafalou and Androulidakis (2013) 
showed that the correct representation of the evolution of 
river-induced fronts is fundamental for the transport and fate 
of oil for a spill near a river-dominated coastal environment, 
such as the DwH incident. All these factors complicated 
traditional oil spill forecast (Liu et al. 2011a). How to effec-
tively model transport pathway and fate of the DwH hydro-
carbons remains a challenging research question.
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Findings of the GoMRI Research Program

As a rapid response to the DwH oil spill, surface trajectory 
forecasts were implemented to provide information for miti-
gation activities (e.g., Liu et al. 2011a). To reduce the uncer-
tainties and the errors that increase with time, the trajectory 
models were frequently re-initialized with satellite inferred 
and observed oil locations (Liu et al. 2011b, c; Mariano et al. 
2011). New virtual particles were added to the trajectory 
models to simulate the continuous release of oil from the 
wellhead. An ensemble of multiple models was used to gen-
erate the short-term forecast of surface oil (e.g., Liu et al. 
2011b, c). Subsurface oil trajectories were also simulated 
based on the virtual particles released at individual vertical 
levels (Weisberg et al. 2011) and directly from the spew-
ing wellhead in three dimensions (Paris et al. 2012). These 
initial simulations were consistent with the observations of 
the southwest trending plume of dissolved natural gas and 
dispersed oil droplets at 1200 m depth (Camilli et al. 2010).

After these rapid response trajectory simulations, hind-
cast simulations were eventually performed (e.g., Dietrich 
et al. 2012; Le Hénaff et al. 2012b; Paris et al. 2012), and 
some considering oil droplet size variations (Paris et al. 

2012; North et al. 2015; Perlin et al. 2019) or subsea chemi-
cal dispersant applications (Paris et al. 2012). By nesting 
a high-resolution, unstructured grid, coastal ocean model 
(WFCOM) in coarser resolution deeper GoM models (either 
the Global or the GoM HYCOMs), Weisberg et al. (2017) 
showed that the ocean circulation appeared to control the 
transport of surface oil from the deep ocean to the continen-
tal shelf and that as the water depth decreased, the waves, via 
Stokes drift, were responsible for the actual beaching of the 
oil. This finding had an intuitive basis in that the circulation 
in shallow water is increasingly constrained to flow along 
isobaths upon approaching the coastline, whereas the Stokes 
drift is not. Figure 10 compares the results without and with 
Stokes drift, and while not shown, the results with Stokes 
drift are in qualitative agreement with the locations where 
beached oil was observed.

Stokes drift was also found important for the transport of 
oil both toward the coasts and toward the GoM interior. Le 
Hénaff et al. (2012b) showed that model simulations without 
Stokes drift were the main reason for erroneous forecasts 
indicating that large amounts of oil would travel southward, 
along the LC in May 2010. Although such a transport sce-
nario is dynamically possible, the wind conditions during 

Fig. 10  Distributions of beached particles and their ages on June 27, 
2010, simulated without (upper panel) and with (lower panel) the 
inclusion of Stokes drift. The simulation period was from May 24, 
2010 (when the observed surface oil was still over deep water, except 
near the Mississippi Delta), through June 27, 2010 (when most of 

the oil had reached the shoreline). The simulation used the high- 
resolution West Florida Coastal Ocean Model (WFCOM) nested in the  
Global HYCOM. Of the 8416 particles used in the simulation, 27.3% 
reached the shoreline with Stokes drift, versus only 3.3% without 
Stokes drift (from Weisberg et al. 2017)
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that spill period prevented the massive export of oil from 
the immediate area of DwH toward the Straits of Florida. 
These results point to the importance of including a Stokes 
drift parameterization, in addition to using accurate wind 
forcing fields.

