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ABSTRACT 

The Mississippi River is an important source of freshwater and of terrigenous 

material to the Gulf of Mexico (GoM). This study aims to describe the Mississippi River 

Plume (MRP) seasonality and its interaction with the GoM circulation. We used 

terrigenous dissolved organic carbon from MODIS-Aqua and sea surface salinity from 

Soil Moisture Active Passive (SMAP) satellite to trace the distribution of the river plume 

in the coastal ocean. For the first time, the frequency of plume occurrence in the Gulf of 

Mexico was quantified. The MRP distribution on monthly time scales is controlled 

primarily by river discharge and by alongshore winds, with the maximum plume 

extension occurring during summer due to frequent reversions in winds. Two anomalous 

events in 2015 and 2016 demonstrated the importance of the interplay between 

upwelling-favorable winds, peaks in river discharge, the Loop Current and associated 

eddies on the offshore transport of MRP waters. 
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CHAPTER 1 

INTRODUCTION 

Rivers play a critical role on coastal circulation. They are the primary means by 

which freshwater, particles and dissolved materials are transported from land to the 

ocean. They have a great influence in the regional water cycle and biogeochemical 

processes. The Mississippi River (MR) is the largest river in North America with an 

average discharge of 13,500 ± 2,000 m3 s-1 (Hu et al., 2005). It carries approximately 210 

million tons of sediment into the Gulf of Mexico each year (Milliman and Meade, 1983). 

At the same time that these nutrient-rich waters are responsible for highly productive 

waters for fisheries (Chesney, Baltz and Thomas, 2000), they are also closely tied to the 

extensive development of summer-hypoxia in the Louisiana-Texas Shelf (LATEX, 

Rabalais et al., 1991; 2002). 

Many processes can affect plume dispersal in the ocean, including wind forcing 

(Fong et al., 1997; Fong and Geyer, 2001; Choi and Wilkin, 2007), large-scale offshore 

currents (Huh et al., 1981) and eddies (Schiller et al., 2011). The MR discharges its water 

into the Gulf of Mexico, which is dominated by the Loop Current (LC) and by eddies that 

are frequently pinched off from the LC. Early investigations have suggested that the MR 

plume is mainly driven by winds near the coast (Cochrane and Kelly, 1986). Modeling 

studies (Schiller et al., 2011) have suggested that upwelling-favorable wind is the primary 
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mechanism for the offshore dispersal of the Mississippi River Plume (MRP). The Loop 

Current system and associated Loop Current Eddies (LCE) also have an important role in 

exporting low salinity water offshore (Huh et al., 1981; Schroeder et al., 1987; Hamilton 

and Lee, 2005; Schiller and Kourafalou, 2014), which in some cases can be transported 

beyond the Florida Strait (e.g., summer of 1993 – Walker et al., 1994; Gilbert et al., 

1996; Del Castillo et al., 2001) into the Gulf Stream (e.g., summer of 2004 – Ortner et al., 

1995; Hu et al., 2005). The relative contribution of these forcing mechanisms is currently 

not well understood.  

Despite these advances, much remains to be learned about the distribution and 

variability of the Mississippi River plume in the northern Gulf of Mexico. Part of the 

challenge of studying the influence of river plumes in the coastal ocean is that, until 

recently, high quality satellite observations of sea surface salinity were not available. This 

restricted observational studies to depend either on short-term (e.g., a few weeks) 

shipboard surveys, or on point-measurements from moorings. The recent availability of 

satellite-derived observations of sea surface salinity, with the recent launch of Aquarius 

in 2011 and of the Soil Moisture Passive Active (SMAP) satellite in 2015, open a new 

window for characterizing river plume variability and its influence on coastal systems. As 

such, the main goal of this dissertation is to describe the seasonality of the Mississippi 

River plume in the Gulf of Mexico and to understand how physical forcing such as 

winds, river discharge, and large-scale circulation can influence its variability.  

Chapter 2 addresses the description of the seasonality of the Mississippi River 

Plume based on terrigenous dissolved organic carbon (tDOC) derived from MODIS-

Aqua and on sea surface salinity (SSS) derived from Soil Moisture Active Passive 
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(SMAP) measurements. An important goal of the analysis is to evaluate the effectiveness 

of the different satellite products as a tool to trace the river plume in the coastal ocean. 

Lastly, in Chapter 3, I provide a summary of the major findings, their relevance 

for the literature and further steps. 
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CHAPTER 2 

MISSISSIPPI RIVER PLUME VARIABILITY IN THE GULF OF MEXICO 

FROM SMAP AND MODIS-AQUA OBSERVATIONS 

Da Silva and Castelao. Submitted to Journal Geophysical Research: Oceans, May 8, 

2018. 
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Abstract 

The Mississippi River is an important source of freshwater and terrigenous material to the 

Gulf of Mexico. We used sea surface salinity measurements from the Soil Moisture 

Active Passive (SMAP) satellite and terrigenous dissolved organic carbon (tDOC) from 

MODIS to describe the Mississippi River Plume (MRP) seasonality and interaction with 

the Gulf circulation. Our analyses reveal good agreement between SMAP and in situ 

salinity for S > 31, and that satellite-derived tDOC can serve as a useful tracer for the 

river plume. A boundary-detection algorithm was used to quantify the frequency of 

plume occurrence in the Gulf for the last 15 years. The MRP has its maximum offshore 

extension during summer, retracting to closer to shore during fall/winter. Variability at 

monthly time scales is controlled by river discharge and alongshore winds, which explain 

up to 60% of the local variance in the frequency of plume occurrence near the shelfbreak. 

Maximum variability in plume extension is found to the east of the Mississippi Delta due 

to wind reversals that generally occur during summer. The combined use of SMAP 

salinity and MODIS tDOC allowed for a detailed view of anomalous events in 2015 and 

2016, when the MRP was transported for 350 km from the coast due to interactions with 

the Loop Current and with dipole eddies. While SMAP observations allow for tracking 

the river plume even in cloudy conditions, high resolution MODIS data allow for a more 

accurate characterization of sharp fronts and of the width of river-influenced filaments.  

Keywords: Mississippi River, river plume, SMAP, tDOC, MODIS-Aqua. 
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2.1. Introduction 

The Mississippi River (MR) is an important source of freshwater and terrigenous 

material to the Gulf of Mexico (GoM). It is the largest river in North America with an 

average discharge of 13,500 ± 2,000 m3 s-1 (Hu et al., 2005). The river plays a critical role 

on the interaction between terrestrial and marine carbon reservoirs, exporting about 3.6 x 

106 tons of carbon per year (Degens et al., 1991). Highly productive river-influenced 

waters can support fisheries activity and coral reef diversity on the Louisiana-Texas Shelf 

(Rabalais et al., 1991), for instance. At the same time these waters contribute to the 

development of summertime hypoxia in bottom waters (Rabalais et al., 1991, Bianchi et 

al., 2010). Thus, understanding the Mississippi River plume dynamics and the processes 

that control its variability is important to better understand its influence on 

biogeochemical processes in the ocean. Although the Mississippi River is the primary 

and most expressive source of freshwater waters in the GoM, several other smaller 

sources of freshwater (e.g., Atchafalaya River, Mobile River) are also important. 

