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ENSO and NAO linkages to interannual salinity variability in north central 
Gulf of Mexico estuaries through teleconnections with precipitation 

Gregg A. Snedden 
U.S. Geological Survey, Wetland and Aquatic Research Center, Baton Rouge, LA, USA  

A B S T R A C T   

Though the importance of Earth’s internal climate modes such as the El Niño-Southern Oscillation (ENSO) and the North Atlantic Oscillation (NAO) to regional-scale 
climate variability is well recognized, the degree to which these oscillations are reflected by spatio-temporal salinity variability over interannual timescales in es-
tuaries is less understood. Here an 11-year continuous salinity monitoring dataset spanning 223 stations across Louisiana’s coastal wetlands along the northern Gulf 
of Mexico is examined with empirical orthogonal function (EOF) analysis to identify dominant modes of interannual variability in the salinity field. The first EOF 
mode accounts for 72% of the variance in the salinity field and captures a domain-wide pattern where salinities vary in-phase through space in response to local 
precipitation anomalies occurring in the vicinity of the study area. This local precipitation anomaly is positively correlated with ENSO (Nino3.4 index), consistent 
with the El Niño – wet (La Niña – dry) precipitation teleconnection that is prevalent throughout the northern Gulf of Mexico coast. The second EOF mode, which 
accounts for 13% of the variance in the salinity field, is expressed primarily in the marshes across the lower reaches of the Mississippi River deltaic plain (MRDP). 
EOF2 is anticorrelated with annual Mississippi River discharge anomaly such that salinities in the lower MRDP decrease as discharge increases, pointing to enhanced 
advection of fresh river plume waters over the shelf into the estuary via estuary-ocean exchange during years of anomalously high river discharge. Mississippi River 
discharge anomaly is positively correlated with the NAO at a one-year time lag, through a teleconnection with precipitation throughout much of the central region of 
the Mississippi River drainage basin. Together, these findings indicate that most of the interannual salinity variability across Louisiana’s coastal wetlands can be 
linked to climate variability through teleconnections with precipitation. Incorporating these dynamics into restoration planning, monitoring, and adaptive man-
agement efforts may help constrain background environmental variation and better isolate restoration effects.   

1. Introduction 

Understanding drivers of salinity regimes in estuaries and coastal 
wetlands is critical to ecosystem management and restoration, as 
salinity is an important determinant of ecosystem production (Wilber, 
1992; van der Molen and Perissinotto, 2011; Mace and Rozas, 2017; 
Janousek et al., 2020), biodiversity (Latham et al., 1994; Maes et al., 
1998; Winder and Sommer, 2012; Telesh et al., 2013), and function 
(Morris et al., 1978; Nowicki, 1994; van de Broek et al., 2016; Wang 
et al., 2018). In addition to these direct ecosystem effects of salt con-
centrations in estuarine waters, the balance between seaward advection 
of salt by river flow and landward salt transport by dispersive processes 
regulates circulation and stratification which, in turn, can impact 
ecosystem processes such as phytoplankton production (Malone et al., 
1988) and larval nekton transport (Norcross and Shaw, 1984; Dong 
et al., 2007; Meerhoff et al., 2015). Salinity also influences water quality 
(Howarth et al., 2011; Murphy et al., 2011), and as such can serve as an 
important indicator of nutrients, heavy metals, suspended sediments, 
and dissolved oxygen in coastal waters (MacCready and Geyer, 2001; 
Wei et al., 2016). 

Estuarine salinity is strongly influenced by the magnitude, fre-
quency, duration, and timing of episodic freshwater inflows and the way 
these inflows interact with saline shelf waters. These interactions are 
shaped by a variety of atmospheric and oceanic mechanisms that occur 
over a broad range of time scales. These mechanisms include advection 
by the lunar tide (Ralston et al., 2010; Xu et al., 2019), fortnightly 
variations caused by changes in tidal amplitude over the spring-neap 
cycle (de Miranda et al., 1998; Lerczak et al., 2006), wind-forced 
estuary-ocean exchange (Garvine, 1985; Sanford and Boicourt, 1990; 
Wong and Moses-Hall, 1998), and seasonal variations in local precipi-
tation and runoff (Wong, 1995; Ralston et al., 2008). 

Over interannual time scales, salinity in estuaries and coastal wet-
lands can vary with year-to-year fluctuations in river discharge and 
coastal sea level (Hilton et al., 2008; Murphy et al., 2011). In the 
Delaware Estuary, long-term positive salinity trends have been linked to 
sea-level rise (Ross et al., 2015). In many regions, teleconnections be-
tween these variables and Earth’s internal climate modes have been 
observed. For example, the North Atlantic Oscillation (NAO) is inversely 
correlated with Connecticut River discharge, and positively correlated 
with salinity in Long Island Sound (Whitney, 2010). Estuarine salinity in 
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Patos Lagoon (Fernandes et al., 2002; Bitencourt et al., 2020), Tampa 
Bay (Schmidt and Luther, 2002), and along the Texas Gulf Coast (Tolan, 
2007) is inversely correlated with the Nino3.4 index, such that El Niño 
events are associated with negative salinity anomalies. These 
year-to-year salinity oscillations can impose cascading impacts to water 
quality (Tominack et al., 2020) and estuarine food webs (Garcia et al., 
2001; Stenseth et al., 2002; Piazza et al., 2010; Cloern et al., 2016). 

