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Sea surface temperature (SST) variability was analyzed in the Northwestern Gulf of Mexico over the period
1982-2018. This analysis was carried out by the combination of reanalysis databases (OISST; /4 and CFSR) and a
hydrodynamic model (ROMS). SST warming is detected throughout the year with the exception of the Louisiana-
Texas shelf where a cooling is observed during winter months (November-February). The existence of a different
SST trend near coast with respect to open ocean is related to Mississippi and Atchafalaya River plumes. The
bigger differences, between plume area cooling and ocean warming, are detected under the plume reinforcement

driven by an increment in the freshwater discharge. The plume reinforcement increases the stratification and
reduces the vertical mixing, favoring the atmospheric cooling of coastal SST during winter.

1. Introduction

Sea Surface Temperature (SST) has shown a strong warming trend
since the 1980s (IPCC, 2013) due to the increase in the heat content of
the Earth, which has been mainly absorbed by oceans (Church et al.,
2011; Levitus et al., 2012). Although SST warming was the dominant
trend in all basins, it is important to take into account that variations
are highly dependent on time and spatial scales. Thus, the sign of the
trend can change depending on the decades considered (deCastro et al.,
2009; Gouretski et al., 2012) and on the season of the year examined
(Costoya et al., 2015). Regarding spatial scales, warming rates change
from basin to basin (Levitus et al., 2012) being variations more marked
at regional scales.

Trends in coastal areas have also shown high spatial heterogeneity
over the last three decades (Lima and Wethey, 2012). Coastal areas can
be subjected to different forcing favoring a different warming pattern
when compared with open water. The main factors contributing to the
different behavior are: freshwater inputs (e.g. Howden and
Murtugudde, 2001; Vizy and Cook, 2010; Park et al., 2011; Materia
et al., 2012; White and Toumi, 2014; Costoya et al., 2016, 2017), up-
welling (e.g. Relvas et al., 2009; Santos et al., 2012a, 2012b, 2012c,
2015; Varela et al., 2015) or the presence of transitional water bodies
(e.g. Kozlov et al., 2014). These forcing in combination with global
warming can provoke a different SST response depending on the coastal
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area and the season considered.

Regarding freshwater inputs, some studies have found that river
discharge can modulate or even reverse SST trends in close areas. Vizy
and Cook (2010) noticed a higher warming during austral summer in
the area around Amazonas and Orinoco mouths. Materia et al. (2012)
and Park et al. (2011) found the same effect due to Congo River and
Changjiang River discharges during summer. However, Howden and
Murtugudde (2001) detected a cooling trend in the Bay of Bengal
provoked by river runoff by means of numerical simulations and White
and Toumi (2014) also observed a cooling effect in localized regions of
Congo River mouth using a regional ocean model. Other studies (Seo
et al,, 2009; Behara and Vinayachandran, 2016) noticed a higher
warming (cooling) during summer (winter) in the Bay of Bengal also by
means of model simulations. Finally, Costoya et al. (2016) found a SST
cooling along the French continental shelf during winter months due to
the river plume formed by Loire and Gironde Rivers. Therefore, the role
of river inputs in modifying the thermal characteristics of the adjacent
water varies depending on the region and the season considered. For
these reasons, it is necessary to know the influence of the most im-
portant fluvial systems on the temperature patterns of seawater. The
knowledge of the systems able to modify ocean temperature trends has
a remarkable importance in the actual context of global warming, since
it is a well-known fact that changes in sea temperature are considered
as the most pervasive and severe impact in coastal ecosystems (Lima
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and Wethey, 2012). In this sense, despite the numerous studies on the
plume formed by the Mississippi and Atchafalaya River discharges,
there is not an in depth analysis on its influence on SST and its varia-
tions along the last decades. The knowledge of the influence of this
plume system on the thermohaline properties of the seawater and their
evolution, can help to better understand the role of these systems as
modulators of global warming. In addition, this information can also
help to understand the effects of other minor river systems subject to
similar conditions and where the data acquisition is more limited.

The aim of this study is to analyze the SST trend in the Northwestern
part of the Gulf of Mexico from 1982 to 2018 as well as the influence of
the plume formed by the Mississippi and Atchafalaya River system on it.
In addition, factors able to determine the plume dynamic and, there-
fore, to modify coastal SST, will be assessed to determine their influ-
ence. The Regional Ocean Modeling System (ROMS) will be used to
evaluate the plume development as well as changes on it, and the %°
daily Optimum Interpolation SST (OISST) database will be used to
quantify variations in SST. Section 2 shows the databases used to carry
out the present study, as well as the methodology developed to analyze
SST variations. Results are described in Section 3 and discussed in
Section 4, where the main conclusions are also shown.

2. Study area, databases and methodology
2.1. Study area

The Mississippi River is one of the most important rivers in the
world in terms of river discharge and environmental settings. In fact,
Mississippi is the longest river in North America (6300 km), with an
average discharge of about 20,000 m>s ™!, draining approximately 41%
of the continental United States (Walker et al., 2005; Zhang et al.,
2012). The Mississippi River splits into two distributaries upstream of
the Tarbert Landing station. The Old River outflow channel, carrying
one-third of the upper Mississippi River flow, merges with the Red
River, near Simmesport, to form the Atchafalaya River. The Mississippi-
Atchafalaya (hereafter referred to as MA) is the seventh largest river
system by water discharge (>5 x 10" m>year™!) in the world
(Milliman and Meade, 1983; Allison et al., 2012; Marta-Almeida et al.,
2013). This river system provides, at the Louisiana-Texas shelf, around
90% of the river discharges into the Gulf of Mexico (Androulidakis
et al., 2015). The Louisiana-Texas shelf is located in the Northwestern
area of the Gulf of Mexico (Fig. 1a). The width of the shelf is around
200 km in the area close to the Atchafalaya bay and < 50 km near the
Mississippi River mouth (Zhang et al., 2012). The Louisiana-Texas shelf
is an economically important coastal region due to extensive offshore
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oil and gas activities, commercial and fishing, as well as coastal tourism
(Zhang and Hetland, 2012).

The MA River system provides an important input of freshwater,
sediment, nutrients, and pollutants, causing a major impact on the
parameters controlling the continental shelf oceanography in the
Northern Gulf of Mexico. On the one hand, the supply of nutrients
enhances the phytoplankton and zooplankton productivity. This fact
makes the Louisiana-Texas shelf a very productive fishery area, with
around 30% of total U.S. catchment, being also the spawning area of
several essential species (Walker, 1996). On the other hand, this high
productivity presents some negative consequences such as a large zone
of hypoxia generated during summer months leading to eutrophication
(Walker, 1996).

For the reasons above mentioned, it is of great importance tracking
the MA plume development and its impact on the most relevant oceanic
parameters. The impact of MA River plume on different variables was
analyzed by several authors through numerical modeling (Xu et al.,
2011; Hetland and Dimarco, 2012; Zhang et al., 2012; Marta-Almeida
et al., 2013; Rong et al., 2014; Androulidakis et al., 2015), satellite
imagery (Miller and McKee, 2004; Salisbury et al., 2004; Walker et al.,
2005; Hu et al., 2005; Shi and Wang, 2009), in situ data (Corbett et al.,
2004; Allison et al., 2012; Joung and Shiller, 2014) or with the com-
bination of these methodologies (Kolker et al., 2014). The majority of
these studies are focused on the displacement of the plume along the
Louisiana-Texas shelf under different conditions and on the analysis of
the plume influence on some parameters related to primary pro-
ductivity. In general terms, the MA plume tends to be displaced to the
west due to the buoyant forcing and the predominant east component of
winds, especially during non-summer months (Schiller et al., 2011).
This westward transport is reduced during summer due to the pre-
dominant, although weak, upwelling favorable winds (Walker et al.,
2005; Marta-Almeida et al., 2013). The Loop Current and eddies can
also affect the river plume in the vicinity of the Mississippi delta
especially, under conditions favoring the offshore movement of the
plume (Walker et al., 2005).

2.2. Sea surface temperature data

SST data were obtained from the daily Optimum Interpolation Sea
Surface Temperature database (OISST; 4, version 2, Reynolds et al.,
2007). It combines in situ data from ships and buoys and satellite data
to construct a regular global grid by means of a special form of kriging
called Optimal Interpolation. This procedure retains large-scale corre-
lation structures and allows assimilating very sparse data coverage
(Reynolds, 2009; Reynolds and Chelton, 2010). Regarding satellite
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Fig. 1. a) Location of the region under scope. Black area represents ROMS model domain. b) Bathymetry of the region under scope. Green dots mark the location
where river discharge was sampled. Green triangles mark the location of the main mouth of Atchafalaya and Mississippi Rivers. White dots mark the location of the
buoy TABS used in the study. The nine rivers included in ROMS model are, from west to east: Nueces, San Antonio, Lavaca, Brazos, Trinity, Sabine, Calcasieu,
Atchafalaya, Mississippi. White contour lines represent 20, 75 and 100 m isobaths. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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data, only data from the Advanced Very High Resolution Radiometer
(AVHRR) sensor were used because it provides an uninterrupted SST
data since March 1981 (Casey et al., 2010) with a spatial resolution of
0.25° x 0.25°. Daily files for the northwestern area of the Gulf of
Mexico (86-98°W, 26-31°N) were retrieved from the National Oceanic
and Atmospheric Administration (NOAA) website (http://www.ndc.
noaa.gov/sst/) over the period 1982-2018. Daily SST values were
averaged at monthly scale. Monthly anomalies were obtained by sub-
tracting for each grid point and month, the mean monthly SST over the
whole period (e.g. mean of all Januaries from 1982 to 2018) from the
monthly SST value (e.g. January 1982). Finally, SST trends were cal-
culated using monthly anomalies and were assumed to be linear.

