
Loop Current and Eddy‐Driven Salinity Variability
in the Gulf of Mexico
Richard J. Brokaw1 , Bulusu Subrahmanyam1 , and Steven L. Morey2

1School of the Earth, Ocean, and Environment, University of South Carolina, Columbia, SC, USA, 2School of the
Environment, Florida A&M University, Tallahassee, FL, USA

Abstract The Loop Current System, involving the Loop Current and Loop Current Eddies, is the
principal circulation feature in the Gulf of Mexico, which exhibits salinity gradients due to Mississippi
River system freshwater discharge and large salinity variability on seasonal timescales. This research uses
satellite‐derived sea surface salinity from NASA's Soil Moisture Active Passive and ESA's Soil Moisture
and Ocean Salinity missions with altimetric sea surface height data to observe and quantify the
redistribution of low‐salinity water by Loop Current System interaction. Freshwater flux in this region
during summer months is modulated by Loop Current System configuration as classified by three states.
An extended Loop Current transports low‐salinity water southward to the Florida Straits. A Loop Current
eddy near the Louisiana‐Texas shelf recirculates low‐salinity water within the central Gulf. During a
retracted Loop Current, no interaction occurs and low‐salinity water remains close to the coast in the
northern Gulf.

Plain Language Summary The Gulf of Mexico receives freshwater from the Mississippi and
Atchafalaya Rivers with an annual peak during spring due to snow melt over the upper part of the
watershed. The fresh water forms a low‐salinity water plume, which evolves based on local wind forcing as
well as circulation features associated with the Loop Current System. The Loop Current brings Caribbean
Sea water northward into the Gulf of Mexico and transports waters out of the Gulf through the Florida
Straits where it feeds into the Gulf Stream. While inside the Gulf, the Loop Current can extend northward to
the Mississippi‐Alabama coast. When extended northward, the Loop Current advects low‐salinity water
eastward along the Mississippi/Alabama/Florida shelf, and southward along the West Florida Shelf. This
low‐salinity water then exits the Gulf through the Florida Straits. Additionally, the Loop Current
occasionally sheds anticyclonic eddies which migrate westward to the Texas coast, and can recirculate
low‐salinity water in the central Gulf of Mexico. Analysis of nearly a decade of satellite salinity data shows a
preference for events of freshwater flux toward the southeastern Gulf of Mexico during the late summer
months with substantial interannual variability linked with the configuration of the Loop Current System.

1. Introduction

The Gulf of Mexico (GoM) is a semienclosed sea with circulation dominated by a branch of the North
Atlantic's western boundary current system (the Loop Current System—LCS) flowing through the basin
and receiving freshwater from one of the largest river systems in the world. Marked seasonal increases in
Mississippi and Atchafalaya Rivers discharge contribute freshwater to the northern Gulf during spring
(Bratkovich et al., 1994). Freshwater input forms a low‐salinity water (LSW) plume that interacts with the
LCS. The LCS is composed of the Loop Current (LC), which sheds anticyclonic Loop Current Eddies
(LCEs) on time scales of approximately 3 to 17 months (Sturges & Leben, 2000). This energetic LC feeds into
the Gulf Stream through the Florida Straits. The GoM is also environmentally and economically important
to the United States, Mexico, and Cuba. The LCS redistributes biota and nutrients essential for GoM
ecosystems. Elevated nutrient and pigment concentrations are associated with low salinity water as rivers
supply both fresh water and nutrients to the Gulf (Hiester et al., 2017; Zavala‐Hidalgo et al., 2014). The upper
ocean stratification within the GoM affects the intensification of tropical cyclones through the fluxes of heat
energy to the atmosphere from the deep mixed layer associated with the LCS (Gierach &
Subrahmanyam, 2006).

