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Influence of Loop Current and
eddy shedding on subseasonal
sea level variability along the
western Gulf Coast
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Mechanisms that generate subseasonal (1-2 months) events of sea level rise
along the western Gulf Coast are investigated using the data collected by a
dense tide gauge network: Texas Coastal Ocean Observation Network
(TCOON) and National Water Level Observation Network (NWLON),
satellite altimetry, and high-resolution (0.08°) ocean reanalysis product. In
particular, the role of Loop Current and eddy shedding in generating the
extreme sea level rise along the coast is emphasized. The time series of sea
level anomalies along the western portion of the Gulf Coast derived from the
TCOON and NWLON tide gauge data indicate that a subseasonal sea level rise
which exceeds 15 cm is observed once in every 2-5 years. Based on the
analysis of satellite altimetry data and high-resolution ocean reanalysis
product, it is found that most of such extreme subseasonal events are
originated from the anti-cyclonic (warm-core) eddy separated from the
Loop Current which propagates westward. A prominent sea level rise is
generated when the eddy reaches the western Gulf Coast, which occurs
about 6-8 months after the formation of strong anti-cyclonic eddy in the
central Gulf of Mexico. The results demonstrate that the accurate prediction
of subseasonal sea level rise events along the Gulf Coast with the lead time of
several months require a full description of large-scale ocean dynamical
processes in the entire Gulf of Mexico including the characteristics of eddies
separated from the Loop Current.
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1 Introduction

Global mean sea level (SL) rise has been estimated during the
past decades based on tide-gauge observations. The rise is caused
primarily by two factors related to global warming: the thermal
expansion of sea water and the added water from melting land
ice (IPCC, 2022). The advance of satellite altimetry in recent
years has provided the opportunity to detect spatial differences
of long-term SL change. Recent studies indicate that SL rise is
not geographically uniform because of changes in atmospheric
and oceanic circulations (e.g., Unnikrishnan and Shanker, 2007;
Miline et al., 2009; Woodworth et al., 2009; Han et al., 2010; Ezer
et al,, 2013; Han et al,, 2014). Areas along the coastlines of the
Gulf of Mexico, and particularly the northwest portion of the
basin, are experiencing significantly higher rates of relative SL
rise due to large rates of subsidence (Wang et al., 2020) as
compared to the global mean. As large industrial infrastructure
and millions of people reside in these low-lying coastal regions, a
small increase in SL will have substantial impacts on people’s
lives including increased frequencies and expanses of flooding.

In addition to the long-term changes, coastal SL fluctuates
substantially on relatively short time scales from hours to few
months. Such SL rises include those associated with
astronomical tides, storm surges, waves, and other
atmospheric and oceanic processes. As the mean (or
background) SL is rising as a result of global warming, it will
become much easier for coastal flooding to occur due to
relatively short-term SL rise events. For example, recent
studies suggest that an increase in high-tide or clear-sky
flooding started about two decades ago is growing rapidly in
recent years as a result of mean SL rise, and it is likely that this
type of coastal flooding will continue to grow over the coming
years and decades (e.g., Sweet et al., 2021). For example, the
number of high-tide flooding days per year along the western
Gulf Coast has more than doubled over the past 30 years (Sweet
et al., 2021).

The long-term increase of flooding caused by SL rise events
can also arise from the changes in amplitude and frequency of
short-term SL fluctuations themselves. For example, occurrence
of strong land falling storms could be increased due to the global
warming (IPCC, 2022). Recent studies suggest that strong winds
associated with land-falling atmospheric river (AR) events cause
a substantial SL rise along the US west coast which exceeds
50 cm (Shinoda et al,, 2019). As frequency and intensity of ARs
will be changing under a warming climate (e.g., Espinoza et al.,
2018; O’Brien et al., 2021), AR-associated SL extreme events may
increase in the future. Moreover, such short-term SL rise events
are not cancelled out by the opposite change (SL drop events),
changes in AR frequency could in turn impact the long-term SL
changes including their trend. Accordingly, it is crucial to

understand processes that control short-term SL rise events
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along the coast for both adaptation strategies for coastal
flooding as well as future projections of coastal SL changes.