Observational data sets and numerical modeling (e.g., Lohrenz et al., 1990; Green et 

al., 2006; Luo et al., 2016) have been used to describe the MRP (Cochrane and Kelly, 

1986; Schroeder et al., 1987). In general, the Mississippi River plume circulation is 

characterized by westward flow along the Louisiana and Texas Shelf during fall, winter 

and early spring. The flow is driven primarily by westward winds (Walker 1996; 

Ohlmann & Niiler, 2005), discharge, and Coriolis force (Dinnel & Wiseman, 1986; 

Walker 1996). Many observational studies, however, have reported reversions of the 

MRP to the east of the Mississippi Delta (e.g., Murray, 1972; Walker & Hammack, 2000; 

Morey et al., 2003b; Walker et al., 2005), which are often related to changes in the wind 
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direction in the GoM (Walker et al., 2005). In addition, there are reports of Mississippi 

River-influenced waters reaching the Florida Strait (Walker et al., 1994; Hu et al., 2005) 

or the Gulf Stream (Ortner et al., 1995; Gilbert et al., 1996).  The extension of the MRP 

until the Florida Strait and Gulf Stream was driven by a combination of factors, such as 

winds, Loop Current entrainment, and eddies (Wiseman & Dinnel, 1988; Ortner et al., 

1995; Gilbert et al., 1996; Morey et al., 2003a; Hu et al., 2005; Schiller et al., 2011; 

Schiller & Kourafalou, 2014).  

Although much has been learned from these studies, in situ observations are generally 

restricted to relatively small areas over short time periods (e.g., shipboard surveys), or 

provide point measurements over periods of up to a few years (e.g., moorings). 

Additionally, most in situ observations in the northern Gulf of Mexico are focused on the 

continental shelf. The recent availability of satellite observations of sea surface salinity 

(SSS) provides a great opportunity to investigate plume variability on large spatial and 

temporal scales from an observational point of view. Previous studies (Grodsky et al., 

2012, 2014; Gierach et al., 2013; Fournier et al., 2015; Chao et al., 2015) have used SSS 

derived from Soil Moisture Ocean Salinity (SMOS) and/or Aquarius to investigate 

regions influenced by river plumes (e.g., Amazon, Mississippi, Congo rivers). SSS 

measurements are also available from the Soil Moisture Active Passive (SMAP) mission, 

which was launched in 2015 (Entekhabi et al., 2010). The new satellite provides near 

global coverage with a footprint of 40 km, which is substantially smaller than the 100 km 

footprint from Aquarius (Dohan et al., 2015). It is also less sensitive to Radio Frequency 

Interference than SMOS satellite (see supplementary information in Fournier et al., 

2016). 
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Several recent studies (Fore et al., 2016; Fournier et al., 2016, 2017; Tang et al., 

2017) have compared SMAP SSS observations with in situ measurements. Tang et al. 

(2017) compared SMAP SSS on a global scale with in situ measurements from ARGO 

floats, moored buoys and ship-based thermosalinograph. They showed that SMAP 

provides reliable measurements between 40o N and 40o S, and they were able to track 

large salinity changes that occurred on month time scale. Fournier et al. (2016) 

demonstrated that SSS derived from SMAP compares better with in situ data from coastal 

regions in the Gulf of Mexico than SSS from SMOS. SMAP has also been shown to 

capture the strong horizontal SSS gradient during a post monsoon season in the Bay of 

Bengals (Fournier et al., 2017). In summary, these studies provided the first indications 

of the success of SMAP for tracking river plumes in coastal regions through their SSS 

signature. However, the implications of the relatively low resolution of SMAP data to 

characterize sharp fronts and the small spatial scales of variability that are generally 

observed in the coastal ocean have not been fully investigated.   

Ocean color can also provide useful information about the distribution of river-

influenced waters in coastal systems. Several studies have used satellite-derived 

chlorophyll measurements to investigate river plume variability (e.g., Del Castillo et al., 

2001; Walker et al., 2005; Molleri et al., 2010). The underlining assumption is that 

nutrient input from the river will result in enhanced phytoplankton biomass, so that river-

influenced water will be relatively enriched in chlorophyll. However, inputs of nutrient 

from other sources (e.g., upwelling) can also lead to chlorophyll enhancement. Thus, Chl-

a may not always be an effective tracer for river plumes due to the influence of marine 

and terrestrial sources. Therefore, it is useful to focus on a proxy that has only terrigenous 
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sources. Helms et al. (2008) demonstrated that the spectral slope coefficient of 

chromophoric dissolved organic matter (CDOM) absorbance between 275 and 295 nm 

(S275-295) is a reliable optical tracer for terrigenous dissolved organic carbon (tDOC). One 

of the main components of tDOC is lignin, a class of organic polymers unique to land 

vascular plants that has no sources in the marine environment (Sarkanen & Ludwig, 

1971; Opsahl & Benner, 1997). Thus, tDOC can be used as a tracer of river plumes 

because its main component is strictly derived from land (Hedges & Parker, 1976).  

Recently, Fichot et al. (2013; 2014) developed an algorithm based on remote-sensing 

reflectance (Rrs) data from the Moderate Resolution Imaging Spectroradiometer 

(MODIS-Aqua), providing high-resolution observations since 2002. The algorithm uses 

multiple Rrs bands to estimate the spectral slope coefficient of CDOM absorbance from 

satellite ocean color data. Fichot et al., (2014) showed that S275-295 estimated based on 

satellite data agrees with in situ S275-295 measurements, with an average uncertainty of 

10%. As mentioned above, S275-295 is a tracer of tDOC in river influenced ocean margins 

and is therefore tightly linked to continental runoff distributions (Helms et al., 2008; 

Fichot & Benner, 2012; Medeiros et al., 2017). Fichot et al. (2014) used a non-linear 

regression to model the relationship between S275-295 and tDOC concentration and thus 

derive an algorithm to estimate tDOC concentration from ocean color. This provides a 

way to obtain multi-year, high-resolution satellite-derived measurements of a quantity 

that is tightly coupled to the distribution of riverine water in the ocean. The algorithm 

was developed and calibrated using data from the northern GoM, including from regions 

under the influence of the MRP.  
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Both data sets present limitations, with SMAP being of comparatively low resolution 

and covering a relatively short time period (which does not allow for a seasonal 

description of the MRP) and MODIS-Aqua being an indirect tracer for the plume and 

being affected by cloud coverage. Thus, we used a combination of SMAP and ocean 

color data to obtain a comprehensive description of plume variability. Specifically, this 

study aims to 1) describe the variability of the Mississippi River plume in the GoM based 

on decade-long satellite observations, to 2) identify the main forcing mechanisms that 

drive the MRP spreading in the ocean, and to 3) evaluate the use of SMAP SSS and 

MODIS tDOC to describe the MRP.  