Whereas particle tracking demonstrated successes over 
the many studies discussed, the use of scalar concentra-
tions to represent the oil was also successful. For example, 
Weisberg et al. (2016b) tracked a subsurface scalar concen-
tration plume from the northern GoM coastal region where 
surface oil abounded to the west Florida continental shelf 
and around the Dry Tortugas as driven by the protracted 
upwelling circulation that existed from May 2010 through 
the end of 2010. The near bottom plume footprint closely 
coincided with the locations of reef fish lesions found a year 
later in a survey by Murawski et al. (2014). It was argued 
that DwH hydrocarbons did permeate the West Florida 
Shelf, albeit sight unseen beneath the surface. Although the 
concentrations were largely diluted along the route, these 
hydrocarbons were potentially toxic according to Murawski 
et al. (2014) and Berenshtein et al. (2020).

Other hindcast modeling of the oil movement included a 
stochastic approach to represent unresolved sub-grid scale 
variability that may affect oil transport (Srinivasan et al. 
2010; Mariano et al. 2011; Abascal et al. 2015) and simula-
tions of oil transport using several different ocean circula-
tion models (e.g., Jolliff et al. 2014; Khade et al. 2017). For 
a longer-term outlook of what a future spill might bring, a 
Monte Carlo simulation was performed to statistically pre-
dict where the oil might go, with a focus on the probabilities 
of oil beaching (e.g., Barker 2011).

Oil entered some estuaries of the northern GoM between 
May and September 2010 (Michel et al. 2013). Once inside 
the estuary, the oil deposited on the marsh shorelines over a 
total length of 1105 km (Nixon et al. 2016). The deposition 
of the oil was largely concentrated to the first ~ 10 m from 
the marsh edge, where it caused acute effects such as plant 
mortality and accelerated marsh edge erosion (Silliman et al. 
2012).

Numerical modeling for oil transport was able to cor-
rectly simulate the entrance of oil into Barataria Bay, pro-
vided that surface transport was included (see “Nearshore 
and Inlet Processes” on the parametrization of Stokes drift). 
These models, however, were unable to simulate the detailed 
redistribution of oil within the estuary itself, likely due to 
a combination of factors that included inadequate spatial 
resolution and imprecise model bathymetry. Nevertheless, it 
was recognized that this redistribution is strongly affected by 
wind-driven transport, especially on low-frequency events 
such as cold fronts (Payandeh et al. 2019). Other important 
factors were density gradients by neighboring river inputs 
and tidal fronts. Furthermore, given the settings of estuaries 
in the northern GoM, south-facing marshes are more likely 

to experience incoming wave transport when the water level 
is high (i.e., when the marsh is inundated), and thus are more 
susceptible to getting covered by oil (Valentine and Mariotti 
2019).

Model results indicated that the existing river diversions 
have a limited flushing potential and are not effective in 
preventing the offshore oil slicks from drifting into coastal 
estuaries (e.g., Barataria and Breton Sound) (Huang et al. 
2011; Huang et al. in review). The results further suggest 
that proposed large sediment diversions would have much 
larger flushing potential, albeit in association with significant 
ecological tradeoffs associated with estuarine freshening.

The Mississippi plume buoyancy-driven effects on 
oil transport were different east and west of the Missis-
sippi Delta. Although the downstream westward currents 
entrapped oil close to the Louisiana coasts in early July 
2010, the anticyclonic circulation within the upstream plume 
region (east of the Delta, extending over the Mississippi- 
Alabama-Florida shelf) created a front that restrained 
onshore transport in late May 2010. The effects of the river 
plume dynamics and the accompanying fronts on oil trans-
port and especially on oil stranding during the DwH acci-
dent were also discussed by Hole et al. (2019). Oil spill 
simulations, based on the OpenOil model (Dagestad et al. 
2018), covered specific periods of characteristic river plume 
spreading and showed consistent river effects on the amount 
and location of stranded oil and a considerable impact on 
the location of the surface oil. Modeling results in tandem 
with satellite observations in 2010 showed that periods of 
large river discharges reduced the potential presence of oil 
stranding by 50% in comparison with periods without river 
plume spreading.