In coastal Louisiana, interannual variation in salinity has been linked 
to variation in fisheries productivity (Rozas and Minello, 2011; La Peyre 
et al., 2016), distribution and abundance of submerged aquatic vege-
tation (DeMarco et al., 2018), composition of phytoplankton commu-
nities (Mize and Demcheck, 2009), and benthic biogeochemical 
transformations (Seo et al., 2008). Additionally, interannual salinity 
fluctuations have been linked to changes in emergent marsh vegetation 
community zonation (Visser et al., 2002), where widespread transitions 
from oligohaline to mesohaline communities were observed following a 
two-year extreme drought. During the same time period, widespread 
dieback in coastal salt marshes dominated by the perennial marsh grass 
Spartina alterniflora occurred across the Mississippi River deltaic plain 
(McKee et al., 2004). Even subtle changes in salinity can markedly 
impact the performance of wetland plants common to coastal Louisiana 
(Willis and Hester, 2004; Spalding and Hester, 2007; Snedden et al., 
2015), where decreased belowground production resulting from exces-
sive salinity can lead to decreased organic matter accumulation and 
accretion, thus impairing the landscape’s ability to maintain its vertical 
position in a rising tidal frame and placing its sustainability in question. 

The tidal wetlands of Louisiana comprise nearly two-thirds of those 
in the Gulf of Mexico, and more than half of those found in the conter-
minous United States (Couvillion et al., 2017; Windham-Meyers et al., 
2018)), yet 90% of the nation’s coastal marsh loss occurs in Louisiana 
(Steadman and Dahl, 2008). It follows that the nearly $50B in ecosystem 
services the region provides annually in the form of water supply, water 
quality mitigation, storm surge protection, commercial navigation 
routes and ports, seafood landings, and recreation (Herrera et al., 2019), 
face imminent disruption. Beyond these ecosystem services, nearly 30% 
of the nation’s annual oil production and 19% of its gas production move 
through pipelines in Louisiana’s coastal zone that are not designed for 
the high wave-energy regimes that would prevail should the protection 
provided by the region’s coastal wetlands be reduced or eliminated 
(Laska et al., 2005). Carbon burial rates in these wetlands – which are 
inversely correlated with salinity (Baustian et al., 2017) – exceed 4 Tg 
yr− 1, and account for up to 20% of the total global rate (Baustian et al., 
2021). Thus, a significant global carbon sink is in jeopardy if current 
rates of wetland loss continue unabated. A globally unprecedented 
$50–100B, 50-yr ecosystem restoration effort is currently underway in 
coastal Louisiana (Peyronnin et al., 2013) and understanding how 
Earth’s internal climate modes – through teleconnections with local- and 
Mississippi River drainage basin-scale precipitation – may impact 
year-to-year salinity variability will be a critical component for suc-
cessful adaptive management of this restoration effort over the medium 
term (Steyer et al., 2003). Additionally, understanding these dynamics 
can inform predictions of how climate and land-use change may impact 
the long-term sustainability of this important landscape and the 
ecosystem services and energy security it provides to the region and to 
the world. 

This study examines spatial-temporal variation of salinity measured 
at 223 stations over 11 years under Louisiana’s Coastwide Reference 
Monitoring System (CRMS; (Deepwater Horizon Natural Resource 
Damage Assessment Trustees, 2022). Empirical orthogonal function 
(EOF) analysis is applied to identify dominant modes of variability in the 
dataset, and linkages between these dominant modes and geophysical 
forcing functions are explored. Correspondence between these forcing 
functions and various climate modes over several decades is then 
examined to identify linkages between the relevant climate modes and 
spatiotemporal salinity patterns across Louisiana’s expanse of coastal 
wetlands. 