2.2.Methods 

Remote Sensing Data 

Terrigenous dissolved organic carbon 

Daily remote sense reflectance (Rrs) data from MODIS-Aqua 

(oceandata.sci.gsfc.nasa.gov/MODIS-Aqua) with 4 km resolution are used to estimate 

terrigenous dissolved organic carbon (tDOC) concentration based on the Fichot et al. 

(2014) algorithm. The tDOC-algorithm was implemented using multiple wavelength 

bands of Rrs data (443, 488, 555, 667 and 678 nm).  The data set used extends from July 

2002 to September 2016.  

Sea Surface Salinity 

The SMAP sea surface salinity (SSS) product used in this study is the radiometer-

based, 0.25° resolution and 8-day running average time window level 3, version 2.0 data 
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set. The near-polar orbit of SMAP allows for complete global coverage of the oceans in 3 

days with a repeat cycle of 8 days (Meissner & Wentz, 2016). Although it is difficult to 

achieve the accuracy of Aquarius’s SSS using SMAP measurements (the mission was 

designed for land applications; Durack et al., 2016), SMAP provides better spatial 

resolution with a footprint size of about 40 km, which is an advantage for coastal 

applications. SMAP observations can be obtained in cloudy conditions. The SSS gridded 

product is produced by the Jet Propulsion Laboratory (https://smap.jpl.nasa.gov/) based 

on retrieval algorithm modified from that used for Aquarius SSS retrieval (Yueh et al., 

2013, 2014; Fournier et al., 2016). The data set is available since April 2015.  

Plume Boundary 

One of our main objectives is to use the long-term MODIS data set to identify regions 

in the northern Gulf of Mexico that are influenced by the river plume. In order to define 

the plume boundary, an algorithm able to differentiate noisy fluctuations from the actual 

plume signature is required. Many edge-detection algorithms have been developed and 

implemented for oceanographic purposes, either based on gradients (e.g., Canny, 1987) 

or on data distribution (e.g., Cayula & Cornillon, 1992). The main goal of theses 

algorithms is to detect regions of strong gradients (i.e., fronts). However, our goal is not 

to identify the regions with strongest gradient, but rather the offshore boundary of the 

river plume. Since the strongest gradient across the plume front is generally located 

several kilometers inshore of the plume boundary, using preexistent algorithms 

underestimate the MRP area. 
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Examination of 9-day running means of the MODIS data reveals that tDOC generally 

decreases monotonically as a function of distance from the coast, which is consistent with 

previous studies based on in situ data (Benner & Opsahl, 2001). We found that the tDOC 

concentration is generally characterized by two plateaus (one near the coast and one 

farther offshore) separated by an abrupt decay as the distance from the coast increases. 

This behavior can be well represented by a sigmoid curve. The plume boundary-detection 

algorithm is thus based on fitting a logistic (sigmoid) curve to the tDOC data as a 

function of distance from the coast. Because of extensive cloud coverage, monthly data 

are used. In the fit 

!(#) = 	' + ()*+)
,-	./0(1/2)     (Eq. 1) 

α is the minimum value of the tDOC concentration, β is the difference between the 

maximum and the minimum concentration, γ (= 10) is the slope of the curve (estimated 

based on the observations), δ is the point of half decay, and x is the distance from the 

coast. For each longitude, α, β and δ change iteratively. The value of α for each fitted 

function is then used to calculate the mean plus two standard deviations for the entire 

period, which is then used as a threshold to identify the plume boundary.  It can be 

interpreted as the minimum concentration of tDOC in the region, or as the background 

concentration of tDOC in the northern Gulf of Mexico, without the influence of the river 

plume. Using this procedure, the threshold value identified is larger than the individual 

values of α for 97.5% of the fits. Using this conservative approach, we define regions 

with tDOC concentration larger than the threshold as the river plume. Visual inspections 

for all months between July 2002 and September 2016 indicate that the algorithm is able 

to efficiently capture the plume boundary, including the presence of narrow filaments 
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(Figure 2.1). We have also tested the algorithm in another coastal setting (Columbia 

River plume off the U.S. West Coast) with great success, indicating that it is robust 

against noisy data.  

Plume frequency of occurrence and area 

Because of large spatial and seasonal differences in cloud cover, comparisons of 

plume distribution between different regions and time periods are often difficult because 

each region is, in general, sampled at different times. To account for that, we divide the 

number of times a pixel qualifies as river plume by the total number of months for that 

pixel during the study period, yielding a frequency of plume occurrence. For each month, 

we also estimate the plume area to quantify the extension of the MR plume in the Gulf of 

Mexico. Empirical orthogonal function (EOF) decompositions of tDOC concentration 

and of the frequency of plume occurrence are used to identify the dominant modes of 

variability in the system, following Overland and Preisendorfer (1982) to determine the 

modes that are significant.  

In situ Salinity 

We used in situ salinity data from a flow-through system from 8 research cruises 

(Table 2.1) to evaluate tDOC as a proxy for the river plume and to compare with SMAP 

SSS measurements. It is important to note that the satellite measures salinity at the top 

few centimeters of the ocean (Entekhabi et al., 2010). In contrast, in situ salinity was 

measured at 4 m depth. In times of significant near-surface salinity stratification (e.g., 

due to the presence of thin freshwater lenses), the difference in sampling depth can 
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contribute to differences between SMAP and in situ salinity observations (Boutin et al., 

2016). 

 

River Discharge 

The discharge data was derived from the United States Geological Survey (USGS). 

We used two different data sets to reconstruct the entire monthly discharge time series 

from January 2002 to September 2016. The first data set, Streamflow and Nutrient Flux 

of Mississippi-Atchafalaya River Basin and Sub basins through Water year 2015, covers 

the period from January 2002 to September 2015 

(https://toxics.usgs.gov/hypoxia/mississippi/flux_ests/delivery/index.html). The second, 

Station Mississippi River at Belle Chase, LA, covers the period from November 2008 to 

March 2017. Data from this second time series are used to extend the river discharge time 

series via a linear regression. 

 

Wind 

The Cross-Calibrated Multi-Platform (CCMP) version 2.0 

(http://www.remss.com/measurements/ccmp/) gridded surface vector winds are produced 

using a combination of the Version-7 RRS radiometer wind speed, QuikSCAT and 

ASCAT scatterometer wind vectors, moored-buoy wind data, and ERA-Interim model 

wind field using a variational analysis method (Atlas et al., 2011). The product is 

available since July 1987 at 0.25° resolution.  

 

 



15 

Drifter 

A drifter drogued at 1 m below the surface (Davis, 1985) was deployed on July 22nd, 

2015 at 27.53° N and 90.6° W, providing observations until August 4th, 2015.  The drifter 

trajectory is publicly available at the Northeast Fisheries Science Center, NOAA 

Fisheries Service (https://www.nefsc.noaa.gov/drifter/index_2015.html). 

Surface currents 

Surface geostrophic velocities were derived from delayed mapped absolute dynamic 

topographic (MADT-UV) produced by Archiving, Validation, and Interpretation of 

Satellite Oceanographic (AVISO, http://www.aviso.altimetry.fr) at 0.25o of resolution. 