The LC transitions slowly from a retracted position flowing from the Yucatan Channel to the Florida Straits,
to an extended one, which reaches toward the Mississippi‐Alabama‐Florida (MAFLA) Shelf. This extended
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state leads to the shedding of a large anticyclonic LCE, after which the LC returns abruptly to its retracted
state (Alvera‐Azcárate et al., 2008). GoM dynamics are dominated by a combination of “frontal” cyclonic
eddies that occasionally pinch the LC (Le Hénaff et al., 2012) and the mesoscale eddy field associated with
the LCS. In contrast to the strong seasonality in freshwater input to the GoM, the intrusion of the LC and
positions of LCEs within the GoM have no strong seasonal cycle causing the interactions of LSW with the
LCS to differ greatly from year to year.

Some studies (Morey, Martin, et al., 2003; Morey, Schroeder, et al., 2003; Otis et al., 2019; Schiller et al.,
2011; Schiller & Kourafalou, 2014) have investigated transport of LSW away from the northern GoM and
have expanded the understanding of the pathways of this LSW and seasonality. Additionally, previous
episodes of long‐distance transport of Mississippi waters have been documented first in 1993 (Gilbert
et al., 1996; Ortner et al., 1995), in 2004 (Hu et al., 2005), and in 2014 (Le Hénaff & Kourafalou,
2016). However, these studies have focused on singular events, and there has been no research to our
knowledge into the varying spatial patterns of the GoM surface salinity field. The motivation for this
research is to investigate the connection between the LCS and seasonal and interannual changes in
GoM surface salinity field and lateral freshwater fluxes. We aim to characterize the LCS configurations
that lead to the different spatial distributions of LSW throughout the Gulf. Specifically, we investigate
the role of the extended LC and LCEs in determining patterns of lateral freshwater fluxes, and hence sur-
face salinity signatures in the GoM. Differing patterns of surface salinity signatures are important in
understanding the fate of the freshwater from the Mississippi and Atchafalaya rivers, which has potential
biological impacts in areas such as the Florida Straits and can alter the upper ocean stratification of the
central GoM.

Through the use of satellite‐derived sea surface salinity (SSS) and altimetric sea level anomaly (SLA), we can
observe how the LC interacts with the seasonally present LSW in the northern GoM. From these data, we
can observe the surface salinity signatures associated with freshwater input. Evaluating together the mea-
sures of salinity, river discharge, and merged altimetry products to observe geostrophic velocities in the
GoM helps provide a comprehensive view of the LCS interaction with LSW plumes contributed by the
Mississippi and Atchafalaya Rivers.

2. Data and Methods

The NASA's Soil Moisture Active Passive (SMAP) SSS level 3 V4.0 daily product is derived using an 8‐day
running mean (consistent with complete global coverage of SMAP's orbit) and is produced by the NASA Jet
Propulsion Laboratory (JPL, openly available at https://podaac.jpl.nasa.gov/dataset/SMAP_JPL_L3_SSS_
CAP_8DAY‐RUNNINGMEAN_V42?ids=&values=& search=SMAP, doi: 10.5067/SMP42‐3TPCS) from 2
April 2015 to present with 0.25° resolution. The Combined Active‐Passive retrieval algorithm initially
developed by JPL for Aquarius/SAC‐D is extended to this SMAP product. The ESA's Soil Moisture and
Ocean Salinity (SMOS) SSS product used is the LOCEAN level 3 V3 9‐day composite maps produced by
LOCEAN/ACRI‐ST, obtained from the Centre Aval de Traitement des Données SMOS from 4 January
2010 to present at 25‐km resolution. This debiased version 3 product improves upon the previous version
2 product with better adjustment for land‐sea bias close to the coast and high latitudinal biases (Boutin,
Vergely, & Khvorostyanov, 2018; Boutin, Vergely, Marchand, et al., 2018). The monthly averages of both
SMAP and SMOS SSS data sets were computed for this study. Vazquez‐Cuervo et al. (2018) compared
the JPL SMAP and LOCEAN SMOS SSS with other satellite‐derived SSS products, buoy‐derived, and
World Ocean Database (WOD) in situ data in the GoM, and found that these data sets consistently repro-
duce seasonal and spatial variability in SSS associated with river discharge. This comparison also found that
the seasonal “spring freshening” near the coast is best represented in the JPL SMAP and LOCEAN
SMOS products.