SST anomalies at coastal and oceanic locations were further ana-
lyzed by means of the empirical orthogonal functions (EOFs) method.

Daily SST data were also obtained from the Multi-scale Ultra-high
Resolution (MUR) SST Analysis, which provides global SST data with a
spatial resolution of 0.01° from 2002 to present. Although the time
period available from this database is too short to provide consistent
temperature trends, it allows to test, by comparison, if the spatial re-
solution of OISST adequately represents the main features of the coastal
area. Daily SST values were averaged at monthly scale and monthly
anomalies were calculated to remove the seasonal cycle.

2.3. Regional Ocean Modeling System (ROMS) data

Water salinity, temperature and velocity data were retrieved from
ROMS model. This model domain covers the Louisiana-Texas shelf
(Fig. 1a) with a spatial resolution ranging from approximately 600 m
near the coastline to 4km along the offshore open boundary. The
number of vertical layers was 30 (Zhang et al., 2012). The model was
run with realistic forcing and point sources. Surface fluxes (momentum
and tracer) were obtained from ERA Interim. Streamflow was included
as point sources and nine rivers across Texas and Louisiana, including
Mississippi and Atchafalaya Rivers, were included in the model (see
Fig. 1). The daily streamflow data were obtained from the US Army
Corps of Engineers and US Geological Survey. Tides are not included in
the model as they are known to be small in the region (DiMarco and
Reid, 1998; Salisbury et al., 2004). The model was nested into global
ocean general circulation models (OGCM), namely Global HYCOM
(1993-2012) and Global Mercator (2013-2018). The hindcast model
was run for the 1993-2018 period with a spin-up period of one year.
Data from 1994 to 2018 were used in this study.

Temperature and salinity data were used to analyze the stratifica-
tion of the water column over the period 1994-2018. The buoyancy
frequency (N2, also called Brunt-Viisild frequency squared), which
represents the stratification strength at a specified depth (z), was de-
fined as follows:

_8 4
p, Az (@]

N? =

where g is the gravity constant, p, is the average water density (kg m ™)
and the term 3—‘; accounts for the potential density gradient from surface
to the specified depth z. Brunt-Viiséléd frequency was calculated for the
all depths available. Then, Maximum Brunt-Véisdld values along the
water column were obtained for each grid and time (at a monthly
scale).

Changes in the freshwater transport were analyzed by means of
salinity and velocity data, following a procedure based on Schiller et al.
(2011):

i, 1 & 1 Ny
AFW;’Flansport = (_ Z Ui(dsni(d - Z Ui(’JSI'li("l
Na (o No 3 2)

where i,j refer to the pixel, k to the time instant and, N, and Nj, to the
number of time instants in the interval 1994-2006 and 2006-2018,
respectively. U is the zonal component of the velocity and Sn is a proxy
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of the freshwater content calculated as

Snid = —SrEf_SLJ
« Sref

where S,r = 37 is a reference salinity estimated from the maximum
salinity at ocean locations.

2.4. Texas Automated Buoy System (TABS) data

In situ temperature and salinity data derived from the TABS were
used to assess the performance of the OISST,, 4 database and ROMS
model. TABS is a coastal network of moored buoys along the Texas
coast maintained by the Geochemical and Environmental Research
Group at Texas A&M University (http://tabs.gerg.tamu.edu/tglo/).
Temperature and salinity data from three buoys (B, F and R, see Fig. 1b)
located at approximately 2 m below sea surface were considered in this
study. The Buoy F provides data since 1996 and the Buoys B and R since
1999. Mean daily temperature and salinity values were obtained from
the buoys. The closest pixel of the OISST; ., and ROMS to each buoy was
considered and the selected period was the maximum available for each
buoy. Daily values were averaged for each month and monthly
anomalies were calculated in order to remove the seasonal component
and to prevent artificial correlations. Finally, Spearman rank correla-
tion coefficient (hereafter referred to as correlation coefficient) was
used to analyze the suitability of OISST; 4 data to represent real SST
and of ROMS data to represent real temperature and salinity. Spearman
rank correlation was selected to analyze the significance of trends and
correlations due to its robustness to deviations from linearity and its
resistance to the influence of outliers.

2.5. Heat flux, air temperature and wind data

Surface heat flux (shortwave, longwave, latent and sensible), air
temperature and wind data were analyzed due to their key role in SST
patterns. These variables were obtained from the Climate Forecast
System Reanalysis (CFSR) developed by NOAA's National Centers for
Environmental Prediction (Saha et al., 2010) (http://rda.ucar.edu/pub/
cfsr.html) for the period 1982-2018, which allows cover the total ex-
tent of the study. In addition, this database provides a spatial resolution
of 0.3° X 0.3° from January 1982 to April 2011 and 0.2° X 0.2° there-
after. Data from the latter period were interpolated on a 0.3° x 0.3° grid
to use a common resolution over the whole period. This spatial re-
solution is fine enough to analyze the main processes occurring at
coastal areas. Wind data measured at a reference height of 10 m and at
6-h intervals were considered in order not to filter daily variations in
wind patterns. Air temperature and surface heat flux data measured at
2m were averaged at monthly scale.

The net heat flux (Qr) through the ocean surface was evaluated
following Eq. (3):

Qr =Qsw + Quw + Qs + Q 3

where Qgw is the shortwave flux, Quw is the longwave flux, Qg is the
sensible heat flux and Q, is the latent heat flux. According to the se-
lected sign criterion, negative heat fluxes imply that ocean is losing heat
whereas positive heat fluxes indicate that ocean is gaining heat.

2.6. River discharge data

Daily runoff data for Mississippi and Atchafalaya Rivers were ob-
tained from gauging stations operated by the US Army Corps of
Engineers (http://rivergages.mvr.usace.army.mil/WaterControl/new/
layout.cfm). In particular, river discharge data were retrieved at the
Tarbert Landing station for Mississippi River and at Simmesport for
Atchafalaya River (Fig. 1b, green dots). Daily data over the period
1982-2018 were averaged at monthly scale to analyze the river
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Table 1

Temperature correlation between OISST;,, and ROMS databases and TAB
buoys, and the associated RMSE (root mean square error). All values are sig-
nificant at 99%.

Buoy B Buoy F Buoy R

Correlation ~ RMSE  Correlation = RMSE  Correlation = RMSE

OISST,,4  0.77 1.47 0.83 1.41 0.84 1.74
ROMS 0.86 1.15 0.78 0.89 0.87 1.22

discharge variability and its influence on SST patterns.

2.7. The AMO teleconnection index

The Atlantic Multidecadal Oscillation (AMO) is a mode representing
the multidecadal variability of the SST over the North Atlantic Ocean.
The AMO index is calculated averaging the SST anomalies in the
Atlantic Ocean north of the Equator (Enfield et al., 2001). It was ob-
tained from the Climate Prediction Center at the National Center of
Environmental Prediction (http://www.cpc.ncep.noaa.gov) at a
monthly scale for the period 1982-2018.

3. Results
3.1. Validation

The capability of OISST;,, and ROMS datasets to analyze SST
variability was evaluated by means of correlations with TABS buoys for
the whole period available following the procedure explained in Section
2.4, where the seasonal cycle was removed for all databases in order to
avoid artificial correlations (Table 1). Both OISST and ROMS data sets
showed high correlation coefficients (around 0.80 with a sig-
nificance > 99%) with the three buoys closest to the Atchafalaya and
Mississippi mouths (R, F and B). The Root Mean Square Errors (RMSE)
show values around 1.5 °C for the OISST and 1.1 °C for the ROMS da-
tasets, which are similar to previous analysis (Androulidakis and
Kourafalou, 2013).

In addition, salinity from ROMS model was also compared with
TABS buoys following the same approach done for SST (Table 2). High
Spearman rank correlation values (> 0.8) were obtained for buoys B
and R. These correlation values are similar to the ones found for
Androulidakis and Kourafalou (2013). RMSE values around 2 were
obtained for buoys B and R and slightly higher for buoy F. Therefore,
attending to Tables 1 and 2, the accuracy of OISST;,4 and ROMS da-
tasets to reproduce SST and salinity variability allows analyzing other
regions where in situ measurements were not available. Finally, SST
data from the OISST, /4 database was also compared with the SST from
the high resolution MURSST database over the common time period
(2002-2018) to analyze if the OISST, /4 spatial resolution could suppose
a source of uncertainty near coast. Results show that both databases
adequately reproduce the main features of the studied area (Supporting
Information S1). Therefore, the OISST;,, database was selected to
analyze SST patterns and their variability in the area under study al-
lowing to provide robust trends over > 30 years. In fact, OISST; 4 was
successfully used in several coastal studies related to temperature

Table 2
Salinity correlation between ROMS model and TAB buoys, and the associated
RMSE (root mean square error). All values are significant at 99%.