2. Methods 

2.1. Study area 

The Louisiana Gulf Coast contains nearly 15,000 km2 of marshes, 
swamps, and other lowland habitat (Fig. 1) that flank the northern Gulf 
of Mexico (GOM) coast and form a continuum of vegetation community 
types that largely reflect the landscape’s long-term salinity regime 
(Snedden, 2019). The landscape can be divided into two primary regions 
– the Mississippi River deltaic plain (MRDP) and the Chenier Plain 
(LCP). The wetlands of the MRDP along eastern coastal Louisiana (east 
of 92◦W longitude) reside atop Holocene sediment deposits that are 
products of the 3.2M km2 Mississippi River drainage basin and roughly 
8000 years of river avulsion events near the river’s mouth. Along much 
of the MRDP west of the mouth of the Mississippi River, estuary-ocean 
exchange occurs primarily through a multitude of tidal passes situated 
between barrier islands. The LCP along western coastal Louisiana (west 
of 92◦W longitude) was also formed with terrigenous sediments from the 
Mississippi River drainage basin, but after they were discharged to the 
northern GOM, subsequently transported to the region by the westward 
coastal current along the northern GOM shelf, and then reworked 
against the coast through wave action (Byrne et al., 1959; Gould and 
McFarlan, 1959). Ridges (or cheniers) and levees are common features 
of the LCP, and water exchange between LCP wetlands and the northern 
GOM is often inhibited by these features and occurs largely through a 
few narrow inlets incised through the ridges. Runoff from local precip-
itation over south Louisiana is a large source of fresh water for the 
coastal wetlands, delivered via a series of small rivers (blue lines, Fig. 1; 
see Supplementary Table S1). The Mississippi River and its distributary, 
the Atchafalaya River (brown lines, Fig. 1), are additional sources of 
fresh water to Louisiana’s coastal wetlands. Because the Mis-
sissippi/Atchafalaya River system is largely leveed for flood control and 
commercial navigation, its fresh water reaches the coastal wetlands 
primarily either through tidal exchange after it is discharged into the 
GOM, or through the Gulf Intracoastal Waterway (red line, Fig. 1), 
which conveys Atchafalaya River flows east and west from the conflu-
ence of the two waterways (Swarzenski, 2003). It is important to note 
that the presence of flood-control levees along the flanks of the lower 
Mississippi River impedes runoff of local precipitation into the river it-
self and as such, the response of Mississippi and Atchafalaya River 
discharge to local precipitation over south Louisiana is negligible. 
Rather, Mississippi/Atchafalaya River discharge is driven by the inte-
grated runoff throughout the much larger Mississippi River drainage 
basin that spans most of the conterminous United States as well as 
portions of Saskatchewan and Alberta, CA (inset, Fig. 1a). 

2.2. Data sources 

Hourly salinity data at 223 stations spanning 2010–2020 were ob-
tained from the Coastwide Reference Monitoring System (CRMS; www. 
lacoast.gov/crms; Folse et al., 2020). Only stations for which <5% of the 
hourly values were missing and the longest consecutive gap <2 months 
during this 11-year period were included in the analysis (see Supple-
mentary Table S2 for a list of stations used, including each station’s 
overall data completeness and longest consecutive data gap). Each sta-
tion’s hourly salinity time series was aggregated into monthly averages, 
after which its monthly climatology was removed to provide a 223-sta-
tion by 132-month matrix of monthly salinity anomalies S. Gridded 
monthly precipitation data from the Parameter-Elevation Regressions 
on Independent Slopes Model (PRISM) dataset (Daly et al., 2008; www. 
prism.oregonstate.edu) were spatially averaged across the region 
bounded by 29.0◦–30.5◦N and 94.0◦ - 89.0◦W (see Fig. 1, dashed box) to 
provide a monthly local precipitation anomaly time series across the 
Louisiana coastal zone. Daily Mississippi River discharge data collected 
at Tarbert Landing, Mississippi (www.rivergages.com), for the period 
1950–2020 were aggregated to monthly averages, after which its 
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monthly climatology was removed to provide a time series of monthly 
discharge anomalies. Annual (Oct–Sep) precipitation anomalies across 
the conterminous United States derived from the PRISM dataset were 
related to seasonal-averaged values of the El Niño - Southern Oscillation 
(ENSO; Nino3.4; DJF) and North Atlantic Oscillation (NAO; Lisbon – 
Reykjavik; DJFM) indices (www.climatedataguide.ucar.edu/climate-da 
ta). Nino3.4 and NAO time series were normalized by their respective 
standard deviations, each calculated over the period 1950–2020. 

2.3. Data analysis 

Empirical orthogonal function (EOF) analysis (von Storch and Zwi-
ers, 1999; Thompson and Emery, 2014) was applied to the 223 site x 
132- month matrix S of salinity anomalies to identify its dominant 
modes of variability. EOF analysis optimally partitions the variance of a 
time-varying field into orthogonal patterns or modes by solving the 
eigenvalue problem for the covariance matrix of S. Mathematically 
speaking, EOF analysis is identical to principal components analysis 
(PCA), with the only distinction being that the samples are ordered in 
time. The number of modes produced by the analysis is equal to the 
number of time series in S (223 in this case). Each mode is composed of 
an eigenvector that describes the spatial pattern, an eigenvalue that is 
proportional to the mode’s contribution to the total variance in S, and a 
time series (principal component; PC) that describes the EOF mode’s 
evolution through time. The resulting PC time series of the leading 
modes can then be related to other geophysical time series to link these 
dominant modes of variability of the salinity field to specific forcing 
agents. EOF solutions were normalized to the standard deviations of 
their respective PCs, giving each PC time series a non-dimensional 
variance of unity (because salinity was measured using the Practical 
Salinity Scale, the eigenvectors are unitless as well). The percentage of 
local variance (i.e., the interannual salinity variance at each site) rep-
resented by each EOF mode was calculated as 