Geostrophic currents used to examine surface currents, and eddies are derived from the AVISO multimis-
sion merged daily altimetry product. Data from multisatellite altimeter missions are processed to provide
mapped SLA fields with respect to a 20‐year mean. This data set is provided by the Copernicus Marine
Environment Monitoring Service, marine.copernicus.eu) at daily 0.25° resolution. Geostrophic velocities
computer from the sea level data are used in combination with SSS anomalies to compute the surface advec-
tive freshwater fluxes computed as:
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Zonal : F ¼ U × Sfw × dx (1)

Meridional : F ¼ V × Sfw × dx (2)

This calculation follows the approach of Münchow et al. (2006), where U(V) is the eastward (northward)
velocity (m/s), Sfw is the freshwater salinity anomaly computed in equation (3), and dx is the width (m) of
the segment across which flux is calculated. The computation of Sfw follows the approach of Mazloff et al.
(2010):

Sfw ¼ Sref−SSSð Þ=Sref (3)

where Sref is the reference salinity (36.5 here for the GoM), and SSS is the sea surface salinity at a point, pro-
vided here by SMOS and SMAP SSS data. Boxed averages of these fluxes were taken for: MAFLA Shelf (28.5–
30°N, 89–86°W), Florida Straits (23.5–24.75°N, 83.5–80°W), West Florida Shelf (23.5–29°N, 86–83°W), and
Yucatan Channel (21–23°N, 86.5–85°W).

Daily river discharge of the Mississippi River at the Baton Rouge, LA (USGS 07374000) and Atchafalaya
River at Morgan City, LA (USGS 07381600) gauging stations were obtained from the United States
Geological Survey National Water Information System (USGS, https://waterdata.usgs.gov/nwis). Analysis
of river discharge in conjunction with the other described products provides a more complete view of the fac-
tors that could lead to seasonal and interannual changes of GoM surface salinity.

3. Results

A strong seasonal cycle of SSS in the GoM is evident in the time series of basin‐averaged SSS (Figure 1). SSS
maxima occur in the winter months of January and February every year, while SSS minima occur in the late
summer months of July and August every year. Morey et al. (2003) showed a similar seasonal pattern in sur-
face salinity along the eastern side of the typical LC position using a numerical model forced by climatology
wind, heat, and freshwater fluxes. Since we aim to investigate the interaction of this seasonally present LSW
and the LCS, we focus on the month of August which exhibits the lowest SSS values and therefore the great-
est amount of LSW at the surface.

Varying spatial patterns of surface salinity throughout the GoM are shown in Figure 2. LSW is dominantly
found in the northern and northeastern GoM, with SSS values reaching lower than 33, while the southwes-
tern GoM is dominated by high SSS values reaching higher than 37. However, the low SSS values are not
always confined to the northeastern GoM and can be observed in other locations in the GoM along the
West Florida Shelf, central GoM, and occasionally near the Florida Straits. The distinct interactions of the
LCS with LSW produce varying patterns of surface advective freshwater flux values (Figures 3 and 4) and
produce differing SSS signatures as well.

The LCS configurations are classified based on the SSS spatial patterns related to the LCS‐influenced lateral
freshwater fluxes. The first classification (#1) occurs when the LC extends northward to the MAFLA shelf