2.3.Results 

Comparison between in situ salinity and satellite-derived SSS and tDOC 

Comparisons between in situ observations and satellite data are often challenging, in 

part because of the large footprint of the satellite data compared with in situ point 

measurements. Despite that, comparisons between in situ salinity from eight research 

cruises (Table 2.1.) and satellite-derived estimates of tDOC reveal that they are 

negatively correlated to each other (r = -0.58; Figure 2.2a). This relation is expected, 

since sources of tDOC are exclusively terrigenous, and consistent with Benner and 

Opsahl (2001) results. We note that although satellite-derived tDOC and in situ salinity 

are related to each other, there is a substantial amount of scatter in the relationship 

(Figure 2.2a).  
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Since the recent launch of SMAP, studies have characterized SSS uncertainties in the 

coastal ocean (e.g., Fore et al., 2016; Fournier et al., 2016) and the importance of near-

surface salinity stratification that can develop under low wind speed conditions on 

validation efforts (Boutin et al., 2016). Our results show that salinity derived from SMAP 

is in good agreement with in situ salinity (r =0.75, Figure 2.2b). There is a better 

agreement for salinities greater than 31, suggesting that SMAP provides a better 

representation of salinity off the shelf in the northern GoM. For regions closer to the 

coast with S < 31, the analysis reveals that SMAP overestimates salinity compared to in 

situ data, possibly due to the smaller scale of variability of coastal processes. In addition, 

the differences between SMAP SSS and in situ salinity present larger variability close to 

the coast decreasing with increasing distance from shore (Figure 2.2c), although the mean 

bias remain small except very near the coast. 

Salinity data derived from sparse CTD casts have provided insightful information 

about the quality of SMAP SSS (e.g., Fournier et al., 2016). However, they do not allow 

for spatial scales resolved by SMAP to be identified (e.g., smoothing of SSS fronts). 

Salinity data derived from flow-through system, on the other hand, allows for identifying 

salinity fronts and for comparisons with fronts identified based on tDOC and SSS derived 

from SMAP. Two examples of salinity fronts that were detected near the Mississippi 

Delta using in situ data in May and June 2015 are shown in Figure 2.3. While the front 

observed in May (Figure 2.3a) around km 190 is 22 km wide based on in situ 

observations (which is narrower than the footprint of SMAP), it is about 65 km wide 

based on SMAP data. In June 2015 (Figure 2.3b), the coastal region influenced by low-

salinity waters is approximately 100 km wide, with in situ salinity being approximately 
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uniform offshore of that. SMAP observations reveal a weaker SSS gradient for 300 km. 

Thus, both fronts are clearly captured with SMAP data, although they are smoothed 

compared to the in situ data.  

The fronts observed in May based on in situ data (at km 190, 445 and 480) are also 

captured by tDOC data (Figure 2.3a). In that case, the widths of the fronts are in better 

agreement with the in situ data than when fronts are identified in SMAP. This suggests 

that, although not providing a direct measurement of salinity, MODIS-derived tDOC data 

can provide useful information about scales of variability in the coastal ocean, including 

the width of salinity fronts associated with river plumes. Cloudy conditions prevented the 

observation of the front in June 2015 using tDOC data (Figure 2.3b). These demonstrate 

some of the advantages and disadvantages of the different satellite data sets, illustrating 

the usefulness of a combination of SMAP SSS and MODIS tDOC to describe the river 

plume. 

 

Mississippi River Plume Variability 

The dominant modes of variability of the MRP were determined through an EOF 

decomposition of the monthly data of tDOC concentration and frequency of plume 

occurrence. The mean patterns for the respective variables are shown in Figure 2.4, 

revealing the mean distribution of the river plume in the northern Gulf of Mexico. 

The dominant EOF of tDOC concentration explains 37.6% of the total variance 

(Figure 2.5a) and 40-60% of the local variance over the shelf (Figure 2.5b). Large EOF 

values are restricted to the continental shelf extending for a large distance (>500 km) 

along the coast to the west of the Mississippi Delta, but to a much shorter distance (< 200 
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km) along the coast to the east of the delta. The increase in tDOC concentration generally 

occurs from March to July and decays from August to November (Figure 2.5c), although 

significantly interannual variability is observed (Figure 2.5d). The observed pattern is 

correlated with river discharge (r = 0.72) with a time lag of 23 days. If the seasonal cycle 

is first removed from both time series, the correlation coefficient decreases slightly to 

0.70 with a lag of 16 days. In both cases the correlation coefficients are statistically 

significant at the 95% confidence level. Note that the amplitude time series of the 

dominant EOF of tDOC concentration is smaller from July 2005 to December 2006 

compared to the other years, likely because of the lower-than-average river discharge 

during that period (Figure 2.5d). 

Our analysis reveals that the continental shelf is under the influence of the MRP over 

the entire year (frequency of plume occurrence of 100%; Figure 2.6). However, there are 

periods (e.g., summer) when the plume extends beyond the shelfbreak. The offshore 

movement of the plume begins in June peaking in August, while the plume retreats in 

September. It is possible to observe that the east side (90°W – 85°W) of the Mississippi 

Delta presents the greatest variability of the plume frequency (Figure 2.6 and Figure A1), 

reaching up to 50-60% beyond the 100 m isobath during summer. Variability to the west 

of the Mississippi Delta (95°W – 90°W) is substantially smaller, with maximum 

frequency around the 100 m isobath during summer at 10-20%. 

The dominant EOF of the frequency of plume occurrence explains 23.2% of the total 

variance, with large values being observed around the 100 m isobath (Figure 2.7a) near 

the average location of the offshore boundary of the plume (Figure 2.4b). Near the coast 

the EOF approaches zero, since that region is under the influence of the river plume 
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100% of the time (see Figure 2.6). The frequency of plume occurrence increases near the 

shelfbreak during June to August peaking in July and decreases from September to 

December (Figure 2.7c). This indicates that the plume extends farther offshore during 

summer, while it retreats to closer to shore later in the year during fall. The same pattern 

can be observed in each individual year (Figure 2.7d), except from July 2005 to 

December 2006 when river discharge was anomalously small. The mode explains a larger 

fraction of the local variance to the east of the delta (89-86°W), ranging between 50 and 

60%. The amplitude time series of EOF 1 of the frequency of plume occurrence and river 

discharge are significantly correlated (r = 0.52) with a lag of 25 days. The correlation 

coefficient decreases to 0.48 with a lag of 24 days if the respective seasonal cycles are 

removed from both time series, indicating that river discharge plays an important role 

controlling the width of the plume. Indeed, tDOC concentrations on the continental slope 

just offshore of the river delta have been shown to be correlated with river discharge on 

an annual scale (Fichot et al., 2014).  

Alongshore winds have long been known to drive cross-shelf displacements of plume 

boundaries (e.g., Fong & Geyer, 2001; Lentz, 2004). In order to quantify the effects of 

alongshore winds, we selected two regions where variability in the frequency of plume 

occurrence is large (Figure 2.7a), one to the west (Box West) and one to the east (Box 

East) of the Mississippi Delta. Although winds are predominantly downwelling favorable 

for most of the year, average winds become weaker or even reverse to weakly upwelling 

favorable during summer (Figures 2.8a and c). Monthly-averaged alongshore winds were 

upwelling favorable for 25 of the 171 months analyzed here for Box West, while they 

were upwelling favorable for 49 months on Box East. This indicates that summertime 
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winds tend to be more upwelling favorable to the east compared to the west of the delta. 