Some of the oil buried in the marsh soil was subsequently 
re-mobilized during Hurricane Isaac in 2012 (Zengel et al. 
2015). Precise measurements of this remobilization are not 
available, but there were qualitative observations of oil pres-
ence tens of meters from the original location where the oil 
was deposited (Zengel et al. 2015). Noticeably, this remobi-
lization was such that sites initially classified as “un-oiled” 
eventually got contaminated, thus confounding subsequent 
analyses (Turner et al. 2014a, b, 2019). Furthermore, the 
occurrence of re-oiling was confirmed by various ecological 
studies that, in addition to a partial ecosystem recovery in 
the 2 years after the oil spill, also found increased areas of 
oil-induced side effects after 2012 (Snyder et al. 2015; Bam 
et al. 2018; Perez-Umphrey et al. 2018).

Identified Uncertainties and Challenges

Challenges remain to better understand and model the 
transport and fate of spilled oil. The reactive terms in 
the oil transport equation may impact oil droplet size and 
composition, biological feedbacks via consumption, and 
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aggregation of heavily weathered oil residues with bio-
genic and mineral components (e.g., MOSSFA), and these 
changes, in turn, affect the transport pathways. Reactive 
terms were generally not included in the abovementioned 
oil spill models. Properly accounting for these terms 
remains a major source of uncertainty in the context of oil 
transport, fate, and effects. Regardless of the chemical and 
biological complexities, the transport and dispersion of 
oil finds its underpinnings in ocean circulation, including 
river input, waves, and tides. Because spilled oil makes 
its largest impact in coastal waters and on beaches, there 
is a need for downscaling from the deep ocean, across the 
continental shelf, into the estuaries and onto the marshes 
and beaches. No single model is adequate for this task. 
Accurate deep ocean models are required for represent-
ing the deep ocean currents (including baroclinicity and 
waves) and how these deep ocean currents project onto the 
continental shelf (Bracco et al. 2020). Increasing resolu-
tion plus incorporation of flooding and drying is required 
approaching the coastline, and even higher resolution is 
needed to include the inlets through which water enters 
the estuaries and the Gulf Intracoastal Waterway. Equally 
important are the observations that are necessary for 
either data assimilation or for determining model veracity. 
Adding (and sustaining) new observations to the limited 
ones that existed prior to the DwH event remains a major 
challenge.

In summary, requirements for improved oil spill tra-
jectory and fate modeling are as follows: (1) a suite of 
appropriately scaled, preferably coupled, circulation mod-
els, supported by (2) a well-designed observing array for 
both data assimilation and model veracity testing (e.g., 
Weisberg et al. 2015), and (3) improved formulations for 
the non-conservative (physical weathering and biological 
and chemical transformations/decay) aspects of oil track-
ing (e.g., Adcroft et al. 2010). Whereas the models them-
selves may be designed to be portable (e.g., Weisberg 
et al. 2017), the observing system must be distributed 
and sustained. Such observing systems should be comple-
mented by fine-scale measurements of sediment and water 
quality during high-energy events. Such observations have 
a myriad other applications besides oil tracking, such as 
improved marine weather forecasting, search and rescue, 
and water quality and resource management.

Additional challenges occur in the case of deep oil 
spills, such as the DwH, where up to 50% of the oil 
released remained below the surface, entrained into sub-
surface plumes that traveled at depth along the continental 
slope. This motivated the scientific community to better 
understand and model transport and mixing processes 
in sub-surface and deep waters, as recently reviewed 
in Bracco et al. (2020). The deep Gulf remains a major 

challenge due to the sparseness of available observations 
and the limited predictability of the circulation below 
1000 m depth in the absence of continuous monitoring 
systems. Limited knowledge of mixing processes along the 
continental slope and shelves continues to halt progress, 
as tracer dispersion is both spatially inhomogeneous and 
temporally intermittent, as confirmed by the deep tracer 
release experiment conducted by the GOMRI-funded Gulf 
of Mexico Integrated Spill Response (GISR) Consortium 
(Ledwell et al. 2016).