pm,s = 100 × λme2
m,s

/
σ2

s  

where λm is the eigenvalue of mode m, em,s is the eigenvector element for 
mode m at site s, and σ2

s is the salinity variance at site s (it can also be 
obtained by taking the coefficient of determination that results from 
regressing the salinity anomaly time series at site s against the principal 
component time series of mode m). The local variance explained can 
show pronounced spatial structures (Janssen et al., 1999) and can thus 
be important for robust interpretation of the EOFs. The significance (α =
0.05) of each of the resulting EOF modes was assessed with a Monte 

Carlo approach (10,000 simulations) applied to synthetic datasets of red 
noise each having autocorrelation functions identical to those in the 
salinity dataset, following Peng and Fyfe (1996). To assess the 95% 
significance level (r95) for correlations among geophysical (e.g., pre-
cipitation, river discharge), climate index, and PC time series, correla-
tion coefficients (r) were calculated for 10,000 pairs of randomly 
generated time series each having identical autocorrelation functions as 
the time series in question, and r95 was taken as the 95th percentile of 
the 10,000 correlation coefficients generated. 

Composite analysis was used to investigate the spatial distribution of 
annual precipitation anomalies associated with different Nino3.4 and 
NAO phases across the conterminous United States. Years when the 
normalized climate index in question was >0.5σ (σ = standard devia-
tion) were grouped into the positive phase ensemble; years when the 
normalized climate index was < − 0.5σ were grouped into the negative 
phase ensemble. Composites for each climate index phase were then 
calculated by taking the mean annual precipitation value for each 
PRISM grid cell across the years selected for the climate index phase. 
Composite differences were then computed by subtracting the negative 
phase composite from the positive phase composite, and statistical sig-
nificance of the composite differences in each grid cell was assessed with 
a Monte Carlo approach (Garcia-Herrera et al., 2006), where two 
separate groups of years were selected without repetition from all 71 
years (1950–2020). The size of each group was set equal to the number 
of years that comprise each of the two composites, accounting for 
autocorrelation in the precipitation time series using Neff = N [(1 – 
r1)/(1 + r1)] (Bretherton et al., 1999), where r1 is the lag-1 autocorre-
lation of the monthly precipitation time series for each grid cell of the 
PRISM dataset. The mean precipitation anomaly in each group and the 
difference between each group was calculated, and this procedure was 
repeated 5,000 times in each grid cell to obtain stable Gaussian proba-
bility density distributions. The observed difference in each grid cell was 
compared to the cell’s 5,000 simulated differences, and if it was greater 
than the 95th percentile or less than the 5th percentile of the simulated 
differences then the observed difference was considered statistically 
significant (p < 0.10) for the grid cell. All maps presented herein were 
produced with Matlab version 9.10 (www.mathworks.com), using the 
M-map toolbox (version 1.4; www.eoas.ubc.ca/~rich/map.html). 

3. Results 

Mean annual salinity during 2010–2020 varied widely across the 223 
sites from around 0.1 to greater than 20, with the highest salinities 
concentrated around the lower (seaward) reaches of the MRDP (Fig. 2a). 

Fig. 1. Map of study area. The coastal zone, 
throughout which the 223 salinity monitoring sta-
tions are distributed, is shaded in dark gray. The 
Atchafalaya (A) and Mississippi (B) Rivers are shown 
by the brown lines. Smaller rivers, through which 
runoff from local precipitation enters the coastal 
zone, are shown in blue, including the Sabine R. (1), 
Calcasieu R. (2), Mermentau R. (3), Vermillion R. (4), 
Bayou Teche (5), and Amite R. (6). River gauging 
stations are shown by the purple stars. The Gulf 
Intracoastal Waterway is shown by the red line. Lake 
Pontchartrain is indicated by the letter C. The dashed 
box represents the region (29–30.5◦N, 89–94◦W) over 
which local precipitation was calculated. The inset is 
the location of the study area (green box), and the 
Mississippi River drainage basin, shown by the pink 
polygon. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article.)   
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The lowest salinities were found in the inland reaches of the MRDP and 
also near the mouth of the Atchafalaya River. Salinity anomalies were 
generally positive during the first half of the study period (Fig. 2b). The 
positive anomalies peaked in 2011 and then transitioned to negative 
anomalies by 2016. The negative anomalies persisted for the remainder 
of the study, with the largest negative anomalies occurring in 2019. 
Average annual salinities in 2011 exceeded those in 2019 by roughly 10 
at the western sites, by roughly 5 in the lower MRDP, and by 0.1–3 near 
the mouths of the Mississippi and Atchafalaya Rivers and in the interior 
regions of the MRDP (Fig. 2c). 