The strongest correlation between alongshore winds in Box West and Box East and the 

amplitude time series of EOF 1 of frequency of plume occurrence occurs for relatively 

small lags, 3 and 7 days. The correlation coefficients are 0.51 (Box West, Figure 2.9a) 

and 0.52 (Box East, Figure 2.9b), consistent with upwelling favorable winds resulting in 

a wider plume. When the seasonal cycle is removed, correlation coefficients decrease to 

0.36 (Box West) and 0.29 (Box East), but they are still statistically significant (95 % 

confidence level). It is interesting to note that for low values of EOF 1 (< -0.05), which 

indicate times when the plume is narrow, the correlation between winds and the 

amplitude time series seems to be weaker (i.e., amplitude of EOF remains unchanged for 

monthly-averaged downwelling winds stronger – more negative – than 0.04 Pa; Figure 

2.9). Although it is not clear if this pattern is significant due to the small number of 

events, it could indicate a limit for which stronger downwelling favorable winds would 

not cause further onshore transport of the plume boundary. 

Plume Area 

Time series of the MRP area and its monthly averages (Figure 2.10) present a similar 

pattern to those observed for the dominant EOF of the frequency of plume occurrence 

(Figure 2.7c, d). This suggest that the onshore/offshore movement of the plume boundary 

captured in the EOF analysis is the main factor controlling the MRP area. As such, the 

MRP area is primarily controlled by alongshore winds and river discharge. 

The maximum area of the MRP generally occurs during summer (Figure 2.10) 

peaking in July (1.12 x105 km2 ± 0.09x105 km2), which is consistent with the seasonality 
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of the MRP described in the previous sections. The minimum area occurs during fall in 

October (0.79 x105 km2 ± 0.09x105 km2). The time series reveals several events of 

interannual variability, with anomalously large areas occurring in March 2010, in July 

2015, 2009, 2008, 2011 and in August 2013. During those months, the plume area was 

1.11-1.69 times larger than the long-term average for the respective month. The time 

series also reveals the interplay between river discharge and wind forcing on the control 

of plume distribution. The plume area was anomalously high in 2008 and 2011, for 

example. The Mississippi River basin experienced intense rainfall in March-April 2008 

(Shi & Wang, 2009), which resulted in a 40% increase in river discharge compared to 

average conditions (Figure 2.5d). In addition, we observed in our analyses three Loop 

Current eddies interacted with the river plume during this period (not shown). In 2011, 

the region also experienced strong rainfall (Androulidakis & Kourafalou, 2013) resulting 

in the largest MR discharge during the study period (45,000 m3.s-1, Figure 2.5d). In the 

years with the largest plume areas, 2010 and 2015, upwelling-favorable winds were 

stronger than average and river discharge was also anomalously high. During the summer 

months in 2005, 2006, 2007 and 2012, on the other hand, the plume area anomalously 

low (Figure 2.10). Summertime winds were more downwelling-favorable than average in 

those year (Figure 2.8), which presumably contributed to maintaining the MRP close to 

the coast.  

Anomalous events 

The long-time series of satellite-derived tDOC spanning almost 15 years allows for 

identifying anomalous events in which plume waters were transported far offshore. For 
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that, we analyzed Hovmöller diagrams of tDOC concentration anomaly (i.e., removing 

the seasonal cycle) along the 5 bands shown in Figure 2.4b. The 5 bands are located at an 

average distance of 140, 195, 250, 305 and 360 km from the coast. The largest events of 

offshore transport of plume waters were observed in the summers of 2009, 2015 and 

2016, when the MRP extended for 365 km offshore (Figure 2.11e), and in 2013 when the 

plume extended about 300 km offshore (Figure 2.11d). In all cases, strongest anomalies 

indicative of strong cross-shelf transport are generally observed between 92° and 88°W, 

indicating a preferred region for offshore export of river-influenced waters in the northern 

Gulf of Mexico. 

To better understand the evolution of these strong events of offshore transport, we 

investigate their progression based on 9-day averages of tDOC concentration from 

MODIS and 8-day means of sea surface salinity from SMAP, overlaid with geostrophic 

velocities from altimetry. We focused on the 2015 and 2016 events because they are 

some of the most extensive (Figure 2.11) and because SMAP data are available for those 

periods (since the satellite was launched in early 2015). The evolution of the MRP at 

selected dates from 12 July to 6 September, 2015 is shown in Figure 2.12, while the 

evolution from 11 July to 2 September, 2016 is shown in Figure 2.13. Satellite images for 

all days in those two time periods are shown in Appendix A, Figures A2-5.  

The 2015 event, which has been described in detail by Fournier et al. (2016), was 

characterized by anomalously large river discharge (1.3 times larger than the average for 

July), a northward position of the Loop Current, and the passage of a large anticyclonic 

eddy. These contributed to transport low salinity, high tDOC water offshore forming a 

horseshoe shape (Figure 2.12). Note that the offshore transport of low-salinity water in 
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late July at 91ºW captured by SMAP closely matches the surface current speed as 

measured by the surface drifter. 

Although the offshore transport of river-influenced waters can be observed with both 

data sets, cloud coverage was substantial creating extensive gaps in the MODIS data set. 

During cloud-free periods, however, the spatial scales of the features resolved by the data 

sets are quite different. Analysis along the transect shown in Figure 2.12 for 26 August 

2015 reveals a filament of river-influenced waters that is about 100 km wide based on 

MODIS tDOC data, but much wider (~250 km) based on SMAP SSS. This is consistent 

with the comparison between MODIS-tDOC/SMAP-SSS and in situ observations 

previously described (Figure 2.3). 

In 2016, strong offshore transport of riverine water was associated with the presence 

of two large eddies with opposite polarity in the GoM (Figure 2.13). Although the 

offshore transport of the plume was also captured by SMAP (Figure 2.13), the filament 

was considerably wider (180 km) compared to the width estimated using MODIS (93 

km) (Figure 2.14b). It is also possible to observe water with high tDOC content being 

transported along the boundary of the cyclonic eddy on 17 and 25 August (Figure 2.13), 

creating an isolated pool of oceanic water with low tDOC content in the eddy interior 

(Figure 2.14c, d). The transport of riverine-influenced waters around the cyclonic eddy 

on August 17-25 was not fully captured by SMAP (Figure 2.13). As a result, the pool of 

oceanic water present at the center of the eddy identified with MODIS data is not 

identifiable with SMAP (Figure 2.14c, d). This again points to the different spatial scales 

that can be resolved with the different data sets. 
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2.4.Discussion 

Satellite-derived measurements of sea surface salinity (SSS) from SMAP and 

terrigenous dissolved organic carbon (tDOC) from MODIS were used to describe the 

Mississippi River plume (MRP) variability in the northern Gulf of Mexico, as well as to 

identify the main forcing mechanisms controlling plume distribution. The use of MODIS-

tDOC as a tracer of the river plume is particularly useful because of the long-term 

availability of data spanning over 15 years. In combination with the use of a boundary-

detection algorithm, this allowed us to estimate for the first time the frequency of plume 

occurrence at each location in the northern Gulf, building on a number of previous 

studies that used a similar approach to characterize sea surface temperature frontal 

variability in coastal systems (e.g., Moore et al., 1997; Mavor & Bisagni, 2001; Miller, 

2004; Kostianoy et al., 2004; Castelao et al., 2006; Belkin & O’Reilly, 2009). 