Figure 1. European Space Agency's SMOS (2010–2017) and National Aeronautics and Space Administration's SMAP
(2015–2018) sea surface salinity averaged over the GoM. SMOS = Soil Moisture and Ocean Salinity; SMAP = Soil
Moisture Active Passive.
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during August of 2011, 2014, 2015, and 2017 (Figure 2). While in this configuration, LSW is advected
eastward along the MAFLA shelf and southward along the West Florida Shelf by the anticyclonic rotation
of the LC. Figures 3a‐–3d show the SSS signatures for this classification #1, which are a result of the
advection of LSW away from the coast by the LC. The eastward advection of LSW is evident in the strong
positive zonal freshwater fluxes reaching 800 m2/s along the MAFLA shelf (Figures 3e–3h). Southeasterly
prevailing winds during summer drive Ekman transport in the surface layer, resulting in eastward
transport of LSW away from the Mississippi Delta toward the deeper waters of the De Soto Canyon where
it can be entrained in offshore circulation features such as eddies and the LC (Morey, Schroeder, et al.,
2003). As the northern extent of the LC entrains and transports this LSW eastward, its anticyclonic
rotation pulls the water southward in the region of the western shelf‐break of the West Florida Shelf
(85°W). Southward LSW advection is evident in strong negative meridional freshwater flux (exceeding 600
m2/s) near the West Florida Shelf, reaching southward to the western tip of Cuba (Figures 3i–3l). Positive
values of zonal freshwater fluxes from 400–600 m2/s can be observed near the Florida Straits
(Figures 3e–3h). Despite different LCS‐LSW interactions, there is consistent eastward zonal freshwater flux
through the Florida Straits (Figures 3 and 4), suggesting that LSW exits the GoM via the Florida Current. The
varying magnitudes of this eastward flux through the Florida Straits are discussed later in this section.

The second classification (#2) occurs when there is an anticyclonic LCE present in the central/western GoM,
observed during August of 2013, 2015, 2016, and 2018. In this instance, the LCE circulates LSW away from
the northern GoM but does not always transport this water toward the Florida Straits. The LCE entrains and

Figure 2. Monthly European Space Agency's Soil Moisture Ocean Salinity (2010–2014) and National Aeronautics and Space Administration's Soil Moisture Active
Passive (2015–2018) sea surface salinity and altimetric geostrophic current streamlines for August 2010–2018.
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transports LSW off of the MAFLA and Louisiana‐Texas (LATEX) shelves over the deep central GoM,
creating a cross‐shelf transport mechanism, which is shown in the strong negative meridional freshwater
fluxes reaching 800 m2/s at 90–91°W (Figures 4i–4l). Southward meridional freshwater flux near the
MAFLA and LATEX shelves (Figures 4i–4l) suggests that LSW can be entrained by the mesoscale eddy
field and transported offshore in the northwestern GoM. The location of the LCE within the central GoM,
which relies on the timing of its separation from the LC (Sturges et al., 1992), dictates its point of
interaction with the LSW plume, which suggests that the variation in westward LCE propagation affects
the patterns of lateral freshwater fluxes and surface salinity signatures.

During August of 2018, there are two LCEs present within the GoM separated by a smaller, cyclonic eddy.
The first decaying LCE is located in the western GoM at 25°N, 93°W. The northeastern edge of this LCE
plays a role in the southward advection of LSW, shown in the negative meridional freshwater flux south
of Mississippi in Figure 4l. The second LCE located at 25°N, 88°W has a similar effect on the LSW as an

Figure 3. Monthly averaged Soil Moisture and Ocean Salinity (2011; 2014) and Soil Moisture Active Passive (2015; 2017)
sea surface salinity and geostrophic current streamlines (a–d), zonal (U) advective freshwater flux (e–h); positive
values represent eastward flux, and meridional (V) advective freshwater flux (i–l); positive values represent northward
flux, for years described by classification #1 (August 2011, 2014, 2015, and 2017). The black lines offshore (e–l) represent
the 1,000‐m isobath. FW = freshwater.
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extended LC, with eastward zonal (Figure 4h) and southward meridional freshwater flux (Figure 4l). An
interesting aspect of this LCS‐LSW interaction is a dipole created by this newer LCE and the small
anticyclonic eddy. This dipole results in northward advection of LSW toward the northeastern GoM
indicated by positive meridional freshwater flux (Figure 4l). The same northward advection of LSW
occurs in August 2015 (Figure 4j). This is similar to the August 2013 event, where an LCE located south
of the LATEX shelf transports LSW toward the central GoM, without connection to the LC. In August
2016, the LCE located at 26°N, 91°W has a different effect on the distribution of the LSW. The northern
edge of this LCE entrains LSW from the LATEX shelf. This, in conjunction with the cyclonic eddy at
27°N, 88°W, creates a dipole resulting in very strong southward LSW advection as evident in the negative
meridional freshwater fluxes at 89°W (Figure 4k). The resultant SSS signature is a band of low‐salinity
waters extending into the southern central GoM toward the Yucatan Peninsula (Figure 4c). Additionally,
westward movement of LSW occurs during August of both 2016 and 2018, shown by negative zonal
freshwater fluxes reaching 300 m2/s near the Campeche Bank (Figures 4g and 4h). The LCS can display
features pertaining to both classifications #1 and #2, as was the case during August 2015 in which the
LCE and extended LC create a distinct pattern. The characteristics leading to this distinct “horseshoe