The first two EOF modes account for 85% of the total variance of the 
salinity field, and their eigenvalues exceeded the 95% significance 
thresholds generated by the Monte Carlo simulations (Fig. S1). None of 
the remaining EOF modes were significant. EOF1, which comprises 72% 
of the variance, carries the same sign (positive) across all stations, with 
markedly elevated loadings in the westernmost stations (Fig. 3a). Thus, 
this mode captures a spatial pattern in which salinity varies in-phase 
across the Louisiana coastal zone, with larger fluctuations in the LCP 
region of the study area. The principal component time series of this 
mode (PC1; Fig. 3b) was strongly positive during 2011, after which it 
gradually declined to negative values. PC1 was anticorrelated with the 
local precipitation anomaly (r = − 0.80 [r95 = − 0.69]; Fig. 3b) and 
lagged precipitation by 4–5 months, though this time lag may not be 
significant considering the 18-month filter applied to the time series 
(correlations at 0–3 month lags were also significant). Together, these 
findings suggest that negative local precipitation anomalies are associ-
ated with positive salinity anomalies throughout coastal Louisiana, and 
that salinity is particularly responsive to local precipitation anomalies in 
the western part of the state where the EOF1 loadings are relatively 

large. This mode explains most of the local variance at the westernmost 
sites and also at sites along the western rim of Lake Pontchartrain, but it 
captures relatively little of the local variance at sites near the mouths of 
the Mississippi and Atchafalaya Rivers (Fig. 3c). 

The annual (Oct–Sep) local precipitation anomaly is positively 
correlated with the Nino3.4 index (DJF) from 1950 to 2020 (r = 0.67 
[r95 = 0.20]; Fig. 3d). The strong El Niño events of 1957–1958, 1966, 
1973, 1982–1983, 1991, 1997, 2002–2004 and 2015 are coincident 
with ( ± 1 yr) local precipitation surpluses. Similarly, the strong La Niña 
events of 1962, 1988–1989, 1999–2000, and 2011 all co-occur with 
local precipitation deficits. Composite analysis of PRISM precipitation 
anomalies with respect to ENSO phase corroborates this correlation, 
showing positive anomalies during positive ENSO phase years across the 
southeastern United States, including coastal Louisiana, where the 
composite differences were in the range of +20–40 cm yr− 1 (Fig. 3e). 
Thus, positive (negative) ENSO phases are associated with positive 
(negative) local precipitation anomalies and negative (positive) salinity 
anomalies across Louisiana’s entire coastal wetland landscape. 

EOF2 comprised 13% of the variance in the salinity field and 
exhibited a dipole pattern, whereby the loadings tended to be positive 
for the eastern stations (MRDP) and negative on the western side (LCP; 
Fig. 4a). PC2 was anticorrelated with Mississippi River discharge 
anomaly (Fig. 4b; r = − 0.72 [r95 = − 0.61]) and lagged discharge by 1–2 
months. Thus. positive river discharge anomalies were associated with 
reduced salinities on the eastern side of the state and elevated salinities 
on the western side. Up to 60% of the local salinity variance is captured 
by EOF2 at sites near the mouth of the Mississippi River and throughout 
the lower MRDP; the importance of this mode diminishes with 
increasing distance inland in this region (Fig. 4c). EOF2 captures only a 

Fig. 2. Spatio-temporal interannual variability at 223 
salinity monitoring sites 2010–2020. (a) Mean salinity 
at each of the 223 salinity monitoring sites 
2010–2020. (b) Median (red lines) salinity anomaly, 
by year, for the 223 salinity monitoring sites, with 
interquartile range (blue box) and 5th and 95th per-
centiles (black whiskers). (c) Difference between 2011 
and 2019 mean annual salinity at each site (positive 
indicates salinity 2011 > salinity 2019). (For interpre-
tation of the references to colour in this figure legend, 
the reader is referred to the Web version of this 
article.)   
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small portion of local variance for most sites in the LCP (west of 92◦W). 
Thus, while the negative EOF2 loadings are prominent outside the 
MRDP, they appear to be inconsequential to the overall interannual 
salinity variability in this region. 

Mississippi River discharge anomaly, which was shown above to be 
inversely correlated with PC2, is positively correlated with the NAO 
index from 1950 to 2020 (Fig. 4d). Peak correlation occurs when 
discharge anomaly lags NAO by one year (r = 0.35 [r95 = 0.22]). 
Composite analysis of PRISM precipitation anomalies with respect to 
NAO phase shows positive precipitation anomalies throughout much of 
the Mississippi River drainage basin during years following positive 
NAO phase (i.e., accounting for the one-year precipitation lag; Fig. 4e). 
Thus, positive (negative) NAO phases are associated with positive 
(negative) precipitation anomalies across the Mississippi River drainage 
basin during the following year, which drive positive (negative) Mis-
sissippi River discharge anomalies. When these discharge anomalies are 
positive, salinity in the lower Mississippi River delta is reduced and 
salinity at many of the sites in southwest Louisiana increases. 