Quantifying the frequency of plume occurrence is important because it helps identify how 

often a given region is influenced by riverine waters (and any material it contains, 

including nutrients, carbon, contaminants) on a monthly time scale. 

The analyses reveal that the MRP variability is characterized by (1) predominant 

extension along the Louisiana-Texas (LATEX) shelf throughout the year (2) with 

reversals during summer, when the MRP extends farther east; (3) stronger variability to 

the east of the Mississippi Delta compared to regions to the west of the Delta, and (4) 

offshore extension during the summer and retraction during fall.  This is consistent with 

previous studies based on moorings and numerical models (e.g., Morey et al., 2003b; 

Nowlin et al., 2005) that revealed the influence of downwelling-favorable winds from fall 

to late spring generating wind-driven coastal currents that advect most of the MR waters 
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onto the LATEX shelf (Walker & Hammack, 2000). During summer, upwelling 

favorable winds are more common to the east of the Mississippi Delta favoring eastward 

(Cochrane & Kelly, 1986; Walker et al., 2005) and offshore transport of the MR plume 

(Morey et al., 2003b; and Schiller et al., 2011). 

Several studies (e.g., Fong & Geyer, 2001; Lentz, 2004; Whitney & Garvine, 2005; 

Castelao et al., 2008; Jurisa & Chant, 2013) have shown that winds play an important role 

in river plume transport via Ekman dynamics. Our analyses reveal that both river 

discharge and alongshore winds are the dominant mechanisms controlling the width of 

the plume on monthly time scales, explaining up to 60% of the local variance in plume 

frequency variability near the shelf break. While plume variability responds to river 

discharge on a time scale of a few weeks, the response to wind forcing occurs on shorter 

time frames of 3-7 days. The response to wind forcing seems to be asymmetric: while 

upwelling favorable winds result in a progressive increase in plume width (Fong & 

Geyer, 2001; Lentz, 2004), the opposite may not be true for downwelling favorable 

winds. Weak downwelling winds lead to a narrowing of the plume. However, strong 

downwelling winds may not result in further narrowing of the plume, presumably 

because of the opposing pressure gradient. Is not clear if this result is significant 

considering the relatively small number of months with strong downwelling winds on 

average. It will be interesting to identify if this pattern will hold as additional MODIS 

data are gathered. 

The use of satellite observations spanning multiple years also allowed for the first 

quantitative estimate of the seasonal variability in MRP area to be obtained (Figure 2.10). 

The seasonality of the MRP area reflects the influence of the wind field and river 



 26 

 

 

discharge. In March 2010, strong upwelling-favorable winds and high river discharge 

were responsible for the largest area of the MRP observed during the study period. 

Increases in plume area can have large chemical and biological implications. The large 

area of the plume in March 2010 was correlated with reduced partial pressure of carbon 

dioxide (pCO2), and the wider plume was a stronger CO2 sink by a factor of five when 

compared to more typical plume conditions (Huang et al., 2013). There were other 

instances in which the plume area was only slightly smaller than in March 2010 (Figure 

2.10), indicating the potential for strong air-sea CO2 fluxes during those periods (Huang 

et al., 2013). Periods with anomalously small plume area (e.g., 2005, 2006, 2007 and 

2012) associated with predominantly downwelling-favorable winds and low river 

discharge will also presumably impact biological and chemical processes, including air-

sea CO2 fluxes. 

On time scales shorter than one month, such as those observed during the 2015 and 

2016 events shown here, interactions with the Loop Current (LC) and offshore eddies 

play a critical role driving the plume offshore (Ortner et al., 1995; Hu et al., 2005; Walker 

et al., 2005; Schiller et al., 2011; Schiller & Kourafalou, 2014; Fournier et al., 2016, 

2017). Those pulses of offshore transport of plume water are characterized by strong 

interannual variability (Fichot et al., 2014). As the low-salinity water is rapidly 

transported offshore, strong salinity fronts are formed (Figure 2.14).  

 

SMAP and MODIS-Aqua  

Unlike other variables (e.g., temperature, sea surface height, ocean winds), high 

quality satellite observations of sea surface salinity (SSS) only became available recently 
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with the Aquarius platform (Lagerloef et al., 2008; see also special section of Journal of 

Geophysical Research in 2014). Because of Aquarius’ large footprint, however, studies of 

river plume distribution in the coastal ocean, where scales of variability are generally 

reduced compared to the open ocean, remained challenging. Recent studies have 

demonstrated the usefulness of NASA’s Soil Moisture Active-Passive (SMAP) satellite 

(Meissner & Wentz, 2016) to investigate salinity variability in the coastal ocean 

(Fournier et al., 2016, 2017; Tang et al., 2017). Specifically, SMAP provides better 

spatial resolution with a footprint size of about 40 km, which is an advantage for coastal 

applications. 

In addition to not being influenced by clouds, an obvious advantage in regions with 

high cloud coverage, SMAP measures salinity which is directly related to the river 

plume. Our results show that SMAP data are in good agreement with in situ 

measurements for salinities larger than ~31, with SMAP being slightly fresher than in situ 

data (Fournier et al., 2016). It is possible that some of these differences are related to 

salinity stratification, since the in situ measurements were obtained 4 m below the 

surface. The mismatch between the two data sets increases for salinities lower than about 

30-31, however, with SMAP salinity being larger than in situ data. Comparisons with in 

situ flow-through data collected during several research cruises reveal that SMAP 

observations substantially smooth salinity gradients and as such overestimate the width of 

fronts because of its relatively low resolution. This is expected, since its footprint is 

larger than the width of most fronts in the coastal ocean. Front width estimated from 

SMAP data can be up to 3 times larger than the width obtained from in situ data. High 

resolution MODIS-tDOC data, on the other hand, do a remarkable job capturing the 
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location and width of salinity fronts in the northern Gulf of Mexico, comparable to in situ 

observations. It also provides observations much closer to shore (where the strongest 

river plume signature is found) compared to SMAP. As such, MODIS can provide useful 

information about sharp fronts and small-scale features that would be otherwise missed.  

The long-time series (15+ years) of MODIS-tDOC allows for robust characterization 

of the seasonality and interannual variability in plume variability and interactions with 

the GoM circulation. However, clouds impact the visualization of the data on short time 

scales, and thus the investigation of specific events can be difficult even when 9-day 

averages are used (Figure 2.12 and 2.13). Despite that, we found that tDOC can be used 

as an efficient tracer for the river plume due its terrigenous origin characteristic. 