Buoy B Buoy F Buoy R

Correlation RMSE Correlation RMSE Correlation RMSE

ROMS 0.84 2.09 0.64 3.37 0.84 1.93
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trends in other locations (Lima and Wethey, 2012; Costoya et al., 2016;
Varela et al., 2018).

3.2. Sea surface temperature

SST trends in the Northwestern Gulf of Mexico were calculated at
monthly scale over the period 1982-2018 using the OISST; /4 database
(Fig. 2). Overall, warming trend is dominant for all months with max-
imum values of 0.5 °C decade ™ !. However, it stresses the presence of a
cooling strip along the Louisiana-Texas shelf from November to Feb-
ruary that contrasts with the warming observed at open water. The
difference in the warming rate between coastal and oceanic locations is
even more striking in December and January, when a higher significant
cooling trend was observed. SST trends were averaged over the period
November to February (NDJF SST) (Fig. 3), which is characterized by a
clear contrast between cooling and warming areas as shown in the
previous figure. A significant cooling trend was detected along the
entire Louisiana-Texas shelf with values around —0.5°C decade™". It
should be highlighted that the cooling was widespread to the west of
the bird-foot delta but not eastward.

In order to analyze the different warming patterns between coastal
and ocean locations, both regions were delimited (see mini-map in
Fig. 4). Blue points mark the near coast locations where the highest
cooling was observed from November to February. Magenta dots mark
an ocean band where the maximum warming was observed over the
same months. Therefore, coastal and oceanic regions were delimited
attending to the different SST trend observed. A thin band among them,
where there is not a clear trend, and the ocean points far from the coast
were not considered in this analysis. Points with similar trends (positive
or negative) were spatially averaged at monthly scale. Both areas have
practically the same warming rate (around 0.25°C decade™!) from
April to October. Although the trends are not exactly equal in March,
they are positive both for coast and ocean. In contrast, large differences
can be observed from November to February with the coastal area
cooling (blue line) and the adjacent oceanic area (magenta line)
warming.

The interannual variability of coastal and oceanic SST is shown in
Fig. 5a for the season under interest (from November to February, NDJF
SST from now on) over the period 1982-2018. In general, coastal SST
(blue line) is lower than 20 °C and presents a negative trend and ocean
SST (red line) is higher than 21 °C and with a positive trend. The dif-
ference between both signals (Fig. 5b) can be observed to increase
progressively throughout most of the studied period with SST differ-
ences higher than 4 °C from 2007. This increment is even more marked
over the last decade (~ 0.2°C year_l).

3.3. Air-sea heat exchange and air temperature

The role of the atmospheric forcing on the different warming pat-
tern between coastal and oceanic locations was evaluated throughout
the analysis of the air-sea heat exchange (Fig. 6) and throughout the
changes in the air temperature (Fig. 7) from November to February over
the period 1982-2018. Ocean loses heat (negative sign) in the whole
area under scope (Fig. 6a). However, the average rate is larger at ocean
locations (ranging from 150 to 200 Wm ~?) than at coastal locations
along the Louisiana-Texas shelf (ranging from 75 to 125Wm™2), in
response to the different temperature between coastal and oceanic lo-
cations (heat loss is more intense in the areas where SST is also higher).
Regarding trends (Fig. 6b), a different pattern was observed along the
Louisiana-Texas shelf in comparison with ocean locations, which re-
marks the different behavior between both areas, as previously de-
scribed for SST trends. In this case, positive trends were detected along
the entire Lousiana-Texas shelf and negative trends prevailed in the rest
of the area under scope, in response to the different temperature evo-
lution detected in both areas. Note that positive trends mean that the
rate of heat loss was reduced over the studied period and less energy is
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Fig. 2. Monthly SST trends (°C decade ~!) along the Louisiana-Texas shelf over the period 1982-2018. Trends are calculated by means of the OISST, ,, database. Black

dots represent the grid points with a significance higher than 95%.
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Fig. 3. November—February SST trend (°C decade ™ ') calculated over the period

1982-2018. Black dots represent grid points with significance higher than 95%.

transferred from the ocean to the air. The role of the atmospheric for-
cing was also analyzed throughout the air temperature trend (Fig. 7).
There are not differences between coastal and oceanic trends. The
whole area, including both land and ocean, shows a similar increase
(between 0.1 and 0.3 °C decade ™) in the air temperature for the period
under study.

3.4. Thermohaline variables

The evolution of thermohaline properties (temperature, salinity and

0.6 T T T T . .

SST trend (°C dec™)
s
[\%)

-0.6 1
uw  92°W  90°W
_1 1 1 L L 1 1
2 4 6 8 10 12
Month

Fig. 4. Monthly trend and its associated variance (bars) for oceanic (magenta
line) and coastal (blue line) areas. The mini-map shows the averaged points
selected to calculate monthly trends at coastal (blue) and oceanic (magenta)
areas. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 5. (a) Interannual NDJF SST variability in oceanic (red line) and coastal
(blue line) areas obtained from the OISST, 4 database. Dashed lines show the
lineal trend. Both trends have a significance higher than 95%. (b) Interannual
NDJF SST difference between both regions over the period 1982-2018 obtained
from the OISST; 4 database. NDJF ASST = NDJF SST,cean — NDJF SSTcoqs- The
oceanic and coastal areas were defined in Fig. 4. (For interpretation of the re-
ferences to color in this figure legend, the reader is referred to the web version
of this article.)

density), analyzed using ROMS data, shows the role of the ocean dy-
namics in the coastal cooling. A similar NDJF SST trend was obtained
from 1994 to 2018 (Fig. 8a). A decreasing temperature trend was de-
tected near the coast; whereas, the oceanic water tended to warm. This
pattern was also detected using OISST,,, dataset over the period
1994-2018 (results not shown), which corroborates that cooling-
warming pattern is present regardless the time period or database
considered. Fig. 8b shows a salinity decrease at surface layer in the
coastal area and a salinity increase in the adjacent ocean. Regarding
density, a similar pattern than the salinity one was detected (Fig. 8c),
which, as expected, indicates that this variable is dominated by the
salinity, especially in the coastal area. In addition, the evolution of the
NDJF salinity and temperature along the water column in the cooling
area was analyzed by means of the vertical profiles obtained from
ROMS. Vertical profiles result from spatially averaging coastal points
where cooling was observed. This analysis was made considering the
first 20 m of the water column due to the shallowness of the coastal
region analyzed (see Fig. 1b). In terms of mean values, salinity (Fig. 9a)
and temperature (Fig. 9b) increases with depth, showing, in the last
case, a thermal inversion. Changes in the evolution of NDJF salinity and
temperature were detected subtracting the mean values for the period
(1994-2006) from the mean values for the period (2006-2018). In this
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Fig. 6. (a) Mean heat flux (W m~2) and (b) trend (W m~? decade ') calculated
from November to February over the period 1982-2018. Black dots represent
grid points with significance higher than 95%. A negative (positive) value
implies that ocean is losing (gaining) heat.
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Fig. 7. Air temperature trend (°C decade ') from November to February over

the period 1982-2018. Air temperature data measured at 2m were obtained
from the CFSR database.

way, negative (positive) values indicate the decrease (increase) of these
variables. In general terms, a decrease in salinity along the water
column was observed, which is especially remarkable in the first 10 m,
with maximum values around —0.55 (Fig. 9c). Respect to temperature,
a decrease around —0.35°C was maintained in the first 10 m of the
water column. At deeper layers the temperature decrease is lower
reaching values close to —0.15°C (Fig. 9d).

Attending to these results, it is clear that coastal and oceanic loca-
tions present different thermohaline evolutions. In this context, dif-
ferent drivers can affect surface coastal water. As it was mentioned in
the Introduction section, the Louisiana-Texas shelf is highly influenced
by freshwater inputs, mainly from Mississippi and Atchafalaya Rivers.
The river plume formed by these rivers can affect significantly the
salinity, temperature and density patterns of seawater. In order to test if
the area occupied by the MA plume is related with the cooling area, the
plume formed by these rivers from November to February was eval-
uated by means of salinity data from ROMS (the main natural tracer of
river plume) (Fig. 10). It can be observed as the river plume, char-
acterized by low salinity values (below 34) (Androulidakis and
Kourafalou, 2013), tended to expand westward and its presence was
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Fig. 8. Trends in near surface (a) temperature (°C decade™), (b) salinity

(decade ™), and (c) density (kg m ™3 decade '), calculated from November to
February over the period 1994-2018.

scarce eastward of the bird-foot delta where Mississippi River flows
into, coinciding with the cooling area (Fig. 3). This pattern indicates
that the river plume plays a key role in the temperature patterns ob-
served. In addition, the salinity increase with depth observed in Fig. 9a,
also denote the influence of the river plume system at that location.