4. Discussion 

Salinity across Louisiana’s coastal wetlands shows considerable 
interannual variation that has been linked to ENSO and NAO through 
teleconnections with local and Mississippi River basin-scale precipita-
tion variability. The amplitude of these variations is higher in the 
western (LCP) region of the state (Fig. 2c), where salinity differences 
between the 2011 La Niña and 2019 El Niño events approach 10. The 
higher variation in this region of the study site may reflect the LCP’s 
restricted estuary-ocean exchange that would otherwise flush the region 
during droughts and promote retention of local runoff during wet years. 

Two modes of variability together account for 85% of the interannual 
salinity variation across Louisiana’s coastal wetlands. The first EOF 
mode (a large effect impacting the entire Louisiana coastal zone) cap-
tures a pattern whereby salinity varies in-phase across coastal Louisiana, 
with the amplitude of these salinity fluctuations being quite large in the 
far western regions of the study area (Fig. 3). Temporally, this pattern is 
correlated with local precipitation variability (r = − 0.80) under the 
influence of ENSO, where positive (negative) local precipitation anom-
alies are associated with El Niño (La Niña) conditions (r = 0.67) and tend 
to decrease (increase) salinity across coastal Louisiana. The larger 
eigenvector loadings at the far western sites is consistent with previous 
findings of low-frequency salinity fluctuations in this region being 
highly sensitive to local precipitation anomalies due to restricted 
estuary-ocean exchange in the region (McGinnis and Aucoin, 2015). 
Prior investigations have observed correspondence between precipita-
tion anomalies and ENSO phase in the southeastern United States, 
whereby during El Niño (La Niña) phases the subtropical jet stream in-
tensifies (weakens), increasing (decreasing) cyclogenesis (Ropelewski 
and Halpert, 1986; Schmidt et al., 2001; McCabe and Muller, 2002) and 
moisture flux from the Pacific (Sanchez-Rubio et al., 2011). This 
ENSO/southeastern U.S. precipitation teleconnection and its impact on 
coastal salinity has been identified as a driver of brown shrimp abun-
dance (Piazza et al., 2010) and oyster disease-induced mortality (Soniat 
et al., 2009) in the MRDP. Those findings are corroborated here and 
suggest the ENSO/brown shrimp teleconnection may extend beyond the 
MRDP to all of coastal Louisiana. 

Positive (negative) Mississippi River discharge anomalies are asso-
ciated with positive (negative) NAO phases (r = 0.35), through the 
NAO’s influence on precipitation anomalies throughout a broad region 
of the Mississippi River drainage basin, and tend to decrease (increase) 

Fig. 3. (a) Eigenvector loadings for the first mode (EOF1), obtained through EOF analysis of 2010–2020 monthly salinity anomalies at 223 salinity monitoring sites; 
(b) amplitude of principal component time series for EOF1 (blue); local precipitation anomaly (orange) - both time series have been smoothed with a 18-month 
Lowess filter; (c) percent local variance explained by EOF1; (d) normalized Niño3.4 time series (blue); local precipitation anomaly (orange); (e) composite pre-
cipitation difference (positive minus negative) with respect to Niño3.4 phase. Only regions where composite precipitation difference was significant (α = 0.10) are 
shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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salinity near the mouths of the Mississippi and Atchafalaya Rivers and in 
the lower MRDP (with little to no impact elsewhere in the study area; 
Fig. 4). Elevated Mississippi River discharge has been associated with 
positive NAO phases (Sanchez-Rubio et al., 2011), and similar 
streamflow-NAO relations have been observed throughout the central 
Mississippi River basin tributary network (Tootle et al., 2005). During 
positive NAO phases, the Bermuda High intensifies, resulting in stronger 
trade winds and enhanced evaporation across the Caribbean and GOM 
(Wallace et al., 1990). As these moisture-laden trade winds turn north-
ward along the northern GOM margin, they inject moisture over the 
central Mississippi River drainage basin (Helfand and Schubert, 1995). 
Using tree-ring data as a proxy for precipitation, this correspondence 
between the NAO and central North American precipitation over 
sub-decadal timescales has been observed going back to the mid-1600s 
(Fye et al., 2006). The NAO-Mississippi River discharge correlation (r =
0.35) is considerably weaker than the Nino3.4-local precipitation cor-
relation (r = 0.67), possibly because (1) there exist expansive regions of 
the Mississippi River drainage basin that lie beyond the extent of the 
NAO/precipitation action center (Fig. 4e), (2) reservoir operations in the 
basin designed for water storage and flood control can decouple pre-
cipitation and river discharge, or (3) this teleconnection is modulated to 
some degree by other, longer-period climate modes that have also been 
linked to Mississippi River discharge (such as the Atlantic Multidecadal 
Oscillation; Enfield et al., 2001). 