Previous studies suggest that large-scale dynamical processes
over the open ocean area could largely impact SL rise along the
coast on a variety of time scales (e.g., Ezer et al., 2013; Chen et al.,
2015; Qiu et al,, 2015; Minobe et al., 2017; Feng et al., 2022). For
example, a significant portion of intraseasonal variability in SL
anomalies along the east coast of Philippine is attributed to
Rossby waves propagated from the tropical north Pacific (Chen
etal, 2015), and local wind forcing may play a minor role during
which the remote forcing largely affects the coastal SL. The
importance of remote forcing for determining coastal SL
changes on longer time scales has been also demonstrated for
both western and eastern sides of continents (Minobe et al.,
2017; Feng et al., 2022). Hence, these studies suggest that ocean
dynamical processes originated from remote areas must be
considered to understand the mechanisms controlling the
coastal SL.

Although the Gulf Coast SL has been monitored for a long
time period, physical processes that control the SL variability are
not well understood. Since the Loop Current, which is part of the
strong western boundary current of the north Atlantic
subtropical gyre, is located near the Gulf Coast, ocean
dynamical processes could be a primary factor in controlling
the western and northern Gulf Coast SL on various time scales.
Because of the high velocity of the Loop Current, the average SL
across the current axis varies substantially. The SL inside of the
Loop is about 80 cm higher than the outside of the Loop, which
is associated with the thermocline depth variation of about 150-
200 m (e.g., Maul, 1977; Shay et al., 2000). The Loop Current
reveals large variability of its position. It occasionally extends
northward around 29°N, reaching as north as the continental
shelf in the northeast Gulf of Mexico (e.g., Wiseman and Dinnel,
1988; Leben, 2005; Schmitz et al., 2005). When extended, the
Loop Current often sheds an anti-cyclonic eddy (e.g., Cochrane,
1972; Vukovich, 1995; Sturges and Leben, 2000). The anti-
cyclonic eddy separated from the Loop Current moves
westward with the speed of about 0.08-0.2 m/s (Elliott, 1982;
Coats, 1992; Shay et al., 1998). The size (diameter) of the eddy
can be about 200 to 400 km, and extends down to a depth of
about 1000 m (e.g., Mooers and Maul, 1998). After the release of
the anti-cyclonic eddy, the Loop Current changes its path, which
flows almost directly to the Florida strait with a small meander.

Because of the substantial variations of the Loop Current
path near the central Gulf Coast, its variability could directly
influence near-shore sea surface height (SSH) around the
northern Gulf Coast. In addition, the Loop Current variability
and eddy shedding as discussed above could influence near-
shore SSH around the western Gulf Coast. In particular, some of
the strong anti-cyclonic eddies separated from the Loop Current
often propagate westward all the way to the western part of Gulf
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Coast, which may result in SL fluctuations along the western
Gulf Coast. However, the relation between ocean dynamical
processes such as the Loop Current variability and eddy
shedding and the Gulf Coast SL is still unclear.

As in most areas along the US coastline, the Gulf Coast SL
fluctuates substantially on a variety of time scales. While
previous studies documented long-term trends in the Gulf
Coast SL (e.g., Boon et al.,, 2018), extreme SL rise events on
the time scale shorter than seasonal (except that caused by
hurricanes) have not been well documented, and physical
processes that control such events are not well understood.
Our analysis of tide gauge data along the western Gulf Coast
indicates that such extreme SL rise events on the time scale of 1-2
months often occur. This study investigates physical processes
that contribute to SL variations in the Gulf Coast and Gulf of
Mexico on the subseasonal (1-2 months) time scale. A particular
emphasis is given to the role of ocean dynamics in such SL rise
events along western Gulf Coast areas, which are examined
through the combined analysis of satellite altimeter, in-situ tide-
gauge, and ocean reanalysis data.

2 Data and methods

2.1 Observational data and reanalysis
product

Primary data sets used in this study are described in
the following.
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2.1.1 Texas Coastal Ocean Observing Network
(TCOON)

The Texas Coastal Ocean Observation Network (TCOON)
(Rizzo et al., 2014) is a uniquely dense coastal network of scientific
data collection platforms operated following National Ocean
Service standards complementing the stations of the National
Water Level Observation Network (NWLON). SL time series
from 23 tide gauges along the Texas coast were processed
(Figure 1). Eighteen of these stations are part of the TCOON
while five stations are part of the NWLON. All stations are
maintained to the same standards with similar instrumentation.