The evolution of the main plume forcing: river discharge and wind,
were also analyzed since MA River plume seems to be the main feature
promoting the different trends observed between coastal and oceanic
locations. Tidal effects were discarded because tidal range is small in
the shelf area (~20-40 cm) (DiMarco and Reid, 1998; Salisbury et al.,
2004) and because tidal components have shown a minimal contribu-
tion on MA plume development (Walker, 1996).

3.5. River discharge

River discharge of Mississippi and Atchafalaya Rivers presents an
increase (315 m®s~'decade™ 1), during the months under interest for
the period 1994-2018, and a marked decrease
(—1571 m®s~ 'decade ™ 1) during a more extended period (1982-2018)
(see Table 3). On the other hand, the river discharge presented an in-
crease in trend of 1432m>s 'decade™' and 717 m®s~'decade”!
during the preceding months (July—October) for the periods 1994-2018
and 1982-2018, respectively (Table 3). River discharge during this
season (July-October) can significantly affect the river plume pattern
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during November-February due to the freshwater retention time in this
area (Zhang et al., 2012). The increase in the river discharge for the
period 1994-2018 is coherent with the decrease observed in salinity
and density patterns along the coastal shelf (Fig. 8b and c), as well as
with the salinity decrease in upper layers observed in Fig. 9c at coastal
locations. Furthermore, the correlation between the SST and the river
discharge was calculated since river discharge is the main responsible
for the plume formation. The highest correlation between the NDJF SST
and the river discharge for the period 1982-2018 (Fig. 11a) was ob-
tained when the river discharge was considered during the previous
four months (JASO). It should be noted that it takes at least 3 months to
accumulate the freshwater content from Atchafalaya and Mississippi
Rivers on the shelf (Zhang et al., 2012). Negative correlations were
observed in the area occupied by the river plume, with maximum va-
lues up to —0.4 along the Louisiana-Texas Shelf. Similar results were
obtained for the period 1994-2018. Fig. 11b shows the JASO river
discharge increase throughout the study period. The correlation is low
due to several facts. On the one hand, other external factors like the
mean temperature of the North Atlantic or the inter-annual variability
of the weather conditions also affect the SST. On the other hand, the
effect of river discharge on coastal temperature is lagged in several
months, which also decreases the significance of the correlations.

3.6. Wind

A decrease in wind speed was detected in the area occupied by the
river plume from November to February both for the period 1994-2018
(results not shown) and for the extended period (1982-2018) (Fig. 12).
The easterly wind component, which prevails in the area for the season
under study (Schiller et al., 2011), was analyzed along the cooling area
over both periods (Table 4). An increase in the frequency of negative
values in the zonal wind component was detected, especially for the
period 1994-2018, which indicates that easterly winds became more
frequent.

3.7. Circulation patterns

River discharge buoyancy forcing together with the predominant
easterly winds promote a westward alongshore current, as was pre-
viously shown in Walker (1996) and Schiller et al. (2011). The evolu-
tion of this alongshore current has an important role on the coastal
water dynamic of the area (Schiller et al., 2011; Androulidakis and
Kourafalou, 2013; Androulidakis et al., 2019). Therefore, changes in
the NDJF westward current along the Louisiana-Texas shelf for the
period 2006-2018 respect to the period 1994-2006 were analyzed in
Fig. 13a. In this way, positive (negative) values indicate the increase
(decrease) of the westward current. Positive values were detected,
which denote a reinforcement of the westward current probably in-
duced by the increase of the rivers discharge together with the increase
in the frequency of easterly winds. Moreover, changes in the associated
freshwater transport were also analyzed to know more in depth the
impact of the current variability on river plume movement (Fig. 13b).
Positive values were detected, which denote an increment of the
westward freshwater transport, according to the increase in river dis-
charge and westward currents detected. The few negative values
showed in Fig. 13a and b are probably related to the complex circula-
tion pattern near the Mississippi bird-foot delta. In summary, the pre-
vailing westward transport pattern along the Louisiana-Texas shelf from
November to February has been strengthened.

3.8. Stratification

As was commented in the previous sections, both river discharge
and wind forcing, and consequently freshwater transport, play a key
role in the thermohaline variability along the coastal area. This is due to
freshwater inputs and wind strongly influence the stability of the water
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Table 3
Trends in river discharge. Statistical significance at 90% is marked with *.
November-February ~ July-October
River runoff 1994-2018 315 1432*
(m®s~'decade ") 1982-2018  —1571* 717*

column (e.g. Kourafalou et al., 1996), conditioning the SST due to
variations in stratification, and consequently, in the mixed layer depth
and vertical mixing (Alexander et al., 2000). Changes in Brunt-Vaisala
frequency (N?) were calculated (Fig. 14) with the aim of detecting
variations in the stratification patterns over the period 1994-2018.
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Fig. 11. (a) Spatial correlation between Mississippi-Atchafalaya River dis-
charge (July-October) and SST from OISST (November-February) over the
period 1982-2018. (b) Mississippi-Atchafalaya river discharge during the
July-October season over the period 1982-2018. Points are raw data, solid line
represents smoothed river discharge considering a range of + 2 years, and the
dashed line represents the linear trend.
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Fig. 12. Wind intensity trend (ms~' decade™ ') calculated using CFSR data
from November to February over the period 1982-2018.
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Table 4
Trends in the frequency of the zonal winds along the river plume area.

Parameter Period Trends (days decade ')
East wind frequency trends 1994-2018 2.25
1982-2018 0.91
-1
AVx (ms™)

31N 0.05
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Fig. 13. Changes in the westward component of the (a) surface ocean current
and (b) freshwater transport calculated using ROMS data. Mean values from
November to February season from 1994 to 2006 were subtracted from mean
values for the November to February season from 2006 to 2018. Positive values

denote an increase in the westward movement.
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Fig. 14. Squared Brunt-Viisili frequency (N?) trend (s~ 2 decade ~?!) calculated
using the ROMS data from November to February over the period 1994-2018.
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Positive values, which denote an increase in the stratification, were
only observed along the Louisiana-Texas shelf, in the area occupied by
the river plume.

3.9. Empirical orthogonal function (EOF) analysis

The EOF analysis is often used in climate studies to analyze spatial
patterns (modes) of variability and their temporal change. The EOF
method decomposes the spatiotemporal variability into a set of ortho-
gonal modes and the corresponding principal components (PCs)
(Preisendorfer, 1988). These orthogonal modes can be identified, in our
case, as oceanic modes, and therefore could help to explain the different
SST patterns observed between coast and ocean. Each orthogonal mode
is ranked by their temporal variance in such way that the sum of them
reconstructs the initial signal. The EOFs analysis was applied to the
NDJF SST anomalies over the period 1982-2018 (Fig. 15). Ocean and
coastal points correspond to the locations marked with dots (magenta
and blue respectively) in Fig. 4. The percentage of the NDJF SST
variability explained by the two first EOFs modes (Fig. 15a and b) was
51.12% and 13.34% respectively, which constitute about 65% of the
NDJF SST variability in the area. Each of the remaining EOFs modes
explain < 10% of the NDJF SST variability and were discarded from the
analysis. PCs of the leading EOFs modes were correlated with the NDJF
SST at open ocean and near coast, the difference between them (NDJF
ASST) defined as NDJF ASST = NDJF SSTocean — NDJF SST a5, the
AMO index and the river discharge. The first PC was mainly correlated
with the NDJF SST at ocean locations (Fig. 15¢) with r = 0.96 and a
significance > 99% and with the AMO index at a less extent with
r = 0.36 and a significance > 95%. The second PC was mainly corre-
lated with the NDJF ASST (Fig. 15d) with r=0.83 and a sig-
nificance > 99% and also with the river discharge with r = 0.30 and a
significance > 90%.

4. Discussion and conclusions

The Louisiana-Texas shelf shows a different SST pattern both in
mean values (Fig. 5a) and trends (Figs. 2 and 3) from November to
February over the period 1982-2018. This fact was corroborated by
means of the EOF analysis, where the PCs of the leading modes showed
to be correlated with coastal and oceanic SST anomalies (Fig. 15). First
PC is mainly correlated with SST at ocean locations whereas the second
PC is mainly correlated with ASST (SST difference between ocean and
coast), which remarks that the temperature of both areas follows a
different behavior. In addition, it was observed that the difference be-
tween coastal and oceanic waters has been reinforced during the last
decade at a rate of ~0.2°Cyear ™, given rise to a difference on the
order of 5°C at present (Fig. 5b). Previous studies (Wang et al., 1998;
Walker et al.,, 2005) also reported a large cross-shelf SST gradient
during winter months due to the fact that the Mississippi River is cooler
than adjacent shelf waters and also due to the passage of cold fronts
along the Northern Gulf of Mexico. To our knowledge, there are no
previous studies that analyzed monthly SST trends considering the
whole Louisiana-Texas shelf over periods longer than 30 years. Some
studies (e.g. Li and Clarke, 2005; Muhling et al., 2012) analyzed the
influence of SST variations on different fish populations along the area
under scope. Glenn et al. (2015) studied SST trends in the Caribbean
and surrounding region, including the whole Gulf of Mexico. Cooling
trends in the Mississippi-Atchafalaya area were observed at their
Fig. 3¢, although they did not mention it explicitly. These authors found
that the Atlantic Warm Pool, which flows from the Caribbean Sea into
the Gulf of Mexico, has increased in size and intensity affecting the
oceanic area considered in their study.