The spatial patterns of EOF2 eigenvector loadings (Fig. 4a) and local 
variance explained (Fig. 4c) on the MRDP, which carry large values at 
the seaward reaches and diminish landward, are strongly suggestive of 
the coastal ocean as a source of freshwater. West of the Mississippi 
River’s mouth, freshwater discharged onto the shelf flows westward 

alongshelf as a stratified coastal current (Chew et al., 1962; Cochrane 
and Kelly, 1986; Schroeder et al., 1987). During river flood events, this 
buoyant coastal current can act to reverse the horizontal density 
gradient between the shelf and the bays of the lower MRDP, inducing 
negative estuarine flows such that plume waters on the shelf flow into 
the MRDP bays through the tidal passes (Juarez et al., 2020), and these 
freshwater intrusion events have been observed in time-series of satellite 
imagery (Payandeh et al., 2021). These dynamics have also been iden-
tified with numerical modeling spanning much of the same time period 
as this study (2012–2018; Ou et al., 2020). 

Loadings for EOF2 exhibited a dipole pattern, where they were 
negative for many of the LCP sites in western Louisiana, and hence 
opposite those on the distal reaches of the MRDP on the eastern side of 
the study area (Fig. 4b). This dipole spatial pattern suggests that unlike 
most of the MRDP sites where positive river discharge anomalies were 
associated with reduced salinity, at many of the LCP sites they were 
counterintuitively associated with elevated salinities. This dipole 
pattern may simply be an artifact of the orthogonality constraint of EOF 
analysis, which forces the scalar product between EOF1 and higher 
modes to zero (Navarra and Simonici, 2010) and can consequently 
promote a domain-wide dipole pattern in EOF2 when the dominant 
mode (EOF1) carries the same sign throughout the domain (Houghton 
and Tourre, 1992; Dommenget and Latif, 2002; Lian and Chen, 2012). If 
no reason exists for the physical processes driving the system to exhibit 
orthonormal conditions (e.g., if the correlation coefficient between the 
local precipitation and Mississippi River discharge anomaly time series 
is not exactly zero), some of the dynamics beyond those captured in the 
dominant first mode can remain obscured in combinations of the higher 
modes. Regardless of the origin of the negative EOF2 loadings in the 

Fig. 4. (a) Eigenvector loadings for the second mode (EOF2), obtained through EOF analysis of 2010–2020 monthly salinity anomalies at 223 salinity monitoring 
sites; (b) amplitude of principal component time series for EOF2 (blue); Mississippi River discharge anomaly (orange) - both time series have been smoothed with a 
18-month Lowess filter; (c) percent local variance explained by EOF2; (d) normalized NAO time series (blue); Mississippi River discharge anomaly (orange); (e) 
composite precipitation difference (positive minus negative) with respect to NAO phase. Only regions where composite precipitation difference was significant (α =
0.10) are shown. The Mississippi River drainage basin boundary is indicated by red line. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.) 
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western region of the study area, the local variance explained by EOF2 in 
this region was very low, possibly due to reduced estuary-ocean ex-
change and associated estuarine flushing with relatively fresh Mis-
sissippi River plume waters in the LCP region (relative to the MRDP 
region) of the Louisiana coastal zone (McGinnis and Aucoin, 2015). As a 
result, interannual salinity variation across the LCP region of the study 
area could be overwhelmingly attributed to the local precip-
itation/ENSO mode (EOF1). 

Salinity sensors in the CRMS network became operational 
2006–2008, and data which meet completeness criteria spanning >200 
sites go back to 2010. As such, the CRMS salinity data analyzed in this 
study (2010–2020) span a single ENSO cycle. Thus, the local precipi-
tation/EOF1 and Mississippi River discharge/EOF2 linkages identified 
here are tenuous and their persistence should be further examined as 
new CRMS salinity data become available. Linkages between climate 
modes (Nino3.4, NAO) and precipitation, on the other hand, are based 
on several decades of data (1950–2020) and corroborate previous 
findings (Schmidt et al., 2001; McCabe and Muller, 2002; Sanchez-Rubio 
et al., 2011). 

Indices of Earth’s internal climate modes such as ENSO and NAO are 
becoming increasingly predictable. For example, increases in warm 
water volume in the equatorial Pacific generally precede the onset of El 
Niño conditions by eight months (McPhaden, 2003), and persistent, 
multi-year La Niña conditions often follow years with very strong El 
Niño events (Iwakiri and Wantanabe, 2021). Likewise, robust and 
skillful predictions of wintertime (DJF) NAO can be made from sea-ice 
concentration, stratospheric circulation, and sea-surface temperature 
conditions during the preceding autumn (Wang et al., 2017). The 
quasi-predictability of these climate indices suggests that prevailing 
estuarine salinity conditions in Louisiana may be anticipated several 
months to a few years in advance, allowing for management measures 
such as regulation of freshwater inflows or design of oyster reef resto-
ration networks (Swam et al., 2022) to have elements of proactivity 
rather than being strictly reactive endeavors. 