GoMRI Legacy

After more than four decades of research (e.g., Odum 
et  al.  1979; Nixon 1980), much has been learned and 
much remains to be learned, regarding the transport of 
sediments, nutrients, carbon, organisms, pollutants, and 
other constituents along the river-estuary-shelf-ocean con-
tinuum. To this end, the GoMRI program has significantly 
advanced the scientific understanding of the transport pro-
cesses in the GoM and their relevance for ecological con-
nectivity and oil transport and fate. In general, advances 
have been focused on the open ocean and the water sur-
face. This focus partly reflects the offshore orientation of 
the projects proposed and funded by GoMRI, but also the 
availability of information. Satellite products contribute 
an almost continuous generation of observations concern-
ing surface conditions (Devi et al. 2015), and modeling 
was designed to inform oil fate and therefore focused on 
transport in the shelf-ocean environments. In addition, 
the available field data are generally more representative 
from the shelf-ocean as compared to the highly dynamic 
and complex estuarine environment. Nonetheless, through 
GoMRI and other research of the last 10 years, our under-
standing of surface convergence, Stokes drift, LC intru-
sions, and river-induced fronts, and their impacts on the 
transport of oil and organisms, has improved dramatically. 
An indication of this burst of activity is the large num-
ber of post-2010 peer-reviewed publications cited in this 
review, including over 70 funded, wholly or partially, by 
GoMRI.

Progress in our understanding and quantification of 
transport resulting from the GoMRI effort involved many 
individual studies that included aspects of methods devel-
opment, new analyses, and data synthesis. Targeted multi-
platform observational studies were made possible, due to 
the variety of co-funded research groups that were work-
ing both individually and in synergy; an example was 
given in section “Identified uncertainties and challenges” 
under “River-Induced Fronts and Cross-basin Transport” 
and Fig.  9. Methods development included improved 
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data collection, analysis of synthesized datasets, and 
expanded and improved models, which can be transferred 
and applied to other systems (e.g., Hole et al. 2019; 2021; 
Androulidakis et al. 2020a, b; Ainsworth et al. 2021). Pro-
cess understanding helps guide future research and sets up 
a framework for determining the relative importance of 
processes influencing transport at multiple spatial scales 
(submeso- and meso-scale to regional to Gulf-wide) within 
the GoM and positions us to compare the importance of 
these factors to other large river-dominated coastal sys-
tems. New methods, synthesized data, and increased 
understanding all coalesce to improve forecasting capa-
bilities that prepare us for dealing with, and responding to, 
future events, including episodic events such as oil spills, 
local and regional responses to large-scale restoration, 
and long-term changes anticipated under climate change 
scenarios.

Advances in modeling methods were mostly focused, 
but not limited to, refinement and coupling of models to 
better simulate transport across various linkages in the 
river-estuary-shelf-ocean continuum. In the past decade, 
3-D hydrodynamic models that had highly refined repre-
sentations of the complex coastlines began to converge on 
a consistent use of data products for specifying boundary 
conditions and forcings, and advanced computing aspects 
of coupling and nesting of different resolution models were 
developed and implemented. Examples of the application 
of these modeling advances were improved capabilities for 
quantifying bay-ocean exchanges of water under extreme 
weather conditions (e.g., Chen et al. 2018) and increased 
skill in simulating oil fate (e.g., Weisberg et al. 2017). A 
major effort was also centered in examining how freshwater 
inputs influence transport across the river-to-ocean contin-
uum, as illustrated by the modeling analyses that examined 
how river diversions affect hydrodynamics (and therefore 
transport) in the near-field (estuarine) and how those effects 
propagate onto the shelf (Huang et al. 2011; Cui 2018). 
These types of simulations have broad implications on the 
transport dynamics, and the associated fate and distribu-
tion of carbon, nutrients, sediment, and other constituents 
in the GoM. The extensive particle-tracking modeling also 
built on the improved transport representation to look at 
ecological connectivity of particles and organisms across 
the continuum (e.g., Paris et al. 2020).