Figure 4. Same as Figure 3, for years which fit classification #2 (Soil Moisture and Ocean Salinity 2013; Soil Moisture
Active Passive 2015, 2016, 2018). SSS = sea surface salinity; FW = freshwater.
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pattern,” such as the soil moisture and river flooding that occurred in Texas, are discussed by Fournier et al.
(2016). The low‐salinity bands extending over the deep central GoM evident in the SSS signatures of August
2013 (25–27°N, 88–87°W), 2015 (25–27°N, 91–90°W), 2016 (25–27°N, 89–88°W), and 2018 (25–27°N, 90–
89°W) do not connect to the eastward flowing portion of the LC, and therefore do not exit the GoM
through the Florida Straits.

The differing magnitudes of monthly river discharge, meridional, and zonal advective freshwater flux for
each year included in this study (2010–2018) are shown in Figure 5. Years that fit classification #1 exhibit
the greatest positive zonal freshwater fluxes along the MAFLA shelf (Figure 5e), with boxed average values
of 550 m2/s (2011), 633 m2/s (2014), 523 m2/s (2015), and 279 m2/s (2017). The same years exhibit the great-
est negative meridional freshwater fluxes along theWest Florida Shelf (Figure 5f), with boxed average values

Figure 5. August 2014 maps of (a) Soil Moisture and Ocean Salinity (SMOS) sea surface salinity (SSS) and geostrophic
current streamlines, (b) zonal (U) advective freshwater flux, and (c) meridional (V) advective freshwater flux. (d)
Mississippi (red) and Atchafalaya (purple) river discharge, river mouths indicated by stars on map (a). (e) Boxed average
zonal advective freshwater flux over the Mississippi‐Alabama‐Florida (MAFLA) shelf and through the Florida Straits
(FLS), areas indicated in (b) by black and green boxes, respectively. (f) Boxed averagemeridional advective freshwater flux
over theWest Florida Shelf (WFLS) indicated in (c) by the black box. Blue lines mark August of years that fit classifications
#1 (solid), #2 (dashed), and #3 (dotted). FW = freshwater.
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of −180 m2/s (2011), −236 m2/s (2014), −148 m2/s (2015), and −125 m2/s (2017). During the years that fit
classification #1, the maximum eastward flux through the Florida Straits occurs simultaneously with max-
imum eastward flux along theMAFLA shelf (Figure 5e). However, in years that fit classification #2, the peak
eastward flux through the Florida Straits occurs approximately 2–4 months after peak eastward flux along
the MAFLA shelf. The circulation of LSW within the central GoM without clear connection to the Florida
Straits in August of 2016 and 2018 helps explain the lag in maximum zonal flux through the Florida
Straits region during these years. The year 2016 seems to be an anomalous year, where LSW is transported
into the central GoM without clear connection to the LC (Figure 4b). This explains the lack of peak zonal
freshwater flux through the Florida Straits during 2016 (Figure 5e). When comparing yearly differences in
river discharge (Figure 5d) to the zonal andmeridional freshwater fluxes (Figures 5e and 5f), there is no clear
relationship between peaks in river discharge and peaks in freshwater flux. During April 2014, peak river
discharge reaches a record minimum of 20,146 and 8,640 m3/s for the Mississippi and Atchafalaya Rivers,
respectively. Despite low input, both meridional and zonal freshwater fluxes reach a record maximum in
2014. August of 2014 also displays one of the clearest connections of LSW from its source to the Florida
Straits (Figure 3b).