The mean area occupied by the plume (Fig. 10) coincides with the
area where cooling was observed during winter months (Fig. 3).
Therefore, the presence of the river plume is crucial to understand the
different SST trends observed at coastal and oceanic locations. This is
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also corroborated by analyzing the PCs of the EOFs. The AMO tele-
connection index, which represents the SST anomaly of the North
Atlantic, only shows significant correlation with the first PC (highly
correlated with the oceanic NDJF SST). This fact reinforces the idea that
whereas the oceanic part of the Gulf of Mexico follows a similar tem-
perature behavior to that of the North Atlantic Ocean, the northwestern
coastal area follows a different temperature pattern, being more de-
pendent on coastal features. In fact, river discharge anomalies only
show a significant correlation with the second PC (highly correlated
with ASST), which shows that river flow is the main factor promoting
the different behavior of the coastal area, since it is primarily re-
sponsible for river plume formation. Different drivers can be analyzed
to better understand changes in the river plume and, hence, in coastal
warming or cooling.

First of all, the trends in air-sea heat exchange (Fig. 6b) were spa-
tially consistent with SST (Fig. 3), showing different patterns near shore
and at the open ocean. Temperature decrease near coast is reflected in a
declining rate of sea heat loss. On the other hand, temperature increase
at ocean locations enhances ocean heat loss. In summary, heat loss
evolution responds to the different warming trends detected, which
denotes that changes in heat exchange are the consequence of SST
changes not the cause. The air temperature showed a similar increase
for the whole area including the continental locations (Fig. 7). This fact
means that although this air warming can support the oceanic SST
warming, it does not explain the coastal cooling.

Therefore, the cause behind the coastal cooling should be found in
the ocean dynamics. With this purpose, changes in the stability of the
water column were analyzed over the period 1994-2018. An increase in
the buoyancy frequency was detected in the area occupied by the river
plume (Fig. 14). This means that the higher stratification promoted by
the haline forcing in the river plume area during winter months, is
strengthening, which makes the vertical interchange of these waters
even more difficult. Therefore, the cooling of surface water due to the
entrainment of deeper waters is discarded, since, in addition deeper
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water is warmer than surface water at this location (Fig. 9b).

The buoyancy gain can be mainly explained by the combination of
two factors: an increase in Mississippi and Atchafalaya River discharges
and a decrease in the wind intensity. Regarding river discharge, an
increase about of 300 m®s~ 'decade ™' was detected considering both
rivers from November—February months, and additionally, an increase
about of 1400 m>s~ 'decade™' was also observed in the preceding
months (July-October). The fact of considering preceding months is
important since it was estimated that at least 3 months are necessary to
accumulate the freshwater content from Atchafalaya and Mississippi
Rivers on the shelf (Zhang et al., 2012). The river discharge increase is
corroborated by the respective salinity and density decrease at surface
layers (Fig. 8b and c). In fact, a clear decrease in salinity is also ob-
served in the first 10 m of the water column at river plume location
(Fig. 9¢). In addition, the wind intensity decrease in the river plume
area, which also helps to reduce vertical mixing in seawater, reinforces
the stratification. Thus, the increase of river discharge combined with
the general decrease in wind intensity, support the idea of a buoyancy
and a stratification increase along the Louisiana-Texas shelf from No-
vember to February over the period 1994-2018, which could favor the
cooling of seawater by atmospheric interchange. This marked cooling is
maintained in the first 10 m of the water column (Fig. 9d), which seems
to be the depth highly influenced by the river plume since it is where
the highest salinity decrease was detected (Fig. 9¢). In addition, the
prevailing westward alongshore current was reinforced (Fig. 13a), with
an associated increase in the westward freshwater transport (Fig. 13b).
This strengthening in the westward freshwater transport, which is
mainly due to the increase both of the river discharge buoyancy and of
the frequency of the easterly winds, limits the offshore spreading of
plume waters reinforcing plume impact along the Louisiana-Texas shelf
(Schiller et al., 2011; Androulidakis and Kourafalou, 2013;
Androulidakis et al., 2019). In the case of the extended period, from
1982 to 2018, the increase in river discharge is only detected in the
preceding months (July—October), which seems to play a key role in the



D. Ferndndez-Névoa, et al.

winter dynamics of the area, as was shown in previous studies (e.g.
Zhang et al., 2012). In fact, this increase in river discharge significantly
affects winter SST, as can be seen in the Fig. 11, where a negative
correlation is detected between river discharge and SST. This means
that the increase in river discharge promotes a SST decrease, probably
due to the reinforcement of the stratification as was explained above. In
addition, a marked decrease in wind intensity over the plume area is
detected (Fig. 12), which also favor the stratification increase, as well as
an increase in the easterly wind component. Although SST cooling in
the plume area is detected regardless the time period considered,
cooling is more evident since the 90s (Fig. 5), probably due to the large
increase in river discharge, which seems to be the main responsible of
the patterns obtained.

The influence of river plumes on SST has been previously analyzed
in different regions worldwide (Howden and Murtugudde, 2001; Vizy
and Cook, 2010; Park et al., 2011; Mignot et al., 2012; White and
Toumi, 2014; Behara and Vinayachandran, 2016). These studies relate
the presence of large river plumes with variations in the mixed layer
depth and the stratification of the water column. The reinforcement of
the river plume provokes a higher stratification, which in turn favors
modifications in the ocean-atmosphere heat exchange. In this way,
different studies analyzing large rivers during the warm season, such as:
Congo River (Materia et al., 2012), Changjiang River (Park et al., 2011)
or Amazonas/Orinoco Rivers (Vizy and Cook, 2010) found that the
presence of freshwater inputs provokes a higher warming. This effect is
mainly caused by the inhibition of both vertical mixing and entrain-
ment of cold thermohaline water due to the higher stratification
(Breugem et al., 2008). All these factors cause greater heat absorption
in a shallow mixed layer. In addition, Behara and Vinayachandran
(2016) propose the same mechanism to explain cooling in some areas of
the Bay of Bengal during winter months. Thus, a stronger stratification
provoked a more effective cooling over a thin mixed layer because
ocean loses heat during winter months in this area. Costoya et al.
(2016) also detected an increase in the rate of heat loss to explain
cooling in the oceanic area affected by Loire and Gironde river plumes
in the Bay of Biscay.

In the particular case of the Louisiana-Texas shelf, the impact of
Mississippi-Atchafalaya River plume on SST trends is only remarkable
during winter months, where cooling is observed in the coastal (plume)
area whereas the adjacent ocean shows warming. During the rest of the
year, there are not differences between plume and oceanic areas in
terms of temperature evolution, following both a similar trend. Results
obtained from the different analysis carried out in the present study
support the idea that winter coastal cooling is based on the reinforce-
ment of stratification along river plume waters. This is promoted by the
buoyancy gain associated with the increase of river discharge and the
wind evolution detected in the plume area with a decrease in its in-
tensity. Trends of these forcing tend to reduce the vertical mixing and
the entrainment of deeper water, which, in the plume area, is warmer
than surface water due to the thermal inversion provoked by river
discharge (Fig. 9b). This results in an enhancement of the atmospheric
cooling in the river plume area. In addition, westward alongshore
current and freshwater transport strengthen, insulating river plume
from oceanic features and reinforcing alongshore plume impact
(Schiller et al., 2011). Thus, the most probable cause of the different
SST trend patterns along the Louisiana-Texas shelf during winter
months, is the increase in the stratification of river plume waters, which
leads to a more effective atmospheric cooling over there. This me-
chanism was previously proposed by Behara and Vinayachandran
(2016) in the particular case of the Bay of Bengal. The cooling in the
area affected by MA river plume is more intense during periods of
plume strengthening (1994-2018), mainly driven by high river dis-
charges, however, even when MA river plume does not experience great
changes (1982-2018), its presence is able to modulate or even revert
the adjacent ocean warming.