Because of the exceptionally dense network of tide-gauge
data along the coast, it is possible to distinguish between local
and large-scale impacts. For example, there are spatial
differences in local tidal dynamics, local wind pattern, river
runoff, and the influence of complex bathymetry, besides the
different rates of subsidence. The large-scale influence will be
detected based on the comparison of the data from a number of
stations along the coast. The estimated SL will be explained
through examining processes relevant to large-scale oceanic and
atmospheric variability.

2.1.2 HYCOM reanalysis

The high-resolution global ocean reanalysis data set “GOFS
3.1: 41-layer HYCOM + NCODA Global 1/12° Reanalysis”,
created by the US Navy’s operational Global Ocean Nowcast/
Forecast System (Metzger et al., 2014), is used in this study. The
system employs the 0.08° Hybrid Coordinate Ocean Model
(HYCOM; Bleck, 2002) as an ocean model component, and
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A map of TCOON and NWLON tide gauge stations. The rectangular box indicates the area used for calculating average winds
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in-situ and satellite data are assimilated through the Navy
Coupled Ocean Data Assimilation (NCODA; Cummings and
Smedstad, 2013). This reanalysis product is referred to as
“HYCOM reanalysis” hereafter.

HYCOM, NCODA and the data assimilation method are
explained here briefly, as the details are described in other papers
(Bleck, 2002; Cummings and Smedstad, 2013; Helber et al., 2013;
Metzger et al., 2014). The global HYCOM used in this study is
eddy-resolving, in which the horizontal resolution is 0.08° at the
equator. HYCOM is forced by surface forcing fields derived from
coupled reanalysis products, the Climate Forecast System
Reanalysis (CFSRV1; Saha et al,, 2010) and Climate Forecast
System Version 2 (CFSV2; Saha et al,, 2014). The ocean data
assimilated by NCODA include satellite-derived SSH, sea
surface temperature (SST), sea ice concentration, in situ
surface and subsurface temperature and salinity observations.
The HYCOM/NCODA system uses synthetic temperature
profiles derived from the Improved Synthetic Ocean Profile
(ISOP; Helber et al., 2013). The ISOP is constructed at a given
location by projecting satellite-derived SSH and SST downward
from the surface using statistical relationships. In this study, the
daily and monthly mean ocean velocity and SSH data for the
period of 1994-2015 are used. HYCOM has been extensively
used for simulations of upper ocean structure and circulations in
the Gulf of Mexico (e.g., Chassignet et al., 2005; Zamudio and
Hogan, 2008). Also, in the last several years, the HYCOM
reanalysis has been validated extensively, including the coastal
SL variations (e.g., Yu et al., 2015; Thoppil et al., 2016; Shinoda
et al., 2019; Shinoda et al., 2020).

2.1.3 Satellite data and other reanalysis
products

Satellite altimeter data obtained from Archiving, Validation,
and Interpretation of Satellite Oceanographic data (AVISO) for
the period 1994-2015 are used to monitor the variability of Loop
Current and the associated eddy formation. Daily SSH data are
provided on a 0.25°x 0.25° grid. Surface winds at 10 m height from
CFSRV1 for the period of 1994-2010 and CFSV2 for the period of
2011- 2015 are used. The horizontal resolution of CFSRV1
(CESV2) is 0.3125° (0.205°). These wind data sets are used to
force HYCOM for creating the HYCOM reanalysis product.

2.2 Data processing

The individual SL time series are processed to remove the
variability associated with their respective weather and tidal
forcings as well as their local vertical land motion. The
magnitude of the vertical land motion can be important, with
a large spatial variability along the Texas coast. The short term,
hours to seasonal, SL dynamic varies substantially depending on
the location within the study area. The tidal range is on the order
of 20-30 cm along the shores of the Gulf of Mexico and decreases
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rapidly along ship channels and within the bays and estuaries.
The tidal influence becomes insignificant in the Laguna Madre.
Similarly high frequency weather forcings, including the passage
of cold fronts influence bays, estuaries and lagunas differently,
then the nearshore waters of the Gulf of Mexico. Within
embayments or along the intracoastal waterway where many
tide gauges are located, hourly SL changes are largely driven by
weather forcings and the distance from the nearest pass or ship
channel connecting the respective water bodies to the Gulf of
Mexico. This high frequency variability is however not
significant for the present study as monthly time series are
computed by averaging out high frequency variability.