The third and final classification occurs in years where there is no notable LCS‐LSW interaction, which can
be observed during 2010 and 2012 (Figure 2). The river discharge values of 2010 and 2012 are not anoma-
lously low (Figure 5d), but still there is very little zonal and meridional freshwater flux. Additionally, the
SSS signatures displayed during these years show very little, if any, movement of LSW away from its source
in the northern GoM (Figure 2). With no LCS‐LSW interaction, strong values of zonal and meridional sur-
face advective freshwater fluxes are not observed, and LSW remains close to its source in the northern GoM.

4. Conclusions

An extended LC in classification #1 establishes a clear pathway for the offshore transport of seasonally pre-
sent LSW, which is advected eastward from the MAFLA shelf and southward along the West Florida Shelf.
LSW is transported toward the Florida Straits, where it exits the GoM.Without this direct pathway, the LSW
has different fates within the GoM, and hence the GoM exhibits differing patterns in SSS. As defined by clas-
sification #2, when there is an LCE present in the central GoM, it entrains and transports LSW across the
MAFLA shelf, along the surface toward the southern GoM. This LSW reaches southward as narrow low‐
salinity bands, which do not directly connect to the retracted LC. This LCE can also transport the LSWwest-
ward, and even northward back toward its source, establishing a recirculation of LSW within the central
GoM. This lack of direct connection results in advective freshwater flux through the Florida Straits that is
both smaller in magnitude and lags behind advective freshwater flux in other regions of the GoM. This sug-
gests that the LCS can in part control the net export of freshwater from the GoM to the Atlantic Ocean.
During years defined as classification #3, no notable LCS‐LSW interaction occurs, and the seasonally present
LSW remains close to its source in the northern GoM. These years do not exhibit strong patterns of zonal or
meridional surface advective freshwater fluxes, and therefore, there is minimal redistribution of LSW to
other areas of the GoM. Although river discharge of the Mississippi and Atchafalaya Rivers fluctuate yearly,
these varying discharge rates do not affect the spatial distribution of SSS within the GoM. This suggests that
the configuration of the LCS plays the primary role in determining patterns of surface advective freshwater
flux and hence SSS signatures in the GoM. The seasonal input of freshwater via river discharge forming
LSW, and the lateral advection of this LSW away from the northern GoM by the LCS causes a decrease in
overall SSS of the GoM. This helps establish the seasonal cycle of SSS with yearly minima occurring in late
summer and maxima occurring in winter.

References
Alvera‐Azcárate, A., Barth, A., & Weisberg, R. H. (2008). The surface circulation of the Caribbean Sea and the Gulf of Mexico as inferred

from satellite altimetry. Journal of Physical Oceanography, 39(3), 640–657. https://doi.org/10.1175/2008JPO3765.1
Boutin, J., Vergely, J. L., & Khvorostyanov, D. (2018). SMOS SSS L3 maps generated by CATDS CEC LOCEAN. debias V3.0. SEANOE.

https://doi.org/10.17882/52804#57467
Boutin, J., Vergely, J. L., Marchand, S., D'Amico, F., Hasson, A., Kolodziejczyk, N., et al. (2018). New SMOS sea surface salinity with

reduced systematic errors and improved variability. Remote Sensing of Environment, 214, 115–134. https://doi.org/10.1016/j.
rse.2018.05.022

10.1029/2019GL082931Geophysical Research Letters

BROKAW ET AL. 5985

Acknowledgments
This work is supported by the UofSC's
Magellan Scholarship awarded to R. J.
B. S. L. M.'s contribution to this work is
supported by the NOAA Center for
Coastal and Marine Ecosystems
(NOAA Office of Education
Educational Partnership Program
award NA16SEC4810009), and the
contents are solely the responsibility of
the award recipient and do not
necessarily represent the official views
of the U.S. Department of Commerce,
NOAA. SLA are provided by the
Copernicus Marine Environmental
Monitoring Service (CMEMS; marine.
copernicus.eu). SMAP data are
available via NASA's Jet Propulsion Lab
Physical Oceanography Distributed
Active Archive Center, and SMOS is
from Centre Aval de Traitement des
Données SMOS (CATDS). River data
are obtained from United States
Geological Survey National Water
Information System. The authors would
like to thank the anonymous reviewers
and Editor, whose comments signifi-
cantly contributed to the improvement
of this paper.