Preliminary tests for the Columbia River plume region indicate good agreement with 

salinity, indicating that it can be a powerful complementary tool to identify the 

distribution of river plumes from satellites. Lastly, MODIS-Aqua can be used to 

characterize plume distribution and variability in high latitude regions. This is important, 

because significant biases in SMAP SSS are observed in latitudes higher than 40° 

(Meissner & Wentz, 2016) because L-band radiometers (i.e., Aquarius, SMAP) have poor 

sensitivity to salinity in high-latitudes (Durack et al., 2016). 

Collectively, our analyses demonstrate the advantages of combining the use of SMAP 

SSS and MODIS-tDOC to characterize river plume distribution and variability. While 

SMAP data are not influenced by clouds and provide a direct measure of salinity, the 

high-resolution data from MODIS provides a good representation of sharp fronts and 

other small-scale features that are typical of coastal ocean processes.  
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2.5.Conclusion 

The use of satellite-derived SSS and tDOC as a riverine proxy allowed us to describe 

the seasonality and large-scale features of the MRP with an unprecedented level of detail. 

Our results show that the MRP tends to extend farther offshore during summer when the 

region is influenced by upwelling-favorable winds and to retreat to closer to the coast 

during fall and early winter, when predominant winds are downwelling-favorable. The 

eastern portion of the Mississippi Delta presents the greatest variability of the MRP 

extension during the year. Our novel approach of quantifying the frequency of plume 

occurrence identified the regions and time periods in which the northern Gulf of Mexico 

is more strongly influenced by riverine waters. Up to 60% of the variance in plume 

distribution near the shelf break on monthly time scales is associated with wind forcing 

and river discharge. On shorter time scales, interactions with the Loop Current and 

associated eddies play a critical role transporting the MRP offshore. Our findings 

contribute to the understanding of the river plume seasonality and its interaction with 

winds and the large-scale circulation in the GoM.  

The combined use of SMAP SSS and MODIS tDOC data proved to be a powerful 

tool to investigate the dynamics of river plumes, allowing for tracking plume distribution 

during cloudy periods and to identify sharp fronts and small-scale features that are 

important in the coastal ocean. This demonstrates the promise for application of the 

methods used in this study to other regions influenced by riverine waters and will 

hopefully stimulate comparisons with other basins where offshore boundary currents 

interact with river plumes. 
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Tables 

Table 2.1. Research Cruises (https://ecogig.org) 

Year Cruise Date 

2015 

R/V Endeavor EN559 May 29th – June 21st 

R/V Point Sur DP02 August 8-22nd 

R/V Point Sur PS16-09 September 14-19th 

R/V Point Sur PS16-18 December 8 – 10th 

2016 

R/V Pelican PE16-17 March 2 – 6th 

R/V Pelican PE16-20 April 26th – May 3rd 

R/V Endeavor EN586 July 21st – August 14th 

R/V Point Sur PS17-08 October 5 – 9th 
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Figures 

Figure 2.1. (left) mean tDOC concentrations (colors) in the northern Gulf of Mexico for 

four different months. (right) River plume boundary determined by the boundary-

detection algorithm. 
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Figure 2.2. (a) Binned scatterplots between tDOC and in situ salinity from eight research 

cruises. (b) Binned scatterplots between SMAP and in situ salinity. Dashed black line 

shows the 1:1 line. (c) Binned scatterplots of SMAP minus in situ salinity from eight 

research cruises versus distance from the coast (km). The light gray dots are the original 

data. 
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Figure 2.3. Fronts detected by SMAP SSS (red solid line), in situ salinity (black solid 

line) and by tDOC (blue solid line) in May (a) and June (b) of 2015.  
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Figure 2.4. (a) Long-term average of (a) tDOC concentration and of the b) frequency of 

plume occurrence in the northern Gulf of Mexico. The dashed white lines represent the 

five bands used to compute Hovmöller diagrams (see Figure 2.11). 
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Figure 2.5. (a) First EOF of tDOC concentration. (b) Fraction of the local variance 

explained by the first EOF mode (c) Monthly average of the amplitude time series of 

EOF 1 (black) and of the Mississippi River discharge (gray). (d) Amplitude time series of 

EOF 1 (black) and MR discharge (gray). 
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Figure 2.6. Mean monthly frequency of plume occurrence in the northern Gulf of 

Mexico. The gray lines represent the 100 and 2000 m isobaths. 
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Figure 2.7. (a) First EOF of frequency of plume occurrence. White boxes show locations 

where average alongshore winds were computed, Box West (W) and Box East (E). (b) 

Fraction of the local variance explained by the first EOF mode (c) Monthly average of 

the amplitude time series of EOF 1. (d) Amplitude time series of EOF 1. 
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Figure 2.8. Alongshore wind stress at Boxes West and East (see Figure 2.7a for location). Upwelling favorable winds are positive. 

Monthly averages are shown on left panels (a and c), while the time series for the entire period are shown on the right (b and d). 
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Figure 2.9. Relation between alongshore wind stress at Boxes (a) West and (b) East (from Figure 2.8; upwelling favorable winds are 

positive) and the amplitude time series of EOF 1 of the frequency of plume occurrence (from Figure 2.7d). 
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Figure 2.10. MR plume area (km2) as identified by applying a boundary-detection algorithm to MODIS tDOC data. (a) Monthly 

averaged data and (b) monthly time series. 
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Figure 2.11. Hovmöller diagrams of tDOC anomaly concentration along 5 (a-e) bands in the northern Gulf of Mexico. Location of 

zonal bands in shown in Figure 2.4. Anomaly is defined as the deviation from the seasonal cycle. 
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Figure 2.12. Extreme event of offshore transport of MRP in 2015 based on MODIS tDOC and SMAP SSS. The black and white dots 

show track of surface drifter. Arrows show geostrophic velocity from altimetry. Transect used to compare tDOC and SSS data (in 

Figure 2.14) is shown in red. Data from all days from 11 July to 8 September are shown in Appendix A Figures A2 and A3. 
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Figure 2.13. Extreme event of offshore transport of MRP in 2016 based on MODIS tDOC and SMAP SSS. Arrows show geostrophic 

velocity from altimetry. Transects used to compare tDOC and SSS data (in Figure 2.14) are shown in red. Data from all days from 11 

July to 2 September are shown in Appendix A Figures A4 and A5. 
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Figure 2.14. Comparison between SMAP SSS and MODIS tDOC along transects shown 

in Figures 2.12 and 2.13.  
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CHAPTER 3 

SUMMARY AND FURTHER STEPS 

3.1. Summary 

The Mississippi River has a great influence in coastal processes in the Gulf of 

Mexico due to the amount of freshwater and other terrigenous material that it delivers to 

the ocean. After the 2010 Oil Spill, the Mississippi River plume and Gulf of Mexico 

circulation received a great attention from the oceanographic community. Understanding 

the fate of the riverine waters and how they interact with the Gulf of Mexico circulation 

became crucial to improve predictions of oil dispersion in the ocean. 