Future projections of water temperature indicate a water
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temperature increase over the coming century (Bopp et al., 2013;
Alexander et al., 2018; SROCC, 2019). These future projections remark
the importance of the results obtained in this study. The knowledge and
understanding of systems and mechanisms able to modulate at certain
extent the future SST warming could be of a crucial importance, espe-
cially in key ecological and socio-economical areas such as the
Louisiana-Texas shelf.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

The authors thank the NOAA's National Centers for Environmental
Prediction (NCEP) for the development of the database Climate
Forecast System Reanalysis (CFSR) (http://rda.ucar.edu/pub/cfsr.
html), the database Optimum Interpolation Sea Surface Temperature
(OISST) (https://www.ncdc.noaa.gov/oisst), the database Multi-scale
Ultra-high Resolution (MUR) Sea Surface Temperature (SST) analysis
(https://podaac.jpl.nasa.gov/Multi-scale_Ultra-high_Resolution MUR-
SST), the Regional Ocean Modeling System (ROMS), the Texas
Automated Buoy System (TABS) (http://tabs.gerg.tamu.edu/tglo/), the
US Army Corps of Engineers (http://rivergages.mvr.usace.army.mil/
WaterControl/new/layout.cfm) and the Climate Prediction Center at
the National Center of Environmental Prediction (http://www.cpc.
ncep.noaa.gov) by the data provided. The hindcast model based on
ROMS was implemented on the High Performance Computing clusters
at Texas A&M University.

This work was partially supported by Xunta de Galicia under the
project “Programa de Consolidacién e Estructuracién de Unidades de
Investigacion Competitivas: Grupos de Referencia Competitiva
(ED431C 2017/64-GRC)”. Daijiro Kobashi was financially supported by
Texas General Land Office [Grant #10-096-000-3927].

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jmarsys.2020.103374.

References

Alexander, M.A., Scott, J.D., Deser, C., 2000. Processes that influence sea surface tem-
perature and ocean mixed layer depth variability in a coupled model. J. Geophys.
Res. C: Oceans 105 (C7), 16823-16842.

Alexander, M.A., Scott, J.D., Friedland, K.D., Mills, K.E., Nye, J.A., Pershing, A.J.,
Thomas, A.C., 2018. Projected sea surface temperatures over the 21st century:
changes in the mean, variability and extremes for large marine ecosystem regions of
Northern Oceans. Elem. Sci. Anth. 6 (1). https://doi.org/10.1525/elementa.191.

Allison, M.A., Demas, C.R., Ebersole, B.A,, Kleiss, B.A., Little, C.D., Meselhe, E.A., Powell,
N.J., Pratt, T.C., Vosburg, B.M., 2012. A water and sediment budget for the lower
Mississippi-Atchafalaya River in flood years 2008-2010: implications for sediment
discharge to the oceans and coastal restoration in Louisiana. J. Hydrol. 432-433 (0),
84-97. https://doi.org/10.1016/j.jhydrol.2012.02.020.

Androulidakis, Y.S., Kourafalou, V.H., 2013. On the processes that influence the transport
and fate of Mississippi waters under flooding outflow conditions. Ocean Dyn. 63,
143-164. https://doi.org/10.1007/s10236-012-0587-8.

Androulidakis, Y.S., Kourafalou, V.H., Schiller, R.V., 2015. Process studies on the evo-
lution of the Mississippi River plume: impact of topography, wind and discharge
conditions. Cont. Shelf Res. 107, 33-49. https://doi.org/10.1016/j.csr.2015.07.014.

Androulidakis, Y., Kourafalou, V., Le Hénaff, M., Kang, H., Sutton, T., Chen, S., Hu, C.,
Ntaganou, N., 2019. Offshore spreading of Mississippi waters: pathways and vertical
structure under eddy influence. J. Geophys. Res. C: Oceans 124, 5952-5978. https://
doi.org/10.1029,/2018JC014661.

Behara, A., Vinayachandran, P.N., 2016. An OGCM study of the impact of rain and river
water forcing on the Bay of Bengal. J. Geophys. Res. C: Oceans 121 (4), 2425-2446.
https://doi.org/10.1002/2015JC011325.

Bopp, L., Resplandy, L., Orr, J.C., Doney, S.C., Dunne, J.P., Gehlen, M., Halloran, P.,
Heinze, C., llyina, T., Séférian, R., Tjiputra, J., Vichi, M., 2013. Multiple stressors of
ocean ecosystems in the 21st century: projections with CMIP5 models. Biogeosciences
10, 6225-6245. https://doi.org/10.5194/bg-10-6225-2013.


http://rda.ucar.edu/pub/cfsr.html
http://rda.ucar.edu/pub/cfsr.html
https://www.ncdc.noaa.gov/oisst
https://podaac.jpl.nasa.gov/Multi-scale_Ultra-high_Resolution_MUR-SST
https://podaac.jpl.nasa.gov/Multi-scale_Ultra-high_Resolution_MUR-SST
http://tabs.gerg.tamu.edu/tglo/
http://rivergages.mvr.usace.army.mil/WaterControl/new/layout.cfm
http://rivergages.mvr.usace.army.mil/WaterControl/new/layout.cfm
http://www.cpc.ncep.noaa.gov
http://www.cpc.ncep.noaa.gov
https://doi.org/10.1016/j.jmarsys.2020.103374
https://doi.org/10.1016/j.jmarsys.2020.103374
http://refhub.elsevier.com/S0924-7963(20)30070-1/rf0005
http://refhub.elsevier.com/S0924-7963(20)30070-1/rf0005
http://refhub.elsevier.com/S0924-7963(20)30070-1/rf0005
https://doi.org/10.1525/elementa.191
https://doi.org/10.1016/j.jhydrol.2012.02.020
https://doi.org/10.1007/s10236-012-0587-8
https://doi.org/10.1016/j.csr.2015.07.014
https://doi.org/10.1029/2018JC014661
https://doi.org/10.1029/2018JC014661
https://doi.org/10.1002/2015JC011325
https://doi.org/10.5194/bg-10-6225-2013

D. Ferndndez-Névoa, et al.

Breugem, W.P., Chang, P., Jang, C.J., Mignot, J., Hazeleger, W., 2008. Barrier layers and
tropical Atlantic SST biases in coupled GCMs. Tellus A 60, 885-897. https://doi.org/
10.1111/§.1600-0870.2008.00343.x.

Casey, K.S., Brandon, T.B., Cornillon, P., Evans, R., 2010. The past, present, and future of
the AVHRR Pathfinder SST program. In: Gower, J.F.R., Barale, V., Alberotanza, L.
(Eds.), Oceanography from Space. Springer, Netherlands, pp. 273-287.

Church, J.A., White, N.J., Kokikow, L.F., Domingues, C.M., Cogley, G.J., Rignot, E.,
Gregory, J.M., van den Broeke, M.R., Monaghan, A.J., Velicogna, 1., 2011. Revisiting
the earth's sea-level and energy budgets from 1961 to 2008. Geophys. Res. Lett. 38,
L18601. https://doi.org/10.1029/2011GL048794.

Corbett, D.R., Mckee, B., Duncan, D., 2004. An evaluation of mobile mud dynamics in the
Mississippi River deltaic region. Mar. Geol. 209, 91-112. https://doi.org/10.1016/j.
margeo.2004.05.028.

Costoya, X., deCastro, M., Gémez-Gesteira, M., Santos, F., 2015. Changes in sea surface
temperature seasonality in the Bay of Biscay over the last decades (1982-2014). J.
Mar. Syst. 150, 91-101. https://doi.org/10.1016/j.jmarsys.2015.06.002.

Costoya, X., Fernandez-Névoa, D., deCastro, M., Santos, F., Lazure, P., Gomez-Gesteira,
M., 2016. Modulation of sea surface temperature warming in the Bay of Biscay by
Loire and Gironde Rivers. J. Geophys. Res. C: Oceans 120, 966-979. https://doi.org/
10.1002/2015JC011157.

Costoya, X., Fernandez-Né6voa, D., deCastro, M., Gémez-Gesteira, M., 2017. Loire and
Gironde turbid plumes: characterization and influence on thermohaline properties. J.
Sea Res. 130, 7-16. https://doi.org/10.1016/j.seares.2017.04.003.

deCastro, M., Gémez-Gesteira, M., Alvarez, ., Gesteira, J.L.G., 2009. Present warming
within the context of cooling-warming cycles observed since 1854 in the Bay of
Biscay. Cont. Shelf Res. 29, 1053-1059. https://doi.org/10.1016/j.csr.2008.11.016.

DiMarco, S.F., Reid, R.O., 1998. Characterization of the principal tidal current con-
stituents on the Texas-Louisiana Shelf. J. Geophys. Res. 103 (C2), 3093-3109.
https://doi.org/10.1029/97JC03289.

Enfield, D.B., Mestas-Nufez, A.M., Trimble, P.J., 2001. The Atlantic multidecadal oscil-
lation and its relation to rainfall and river flows in the continental U.S. Geophys. Res.
Lett. 28 (10), 2077-2080.

Glenn, E., Comarazamy, D., Gonzalez, J.E., Smith, T., 2015. Detection of recent regional
sea surface temperature warming in the Caribbean and surrounding region. Geophys.
Res. Lett. 42, 6785-6792. https://doi.org/10.1002/2015GL065002.

Gouretski, V., Kennedy, J., Boyer, T., Kohl, A., 2012. Consistent near-surface ocean
warming since 1900 in two largely independent observing networks. Geophys. Res.
Lett. 39 (19), L19606. https://doi.org/10.1029/2012GL052975.