https://doi.org/10.1175/2008JPO3765.1
https://doi.org/10.17882/52804#57467
https://doi.org/10.1016/j.rse.2018.05.022
https://doi.org/10.1016/j.rse.2018.05.022


Bratkovich, A., Dinnel, S. P., & Goolsby, D. A. (1994). Variability and prediction of freshwater and nitrate fluxes for the Louisiana‐Texas
Shelf: Mississippi and Atchafalaya River source functions. Estuarine Research Federation, 17(4), 766–778. https://doi.org/10.2307/
1352746

Fournier, S., Reager, J. T., Lee, T., Vazquez‐Cuervo, J., David, C. H., & Gierach, M. M. (2016). SMAP observes flooding from land to sea: The
Texas event of 2015. Geophysical Research Letters, 43, 10,338–10,346. https://doi.org/10.1002/2016GL070821

Gierach, M., & Subrahmanyam, B. (2006). Satellite data analysis of the upper ocean response to Hurricanes Katrina and Rita (2005) in the
Gulf of Mexico. IEEE Geoscience and Remote Sensing Letters, 4(1), 132–136. https://doi.org/10.1109/LGRS.2006.887145

Gilbert, P. S., Lee, T. N., & Podesta, G. P. (1996). Transport of anomalous low salinity waters from the Mississippi River flood of 199 to the
straits of Florida. Continental Shelf Research, 16(8), 1065–1085. https://doi.org/10.1016/0278‐4343(95)00056‐9

Hiester, H. R., Morey, S. L., Dukhovskoy, D. S., Chassignet, E. P., Kourafalou, V. H., & Hu, C. (2017). A topological approach for quanti-
tative comparisons of ocean model fields to satellite ocean color data. Methods in Oceanography, 17, 232–250. https://doi.org/10.1016/j.
mio.2016.09.005

Hu, C., Nelson, J. R., Johns, E., Chen, Z., Weisberg, R. H., &Muller‐Karger, F. E. (2005). Mississippi River water in the Florida Stratis and in
the Gulf Stream off Georgia in summer 2004. Geophysical Research Letters, 32, LI4606. https://doi.org/10.1029/2005GL022942

Le Hénaff, M., & Kourafalou, V. H. (2016). Mississippi waters reaching South Florida reefs under no flood conditions: Synthesis of
observing and modeling system findings. Ocean Dynamics, 66, 435–459. https://doi.org/10.1007/s10236‐016‐0932‐4

Le Hénaff, M., Kourafalou, V. H., Morel, Y., & Srinivasan, A. (2012). Simulating the dynamics and intensification of cyclonic Loop Current
frontal eddies in the Gulf of Mexico. Journal of Geophysical Research, 117, C02034. https://doi.org/10.1029/2011JC007279

Mazloff, M. R., Heimbach, P., & Wunsch, C. (2010). An eddy‐permitting Southern Ocean state estimate. Journal of Physical Oceanography,
40, 880–899. https://doi.org/10.1175/2009JPO4236.1

Morey, S. L., Martin, P. J., O'Brien, J. J., Wallcraft, A. A., & Zavala‐Hidalgo, J. (2003). Export pathways for river discharged fresh water in
the northern Gulf of Mexico. Journal of Geophysical Research, 108(C10), 3303. https://doi.org/10.1029/2002JC001674

Morey, S. L., Schroeder, W. W., O'Brien, J. J., & Zavala‐Hidalgo, J. (2003). The annual cycle of riverine influence in the eastern Gulf of
Mexico basin. Geophysical Research Letters, 30(16), 1867. https://doi.org/10.1029/2003GL017348

Münchow, A., Melling, H., & Falkner, K. K. (2006). An observational estimate of volume and freshwater flux leaving the Arctic Ocean
through Nares Strait. Journal of Physical Oceanography, 36(11), 2025–2041. https://doi.org/10.1175/JPO2962.1