A general description of the river plumes and the main mechanisms that can 

influence their dynamics was presented in chapter 1. Although much has been learned 

about the Mississippi River plume dynamics over the last decade or so, many of the 

previous studies were constrained by the low temporal and spatial resolution of the data 

sets used (e.g. moorings, cruises profiles). Most previous studies were also focused in the 

coastal regions over the shelf in the northern Gulf of Mexico. The recent advance of new 

satellite data products spanning long periods with improved spatial resolution allows us 

to investigate plume distribution and variability in much greater detail. Describing MRP 

variability is the main focus of chapter 2, where it was shown that the MRP extends 

offshore during the summer when winds tend to be more upwelling-favorable. A new 

contribution of this research was the mapping of the regions of the Gulf of Mexico 
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influenced by riverine-waters and quantifying the frequency of plume occurrence. This 

has important biogeochemical implications, since riverine influenced waters are an 

important source of nutrients to the region. The analysis reveals that the river plume 

distribution on monthly time scales is driven primarily by river discharge and by winds. 

On shorter time scales of a few days, however, the MRP offshore transport is driven by 

the interactions with the Loop Current and associated eddies, which is facilitated by the 

steep topography of the Gulf of Mexico in the delta vicinity.  

The new satellite data sets used allowed for a more complete description of the 

MRP distribution and variability. This is especially true when SMAP SSS and MODIS 

tDOC are using in combination, since each data set independently presents important 

limitations. While tDOC data are influenced by clouds and only provide an indirect 

representation of the river plume, the high resolution of the observations allow for a more 

accurate representation of sharp fronts and narrow filaments of coastal water being 

transported offshore. Cloud coverage can severely limit data availability during specific 

periods, however, such as during the 2015 and 2016 events described in chapter 2. On the 

other hand, despite the relatively large SMAP footprint (~ 40 km), the satellite is not 

affected by clouds and provided a good view of the daily evolution of these events. This 

research demonstrated that the combined usage of SMAP SSS and MODIS-Aqua tDOC 

is an improved approach to investigate riverine-influenced regions. 
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3.2. Further Steps: Formation of Mississippi River Plume Filaments by Mesoscale 

Eddies 

In the previous chapter, the importance of eddies in transporting the Mississippi 

River Plume offshore was shown based on MODIS-Aqua tDOC and SMAP SSS 

measurements. Because the river plume is simultaneously influenced by a variety of 

forcing, it is often difficult to isolate the influence of eddies based on observations alone. 

As such, idealized modeling simulations can provide useful information about the 

formation of Mississippi River Plume filaments due to interactions with mesoscale 

eddies. 

Eddies are important features in the ocean. They have been shown to play an 

important role on the transport of heat (De Ruijter et al., 1999; Wunsch 1999; Roemmich 

and Gilson 2001; Crawford, 2005), salt (Ballegooyen et al., 1994; Treguier et al., 2012; 

Dong et al., 2014), and biogeochemical properties (Garcon et al., 2001; Chelton et al., 

2011a) to different places in the ocean. Also, they can promote large-scale mixing in the 

ocean (Abernathey et al., 2009) and interact with the mean flow (Olbers 2005). Eddies 

are generally referred to as warm- or cold-core, depending of the temperature anomaly in 

their interior. While cyclonic eddies are characterized by cold anomalies in their interior 

(cold-core eddies), anticyclonic eddies are characterized by warm anomalies. Eddies can 

be found nearly everywhere in the ocean (Chelton et al., 2011a). However, the most 

energetic are in general associated with western boundary currents (e.g.; Gulf Stream, 

Agulhas Current; Chelton et al., 2011b). This is because a meandering western boundary 

current creates unstable regions which are often favorable for eddy formation. These 
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mesoscale eddies generally have a radius of 50-100 kilometers and can persist for periods 

of many months. 

Cenedese et al. (2013) showed based on laboratory experiments that the 

interaction of anticyclonic vortices with a coastally trapped buoyant plume can result in 

the generation of coastal filaments that are transported towards the open ocean. This 

occurs when the ratio (Î) between the azimuthal velocity in the eddy and maximum 

along shelf velocity in the shelfbreak is greater than 1. When the ratio is smaller than 1 

filament formation can still occur, but it reconnects with the shelfbreak current resulting 

in no net offshore transport.  In the same study, the authors simulated the interaction 

between cyclonic eddies and the shelfbreak current. In contrast to anticyclones, they 

found that cyclonic eddies tend to “squeeze” the shelf current close to the coast. As such, 

no significant offshore transport of coastal water was observed. Zhang and Gawarkiewicz 

(2015) also demonstrated that cyclonic eddies from the Gulf Stream can intrude onto the 

shelfbreak with important biogeochemical implications.  

The analyses of MODIS tDOC data and of geostrophic velocities from altimetry 

indicate that the interaction of cyclonic eddies with the Mississippi River plume can 

sometimes result in the offshore transport of river-influenced waters (Figure 3.1), which 

is in contrast with Cenedese et al. (2013) laboratory experiments. A possible explanation 

for this discrepancy is that Cenedese et al. (2013) did not consider wind forcing in their 

experiments. One hypothesis is that significant filaments due to cyclones will only be 

formed if currents at the boundary of the buoyant plume oppose the azimuthal velocity 

around the cyclonic eddy (e.g., if winds, which were not considered in Cenedese et al.’s 

(2013) experiments, are upwelling favorable and strong enough to reverse the flow near 
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the front; note that winds during summer generally promote eastward transport of riverine 

waters in the region, Morey et al., 2003). This hypothesis can be tested using model 

simulations. Specifically, idealized model simulations should include the interaction of an 

anticyclonic eddy or of a cyclonic eddy with a river plume under the influence of wind 

forcing from different directions and magnitudes, from strongly downwelling favorable 

to strongly upwelling favorable. These simulations would allow for identifying the 

conditions in which filaments can be formed due to the interactions of cyclones with the 

river plume. They would additionally allow for testing the hypothesis that these filaments 

can only be formed if winds are upwelling favorable and strong enough to reverse the 

current direction near the offshore boundary of the plume. Testing this hypothesis awaits 

future studies. 
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Figures 

Figure 3.1. Filaments formed by cyclonic eddies in April 2004 (a) and November 2004 (b). 
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Figure A1. Monthly average anomaly of the frequency of plume occurrence. Anomaly is 

computed by removing the long-term average. 
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Figure A2. Daily evolution of the MRP during extreme event of offshore transport in 

2015 derived from MODIS tDOC. The black line represents the drifter position. Arrows 

show geostrophic velocity from altimetry. 
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Figure A3. Daily evolution of the MRP during extreme event of offshore transport in 

2015 derived from SMAP SSS. The white line represents the drifter position. Arrows 

show geostrophic velocity from altimetry. 
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Figure A4. Daily evolution of the MRP during extreme event of offshore transport in 

2016 from MODIS tDOC. Arrows show geostrophic velocity from altimetry. 
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Figure A5. Daily evolution of the MRP during extreme event of offshore transport in 

2016 from SMAP SSS. Arrows show geostrophic velocity from altimetry.  