Hetland, R.D., Dimarco, S.F., 2012. Skill assessment of a hydrodynamic model of circu-
lation over the Texas-Louisiana continental shelf. Ocean Model 43, 64-76. https://
doi.org/10.1016/j.ocemod.2011.11.009.

Howden, S.D., Murtugudde, R., 2001. Effects of river inputs into the Bay of Bengal. J.
Geophys. Res. 106 (C9), 19,825-19,843. https://doi.org/10.1029/2000JC000656.

Hu, C., Nelson, J.R., Johns, E., Chen, Z., Weisberg, R.R., Miiller-Karger, F.E., 2005.
Mississippi River water in Florida Straits and in the Gulf Stream off Georgia in
summer 2004. Geophys. Res. Lett. 32, L14606. https://doi.org/10.1029/
2005GL022942.

IPCC, 2013. In: Stocker, T.F., Qin, D., Plattner, G.K., Tignor, M., Allen, S.K., Boschung, J.,
Nauels, A., Xia, Y., Bex, V., Midgley, P.M. (Eds.), Climate Change 2013: The Physical
Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA (1535 pp.).

Joung, D., Shiller, A.M., 2014. Dissolved barium behavior in Louisiana Shelf waters af-
fected by the Mississippi/Atchafalaya River mixing zone. Geochim. Cosmochim. Acta
141, 303-313. https://doi.org/10.1016/j.gca.2014.06.021.

Kolker, A.S., Li, C., Walker, N.D., Pilley, C., Ameen, A.D., Boxer, G., Ramatchandirane, C.,
Ullah, M., Williams, K.A., 2014. The impacts of the great Mississippi/Atchafalaya
River flood on the oceanography of the Atchafalaya Shelf. Cont. Shelf Res. 86, 17-33.
https://doi.org/10.1016/j.csr.2014.04.023.

Kourafalou, V.H., Oey, L.Y., Wang, J.D., Lee, T.N., 1996. The fate of river discharge on the
continental shelf: 1. Modeling the river plume and the inner shelf coastal current. J.
Geophys. Res. 101 (C2), 3415-3434. https://doi.org/10.1029/95JC03024.

Kozlov, L., Dailidiene, 1., Korosov, A., Klemas, V., Mingélaite, T., 2014. MODIS-based sea
surface temperature of the Baltic Sea Curonian lagoon. J. Mar. Syst. 129, 157-165.
https://doi.org/10.1016/j.jmarsys.2012.05.011.

Levitus, S., Antonov, J.I., Boyer, T.P., Baranova, O.K., Garcia, H.E., Locarnini, R.A.,
Mishonov, A.V., Reagan, J.R., Seidov, D., Yarosh, E.S., Zweng, M.M., 2012. World
ocean heat content and thermosteric sea level change (0-2000 m), 1955-2010.
Geophys. Res. Lett. 39, L01603. https://doi.org/10.1029/2012GL051106.

Li, J., Clarke, A.J., 2005. Sea surface temperature and the brown shrimp (Farfantepenaeus
aztecus) population on the Alabama, Mississippi, Louisiana and Texas continental
shelves. Estuar. Coast. Shelf Sci. 64, 261-266. https://doi.org/10.1016/j.ecss.2005.
02.019.

Lima, F.P., Wethey, D.S., 2012. Three decades of high-resolution coastal sea surface
temperatures reveal more than warming. Nat. Commun. 3, 704. https://doi.org/10.
1038/ncomms1713.

Marta-Almeida, M., Hetland, R.D., Zhang, X., 2013. Evaluation of model nesting perfor-
mance on the Texas-Louisiana continental shelf. J. Geophys. Res. C: Oceans 118,
2476-2491. https://doi.org/10.1002/jgrc.20163.

Materia, S., Gualdi, S., Navarra, A., Terray, L., 2012. The effect of Congo River freshwater
discharge on Eastern Equatorial Atlantic climate variability. Clim. Dyn. 39,
2009-2015. https://doi.org/10.1007/s00382-012-1514-x.

Mignot, J., Lazar, A., Lacarra, M., 2012. On the formation of barrier layers and associated
vertical temperature inversions: a focus on the northwestern tropical Atlantic. J.
Geophys. Res. 117, C02010. https://doi.org/10.1029/2011JC007435.

Miller, R.L., McKee, B.A., 2004. Using MODIS Terra 250 m imagery to map concentrations
of total suspended matter in coastal waters. Remote Sens. Environ. 93, 259-266.
https://doi.org/10.1002/2015JC010937.

Milliman, J.D., Meade, R.H., 1983. World-wide delivery of river sediment to the ocean. J.

12

Journal of Marine Systems 209 (2020) 103374

Geol. 91 (1), 1-21. https://doi.org/10.1086/628741.

Muhling, B.A., Lamkin, J.T., Richards, W.J., 2012. Decadal-scale responses of larval fish
assemblages to multiple ecosystem processes in the northern Gulf of Mexico. Mar.
Ecol. Prog. Ser. 450, 37-53. https://doi.org/10.3354/meps09540.

Park, T., Jand, C.J., Jungclaus, J.H., Haak, H., Park, W., Oh, LS., 2011. Effects of the
Changjiang river discharge on sea surface warming in the Yellow and East China Seas
in summer. Cont. Shelf Res. 31, 15-22. https://doi.org/10.1016/j.csr.2010.10.012.

Preisendorfer, R.W., 1988. Principal Component Analysis in Meteorology and
Oceanography. vol. 425 Elsevier, New York.

Relvas, P., Luis, J., Santos, A.M.P., 2009. Importance of the mesoscale in the decadal
changes observed in the northern Canary upwelling system. Geophys. Res. Lett. 36,
L22601. https://doi.org/10.1029/2009GL040504.

Reynolds, R.W., 2009. What's new in version 2, NOAA/NCDC rep. 10 pp., Asheville.
[Available at. http://www.ncdc.noaa.gov/oa/climate/research/sst/papers/whats_
new_v2.pdf.

Reynolds, R.W., Chelton, D.W., 2010. Comparisons of daily sea surface temperature
analysis for 2007-08. J. Clim. 23, 3545-3562. https://doi.org/10.1175/
2010JCLI3294.1.

Reynolds, R.W., Smith, T.M., Liu, C., Chelton, D.B., Casey, K.S., Schlax, M.G., 2007. Daily
high-resolution-blended analyses for sea surface temperature. J. Clim. 20 (22),
5473-5496. https://doi.org/10.1175/2007JCLI1824.1.

Rong, Z., Hetland, R.D., Zhang, W., Zhang, X., 2014. Current-wave interaction in the
Mississippi—Atchafalaya river plume on the Texas-Louisiana shelf. Ocean Model 84,
67-83. https://doi.org/10.1016/j.ocemod.2014.09.008.

Saha, S., Moorthi, S., Pan, H.-L., et al., 2010. The NCEP climate forecast system reanalysis.
Bull. Am. Meteorol. Soc. 91 (8), 1015-1057. https://doi.org/10.1175/
2010BAMS3001.1.

Salisbury, J.E., Campbell, J.W., Linder, E., Meeker, L.D., Muller-Karger, F.E., Vorosmarty,
C.J., 2004. On the seasonal correlation of surface particle fields with wind stress and
Mississippi discharge in the northern Gulf of Mexico. Deep-Sea Res. II Top. Stud.
Oceanogr. 51, 1187-1203. https://doi.org/10.1016/j.dsr2.2004.03.002.

Santos, F., Gomez-Gesteira, M., deCastro, M., Alvarez, 1., 2012a. Variability of coastal and
ocean water temperature in the upper 700 m along the Western Iberian Peninsula
from 1975 to 2006. PLoS One 7 (12), 1-7. https://doi.org/10.1371/journalpone.
0050666.

Santos, F., Gémez-Gesteira, M., deCastro, M., Alvarez, 1., 2012b. Differences in coastal
and oceanic SST trends due to the strengthening of coastal upwelling along the
Benguela current system. Cont. Shelf Res. 34, 79-86. https://doi.org/10.1016/j.csr.
2011.12.004.

Santos, F., deCastro, M., Gomez-Gesteira, M., Alvarez, 1., 2012c. Differences in coastal and
oceanic SST warming rates along the Canary upwelling ecosystem from 1982 to 2010.
Cont. Shelf Res. 47, 1-6. https://doi.org/10.1016/j.csr.2012.07.023.

Santos, F., Gémez-Gesteira, M., deCastro, M., Dias, J.M., 2015. A dipole-like SST trend in
the Somalia region during the monsoon season. J. Geophys. Res. C: Oceans 120,
597-607. https://doi.org/10.1002/2014JC010319.

Schiller, R.V., Kourafalou, V.H., Hogan, P., Walker, N.D., 2011. The dynamics of the
Mississippi River plume: impact of topography, wind and offshore forcing on the fate
of plume waters. J. Geophys. Res. 116, C06029. https://doi.org/10.1029/
2010JC006883.

Seo, H., Xie, S.P., Murtugudde, R., Jochum, M., Miller, A.J., 2009. Seasonal effects of
Indian Ocean freshwater forcing in a regional coupled model. J. Clim. 22 (24),
6577-6596. https://doi.org/10.1175/2009JCLI2990.1.