Ortner, P. B., Lee, T. N., Milne, P. J., Zika, R. G., Clarke, M. E., Podesta, G. P., et al. (1995). Mississippi River flood waters that reached the
Gulf Stream. Journal of Geophysical Research, 100(C7), 13,595–13,601. https://doi.org/10.1029/95JC01039

Otis, D. B., Le Hénaff, M., Kourafalou, V. H., McEachron, L., & Muller‐Karger, F. E. (2019). Mississippi River and Campeche Bank (Gulf of
Mexico) episodes of cross‐shelf texport of coastal waters observed with satellites. Remote Sensing, 11(6), 723. https://doi.org/10.3390/
rs11060723

Schiller, R. V., & Kourafalou, V. H. (2014). Loop Current impact on the transport of Mississippi River waters. Journal of Coastal Research,
30(6), 1287–1306. https://doi.org/10.2112/JCOASTRES‐D‐13‐00025

Schiller, R. V., Kourafalou, V. H., Hogan, P., & Walker, N. D. (2011). The dynamics of the Mississippi River plume: Impact of topography,
wind and offshore forcing on the fate of plume waters. Journal of Geophysical Research, 116, C06029. https://doi.org/10.1029/
2010JC006883

Sturges, W., Evans, J. C., Welsh, S., & Holland, W. (1992). Separation of warm‐core rings in the Gulf of Mexico. Journal of Physical
Oceanography, 23, 250–268. https://doi.org/10.1175/1520‐0485(1993)023<0250:SOWCRI>2.0.CO;2

Sturges, W., & Leben, R. (2000). Frequency of ring separations from the Loop Current in the Gulf of Mexico: A revised estimate, J. Physical
Oceanography, 30, 1814–1819. https://doi.org/10.1175/1520‐0485(2000)030<1814:FORSFT>2.0.CO;2

Vazquez‐Cuervo, J., Fournier, S., Dzwonkowski, B., & Reager, J. (2018). Intercomparison of in‐situ and remote sensing salinity products in
the Gulf of Mexico, a river‐influenced system. Remote Sensing, 10, 1590. https://doi.org/10.3390/rs10101590

Zavala‐Hidalgo, J., Romero‐Centeno, R., Mateos‐Jasso, A., Morey, S. L., & Martinez‐Lopez, B. (2014). The response of the Gulf of Mexico to
wind and heat flux forcing: What has been learned in recent years? Atmosfera, 27(3), 317–334. https://doi.org/10.1016/S0187‐
6236(14)71119‐1

10.1029/2019GL082931Geophysical Research Letters

BROKAW ET AL. 5986

https://doi.org/10.2307/1352746
https://doi.org/10.2307/1352746
https://doi.org/10.1002/2016GL070821
https://doi.org/10.1109/LGRS.2006.887145
https://doi.org/10.1016/0278-4343(95)00056-9
https://doi.org/10.1016/j.mio.2016.09.005
https://doi.org/10.1016/j.mio.2016.09.005
https://doi.org/10.1029/2005GL022942
https://doi.org/10.1007/s10236-016-0932-4
https://doi.org/10.1029/2011JC007279
https://doi.org/10.1175/2009JPO4236.1
https://doi.org/10.1029/2002JC001674
https://doi.org/10.1029/2003GL017348
https://doi.org/10.1175/JPO2962.1
https://doi.org/10.1029/95JC01039
https://doi.org/10.3390/rs11060723
https://doi.org/10.3390/rs11060723
https://doi.org/10.2112/JCOASTRES-D-13-00025
https://doi.org/10.1029/2010JC006883
https://doi.org/10.1029/2010JC006883
https://doi.org/10.1175/1520-0485(1993)023%3c0250:SOWCRI%3e2.0.CO;2
https://doi.org/10.1175/1520-0485(2000)030%3c1814:FORSFT%3e2.0.CO;2
https://doi.org/10.3390/rs10101590
https://doi.org/10.1016/S0187-6236(14)71119-1
https://doi.org/10.1016/S0187-6236(14)71119-1


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