On finer spatial scales, model developments included 
allowing for inundation and drying of low-lying areas and 
marshes (e.g., Weisberg et al. 2014) and the inclusion of 
sufficient resolution and process formulations to simulate 
transport along barrier islands and within island passages 
(e.g., Weisberg et al. 2017). Predictive tools that allow for 
accurate simulation of transport across temporal and spatial 
scales will enable more informed assessment of the fate of 

oil, and the accessibility of these habitats to organisms and 
their resilience to anticipated future events and climate con-
ditions (McKee et al. 2012; Kemp et al. 2016).

Transport involving the open ocean used both modeling 
and data analysis to further resolve the role of mesoscale 
and finer-scale phenomena on advection (Barkan et  al. 
2019; Bracco et al. 2019a). The additional role played by 
the influx of riverine fresh water modifying the density gra-
dients and stratification, and thereby affecting the formation 
of sub-mesoscale lateral convergence zones, is important for 
predicting and understanding where nutrients concentrate 
and the fate of pollutants. Furthermore, transport involv-
ing the open ocean was linked to the LC via the LC’s role 
in the dynamics of low salinity water of river origin within 
the GoM (Androulidakis et al. 2019; Brokaw et al. 2019). 
These results have important implications for interpreting 
tracer and drifter studies (e.g., D’Asaro et al. 2018) and for 
understanding the transport of material at the surface versus 
the conditions measured at depth (Wenegrat et al. 2014). 
Riverine waters also influenced transport involving the shelf-
open ocean via their plume fronts. The role of river plumes 
on along-shore and cross-shore transport, including oil, 
was established via modeling and data analysis (Kourafalou 
and Androulidakis 2013; Schiller and Kourafalou 2014; 
Androulidakis et al. 2018, 2019).

As part of these advances, there were concentrated 
activities in synthesizing the available information and 
the field data for both their own analyses and for use in 
model formulation and testing. Examples are the use of 
data assimilation with high-resolution (1/50°) HYCOM (Le 
Hénaff and Kourafalou 2016), and the use of synthetized 
survey data (e.g., Paris et al. 2020) and genetics data (e.g., 
Cardona et al. 2016) for development and testing of PTMs 
for larval transport. New technologies were also developed, 
such as the use of remote sensing to measure currents at 
the surface (Laxague et al. 2018; Rodriguez et al. 2018). 
As part of GoMRI, all data are documented, archived, and 
available through the GoMRI Information and Data Coop-
erative (GRIIDC). These data and model products provide 
a secure mechanism for using the information in subse-
quent analyses to continue to further our understanding 
beyond GoMRI.

All these advances, when viewed together and from the 
lens of transport along the river-estuary-shelf-ocean con-
tinuum, improved our understanding and forecasting capa-
bilities for simulating oil fate and for modeling, assessing, 
and quantifying the transport and connectivity of organisms 
on the scale of the Gulf. Multi-scale research, such as that 
illustrated here and made possible by the GoMRI effort, 
positions us to better respond to future events and projected 
conditions for the GoM.
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Recommendations for Future Research

GoMRI, and other DwH oil spill–related funding, provided 
an unprecedented opportunity to build upon prior knowl-
edge in studying the functioning of the GoM. The accumu-
lation of many studies advanced a holistic view of transport 
across the river-estuary-shelf-ocean continuum. While each 
study stands alone, a remaining challenge is to maximize 
the usefulness of the collection of the individual studies and 
maintain the momentum of the burst in research provided 
by GoMRI. Many of the studies, as part of the process of 
advancing the science, identified specific uncertainties. 
These uncertainties provide the initial fodder for informing 
post-GoMRI research. Our accumulation of the uncertainties 
is not intended as a comprehensive listing of the most critical 
ones; rather, these arose in the context of specific analyses 
based on the judgment of the specific investigators. They 
are worth considering as potential areas of research that, if 
addressed, would further advance the science.