Shi, W., Wang, M., 2009. Satellite observations of flood-driven Mississippi River plume in
the spring of 2008. Geophys. Res. Lett. 36, L07607. https://doi.org/10.1029/
2009GL037210.

SROCC, 2019. Special Report on the Ocean and Cryosphere in a Changing Climate. IPCC.
https://www.ipcc.ch/srocc/download-report/.

Varela, R., Alvarez, 1., Santos, F., Gémez-Gesteira, M., 2015. Has upwelling strengthened
along worldwide coasts over 1982-2010? Sci. Rep. 5, 10016. https://doi.org/10.
1038/srep10016.

Varela, R., Lima, F.P., Seabra, R., Meneghesso, C., Gémez-Gesteira, M., 2018. Coastal
warming and wind-driven upwelling: a global analysis. Sci. Total Environ. 639,
1501-1511. https://doi.org/10.1016/j.scitotenv.2018.05.273.

Vizy, E.K., Cook, K.H., 2010. Influence of the Amazon/Orinoco Plume on the summertime
Atlantic climate. J. Geophys. Res. 115, D21112. https://doi.org/10.1029/
2010JD014049.

Walker, N.D., 1996. Satellite assessment of Mississippi River plume variability: causes and
predictability. Remote Sens. Environ. 58, 21-35. https://doi.org/10.1016/0034-
4257(95)00259-6.

Walker, N.D., Wiseman Jr., W.J., Rouse Jr., L.J., Babin, A., 2005. Effects of river dis-
charge, wind stress, and slope eddies on circulation and satellite-observed structure
of the Mississippi River plume. J. Coast. Res. 216, 1228-1244. https://doi.org/10.
2112/04-0347.1.

Wang, W., Nowlin, W.D., Reid, R.O., 1998. Analyzed surface meteorological fields over
the northwestern Gulf of Mexico for 1992-94: mean, seasonal, and monthly patterns.
Mon. Weather Rev. 126 (11), 2864-2883. https://doi.org/10.1175/1520-
0493(1998)126 <2864:ASM-FOT > 2.0.CO;2.

White, R.H., Toumi, R., 2014. Riverflow and ocean temperatures: the Congo River. J.
Geophys. Res. C: Oceans 119, 2501-2517. https://doi.org/10.1002/2014JC009836.

Xu, K., Harris, C.H., Hetland, R.D., Kaihatu, J.N., 2011. Dispersal of Mississippi and
Atchafalaya sediment on the Texas-Louisiana shelf: model estimates for the year
1993. Cont. Shelf Res. 31, 1558-1575. https://doi.org/10.1016/j.csr.2011.05.008.

Zhang, Z., Hetland, R.D., 2012. A numerical study on convergence of alongshore flows
over the Texas-Louisiana shelf. J. Geophys. Res. 117, C11010. https://doi.org/10.
1029/2012JC008145.

Zhang, X., Hetland, R.D., Marta-Almeida, M., DiMarco, S.F., 2012. A numerical in-
vestigation of the Mississippi and Atchafalaya freshwater transport, filling and
flushing times on the Texas-Louisiana shelf. J. Geophys. Res. 117, C11009. https://
doi.org/10.1029,/2012JC008108.


https://doi.org/10.1111/j.1600-0870.2008.00343.x
https://doi.org/10.1111/j.1600-0870.2008.00343.x
http://refhub.elsevier.com/S0924-7963(20)30070-1/rf0050
http://refhub.elsevier.com/S0924-7963(20)30070-1/rf0050
http://refhub.elsevier.com/S0924-7963(20)30070-1/rf0050
https://doi.org/10.1029/2011GL048794
https://doi.org/10.1016/j.margeo.2004.05.028
https://doi.org/10.1016/j.margeo.2004.05.028
https://doi.org/10.1016/j.jmarsys.2015.06.002
https://doi.org/10.1002/2015JC011157
https://doi.org/10.1002/2015JC011157
https://doi.org/10.1016/j.seares.2017.04.003
https://doi.org/10.1016/j.csr.2008.11.016
https://doi.org/10.1029/97JC03289
http://refhub.elsevier.com/S0924-7963(20)30070-1/rf0090
http://refhub.elsevier.com/S0924-7963(20)30070-1/rf0090
http://refhub.elsevier.com/S0924-7963(20)30070-1/rf0090
https://doi.org/10.1002/2015GL065002
https://doi.org/10.1029/2012GL052975
https://doi.org/10.1016/j.ocemod.2011.11.009
https://doi.org/10.1016/j.ocemod.2011.11.009
https://doi.org/10.1029/2000JC000656
https://doi.org/10.1029/2005GL022942
https://doi.org/10.1029/2005GL022942
http://refhub.elsevier.com/S0924-7963(20)30070-1/rf0120
http://refhub.elsevier.com/S0924-7963(20)30070-1/rf0120
http://refhub.elsevier.com/S0924-7963(20)30070-1/rf0120
http://refhub.elsevier.com/S0924-7963(20)30070-1/rf0120
http://refhub.elsevier.com/S0924-7963(20)30070-1/rf0120
https://doi.org/10.1016/j.gca.2014.06.021
https://doi.org/10.1016/j.csr.2014.04.023
https://doi.org/10.1029/95JC03024
https://doi.org/10.1016/j.jmarsys.2012.05.011
https://doi.org/10.1029/2012GL051106
https://doi.org/10.1016/j.ecss.2005.02.019
https://doi.org/10.1016/j.ecss.2005.02.019
https://doi.org/10.1038/ncomms1713
https://doi.org/10.1038/ncomms1713
https://doi.org/10.1002/jgrc.20163
https://doi.org/10.1007/s00382-012-1514-x
https://doi.org/10.1029/2011JC007435
https://doi.org/10.1002/2015JC010937
https://doi.org/10.1086/628741
https://doi.org/10.3354/meps09540
https://doi.org/10.1016/j.csr.2010.10.012
http://refhub.elsevier.com/S0924-7963(20)30070-1/rf0195
http://refhub.elsevier.com/S0924-7963(20)30070-1/rf0195
https://doi.org/10.1029/2009GL040504
http://www.ncdc.noaa.gov/oa/climate/research/sst/papers/whats_new_v2.pdf
http://www.ncdc.noaa.gov/oa/climate/research/sst/papers/whats_new_v2.pdf
https://doi.org/10.1175/2010JCLI3294.1
https://doi.org/10.1175/2010JCLI3294.1
https://doi.org/10.1175/2007JCLI1824.1
https://doi.org/10.1016/j.ocemod.2014.09.008
https://doi.org/10.1175/2010BAMS3001.1
https://doi.org/10.1175/2010BAMS3001.1
https://doi.org/10.1016/j.dsr2.2004.03.002
https://doi.org/10.1371/journalpone.0050666
https://doi.org/10.1371/journalpone.0050666
https://doi.org/10.1016/j.csr.2011.12.004
https://doi.org/10.1016/j.csr.2011.12.004
https://doi.org/10.1016/j.csr.2012.07.023
https://doi.org/10.1002/2014JC010319
https://doi.org/10.1029/2010JC006883
https://doi.org/10.1029/2010JC006883
https://doi.org/10.1175/2009JCLI2990.1
https://doi.org/10.1029/2009GL037210
https://doi.org/10.1029/2009GL037210
https://www.ipcc.ch/srocc/download-report/
https://doi.org/10.1038/srep10016
https://doi.org/10.1038/srep10016
https://doi.org/10.1016/j.scitotenv.2018.05.273
https://doi.org/10.1029/2010JD014049
https://doi.org/10.1029/2010JD014049
https://doi.org/10.1016/0034-4257(95)00259-6
https://doi.org/10.1016/0034-4257(95)00259-6
https://doi.org/10.2112/04-0347.1
https://doi.org/10.2112/04-0347.1
https://doi.org/10.1175/1520-0493(1998)126<2864:ASM-FOT>2.0.CO;2
https://doi.org/10.1175/1520-0493(1998)126<2864:ASM-FOT>2.0.CO;2
https://doi.org/10.1002/2014JC009836
https://doi.org/10.1016/j.csr.2011.05.008
https://doi.org/10.1029/2012JC008145
https://doi.org/10.1029/2012JC008145
https://doi.org/10.1029/2012JC008108
https://doi.org/10.1029/2012JC008108

	Influence of Mississippi and Atchafalaya River plume in the winter coastal cooling of the Northwestern Gulf of Mexico
	Introduction
	Study area, databases and methodology
	Study area
	Sea surface temperature data
	Regional Ocean Modeling System (ROMS) data
	Texas Automated Buoy System (TABS) data
	Heat flux, air temperature and wind data
	River discharge data
	The AMO teleconnection index

	Results
	Validation
	Sea surface temperature
	Air-sea heat exchange and air temperature
	Thermohaline variables
	River discharge
	Wind
	Circulation patterns
	Stratification
	Empirical orthogonal function (EOF) analysis

	Discussion and conclusions
	Declaration of competing interest
	Acknowledgments
	Supplementary data
	References