Ecological restoration efforts in the northern GOM wetlands have 
been central to managing these ecosystems for the last 30 years 
(LCWCRTF, 1998), and investment in these efforts has accelerated since 
the Deepwater Horizon incident in 2010 (CPRA, 2017). Many of these 
restoration measures, such as Mississippi River diversions, will convey 
large influxes of freshwater to their estuarine receiving basins in attempt 
to stimulate deltaic land building with fluvial sediments (Allison and 
Meselhe, 2010). Given that maximum suspended sediment concentra-
tions occur during river flood events (Mossa, 1996; Snedden et al., 
2007), it has been recommended that diversion operations be coincident 
with river floods (Peyronnin et al., 2017). Under this approach large 
freshwater inflows occurring mid-estuary via river diversions would be 
coincident with large influxes of freshwater from plume waters on the 
shelf, which together may impose dual freshening influences throughout 
the lower and middle reaches of their estuarine basins. These dynamics 
have been confirmed with numerical models (Ou et al., 2020), which 
indicate substantial salinity reductions in the lower MRDP in response to 
operations of a proposed river diversion. This basin-scale freshening 
may have implications for estuarine fisheries distribution and produc-
tivity. More generally, successful restoration planning and imple-
mentation requires an understanding of how salinity is impacted by 
cyclical climate variability, and that restoration monitoring data be 
interpreted within the context of this variability. The teleconnections 
between cyclical climate variability and salinity identified here clearly 
illustrate the importance of their incorporation into monitoring and 
modeling efforts to assess or predict restoration impacts, and to inform 
uncertainty about those predictions. The background climate vari-
ability, once known, may be constrained by integrating appropriate 
explanatory variables into statistical and numerical models, allowing for 
restoration impacts to be better resolved. 

These findings can inform expectations regarding how salinity re-
gimes in coastal Louisiana will be impacted by anticipated changes in 

climate and land use in the coming decades. Continued sea-level rise will 
have the tendency to increase saltwater intrusion throughout coastal 
Louisiana, as it has in a multitude of other estuaries throughout the 
world (Ross et al., 2015; Yang et al., 2015; van Maanen and Sottolichio, 
2018; Vu et al., 2018). Though total annual precipitation in the south-
eastern United States is expected to remain unchanged throughout the 
next several decades (Hayhoe et al., 2018), interannual variation in total 
precipitation in the region has increased over the last 70 years and this 
increased variability has been associated with warming sea surface 
temperatures in the Atlantic (Wang et al., 2010; Li et al., 2011). If this 
increasing trend of precipitation variability in the region is a manifes-
tation of the secular warming trend over the observational record, it may 
continue into the future. Taken together, these circumstances – 
continued sea-level rise and increased year-to-year local precipitation 
variability – point to increased salinities throughout coastal Louisiana in 
the coming decades with larger interannual fluctuations, particularly in 
the western region where the local precipitation effect (EOF1) is most 
pronounced. These impacts may be mitigated to some degree in the 
lower MRDP where the Mississippi River discharge effect (EOF2) was 
most prominent, given that Mississippi River discharge is projected to 
increase by 10–60% by the 2090s over that observed in the 2000s, 
depending on climate, atmospheric CO2, and land-use change scenarios 
(Tao et al., 2014). 

Recent research has explored the possibility of scaling up oyster 
fishery planning and management efforts from single site- or reef-level 
to entire estuarine basins, and defining oyster production zones based 
on maps of mean salinity over recent years (Swam et al., 2022). Findings 
here may provide context for those efforts, particularly if production 
zones are defined based on biased salinity records spanning only a 
portion of the ENSO cycle. Similarly, marsh vegetation community 
zonation (fresh, intermediate, brackish, saline) has been assessed 
throughout coastal Louisiana via end-of-season aerial surveys conducted 
at roughly decadal recurrence intervals over the last 25 years (Visser 
et al., 1998, 2000, 2002; Sasser et al., 2008, 2014; Nyman et al., 2022). 
The first four surveys all occurred after marked precipitation deficits 
(Fig. 4d), while the last occurred shortly after a precipitation surplus had 
persisted for three years. These findings suggest that decadal-interval 
vegetation mapping may be aliasing the ENSO signal and that 
higher-frequency (i.e., annual) mapping efforts (e.g., based on remote 
sensing imagery) may be needed to disentangle cyclical variations 
associated with internal climate variability from long-term trends 
associated with restoration activities and climate change. 
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