Several major topics emerged as important in multiple 
settings. These include the quantification of sediment, car-
bon, dissolved gasses and nutrient fluxes during extreme 
weather events, consistent specification of the various exter-
nal forcings used in analyses, methods for smooth integra-
tion of multiscale advection mechanisms across different 
flow regimes, dynamic coupling of the atmosphere with 
sub-mesoscale and mesoscale phenomena, and methods 
for simulating finer-scale dynamics over long time periods. 
Addressing them will involve data collection, analyses, and 
model developments, such as using nested models with 
downscaled inputs. Regarding the understanding of specific 
processes, particular effort should be devoted to (1) advance 
the parameterization of turbulence, especially at the air-sea 
interface and in the bottom boundary layer, and (2) under-
stand and quantify the transport of oil-sediment aggregates. 
Continued advances in the simulation of transport along 
the river-estuary-shelf-ocean continuum will permeate into 
improved skills for simulating oil fate and, with the addi-
tion of better data and behavioral considerations, additional 
insights into the connectivity of organisms across multiple 
temporal and spatial scales.

With this integrated approach relying on both deep-ocean 
and land-derived inputs, it is imperative that these be better 
defined. Key to this are sustained observations and improved 
models, accommodating the broad range of scales that con-
trol circulation and transport. Advancing the understanding 
of fundamental processes that control such a complex system 
is an on-going task. For instance, understanding the impact 
of the LC and associated eddies on shelf circulation has 
advanced substantially, but improving upon these advances 
also requires well-designed and sustained observations, and 
reliable model simulations and analyses.

Addressing the above gaps and uncertainties would allow 
the scientific community to be better prepared to predict the 
fate of hydrocarbons and their impacts to the coastal ocean, 
rivers, and marshes in the event of another spill in the GoM. 
It would also dramatically improve our understanding of 
the physical, biological, and chemical functioning along the 
land–ocean continuum, with long-lasting implications, in and 
outside the GoM. To achieve these objectives, future research 
efforts should focus on developing a reliable, continuous, 
and sustainable observing system using different platforms 
and instruments, and on advancing data-assimilating mod-
els that couple rivers and estuaries to the coastal and shelf 
seas, and then to the adjacent open ocean. The new platforms 
should take advantage of emerging technologies for “smart” 
observational networks that are driven by stakeholder needs 
and can deliver intelligent adaptive sampling that is suitable 
for integration in traditional modeling systems, as well as 
systems based on Artificial Intelligence and Machine Learn-
ing. Such developments should cover the sampling of coastal 
hazards from extreme events and climate change, leading to 
solutions that are required for coastal sustainability, resil-
ience, and adaptation.

Achieving better capabilities for understanding the inter-
connected GoM system and better preparations for future 
contingencies will require the continuous synergy of mul-
tiscale studies from the wetlands, rivers, and estuaries to 
the coastal, shelf, and open seas. It is important to promote 
such an integrated approach, in contrast to the fragmenta-
tion of disciplines that have dominated GoM science. A 
better coordination between research communities will 
reduce risks and costs of the required measurements and 
will advance comprehensive models that address not only 
environmental, but also socioeconomic and health effects 
(Solo-Gabriele et al. 2021). Coordination is also necessary 
between the scientific, management, and policy communi-
ties to make sure that scientifically informed measures and 
decisions are developed. The engagement of all interested 
stakeholders must be promoted, so that research is guided 
and co-designed with stakeholder needs in mind. Such an 
approach will greatly benefit the management of the Gulf’s 
vast marine resources, provide tools for preparedness and 
response to hazards, and ensure a healthy and economically 
viable environment.
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