Hourly SLs measured relative to their respective station
datums were downloaded for the period 1993-2017. The
number of gaps in the time series was small for all stations,
and gaps were left unfilled. Then monthly averages are
computed to remove the high frequency influences of the local
tides and weather driven changes. A monthly mean was
computed for stations only if at least 90% of the hourly
records was available. The seasonal cycle is computed
individually and removed from the monthly time series for
each station. The resulting time series are used to estimate the
locations’ relative SL linear trends. The respective trends are then
removed from the respective locations’ time series (Zervas et al.,
2013). The values of relative SL trends range from 3 to 14 mm/yr.
The processed individual locations’ time series are highly
correlated. The mean of the correlation coefficients for all
locations with respect to the mean is 0.95 and the individual
correlation coefficients are at least 0.89. Thus the average time
series of all TCOON and NWLON stations are adequate to
quantify the oceanic signal for the western Gulf Coast.

The anomalies of SSH from AVISO and SSH and surface
currents from the HYCOM reanalysis are calculated by
subtracting the climatological seasonal cycle for the 1994-2015
period. The linear trend in anomalies of SSH and surface currents
is removed. The anomalies of surface winds from CFSRV1
(CFSV2) are calculated by subtracting the climatological
seasonal cycle for the 1994-2010 (2011-2015) period.

3 Results

3.1 Time series of SL along the western
Gulf Coast

Figure 2 shows the time series of monthly average SL
anomaly measured by TCOON and NWLON tide gauges.
Although the time series is the average of 23 stations, large
fluctuations of the SL anomalies, which exceeds 5 cm are
frequently found every year for both positive and negative
anomalies, with the standard deviation (STD) of 6.8 cm. In
addition, the extreme SL rise which exceeds 15 cm (2.2*STD) are
found once in 2-5 years. During 1994-2015, six of such extreme
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Time series of monthly mean sea level anomalies (cm) derived from the 23 study tide gauge stations.

events are observed, and two of them exceed 20 cm (2.9*STD).
There is not specific seasonality in the timing of these extreme
events. Given that the study tide stations cover relatively large
areas which span the entire Texas coast, it is expected that these
extreme SL rise events are caused by oceanic and atmospheric
processes which are on the scale larger than 100-200 km. Note
that the time series in different areas of the Texas coast are very
coherent at least for these extreme SL rise events (not shown).

In contrast to positive anomalies, the extreme events of the
negative anomalies are not often found. The negative anomalies
exceeded 15 cm only once during the 22-year period, but the
negative anomalies larger than 5 cm last relatively longer time.
For example, the negative SL anomaly of 5-10 c¢m is found more
than 6 months in 1996.

The asymmetry of negative and positive anomalies is further
demonstrated in the histogram of monthly SL anomalies
(Figure 3). The distribution is positively skewed with the
skewness of 0.38. The negative values of 2.0-5.6 cm range are
most frequently found, and thus the peak value during extreme
SL rise events relative to the normal (most frequently found)
values are larger than the peak values of anomaly.

In this study, we investigate the six extreme SL rise events
identified from the TCOON and NWLON SL time series by
comparing them with the large-scale ocean and atmospheric
circulations. In particular, variability of SL and ocean
circulations in the entire Gulf of Mexico during these events
will be thoroughly described to elucidate the possible causes of
such extreme SL rise events.
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Histogram of monthly mean sea level anomalies (cm). Mean values of all tide gauge stations shown in Figure 1 are used.
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3.2 Comparison with local wind forcing

Figure 4 compares the time series of the sea level anomaly
(Figure 4A) with those of the speed of anomalous winds
(Figure 4B) and surface wind anomaly (Figure 4C) averaged
over the area 98°W-93.5°W, 26°N-29.5°N (box area in Figure 1),
which cover the almost entire TCOON and NWLON tide gauge
stations. The correlation coefficients of SL anomalies with zonal
wind anomalies (-0.24) and meridional wind anomalies (-0.24) are
statistically significant, and the sign of the correlation is consistent
with SL fluctuations driven by the along-shore wind stress since
the northeasterly winds can generate coastal downwelling and thus
SL rise. However, correlations are very weak and it is difficult to
visually identify the similarity between the wind and SL variations.
This suggests that while local wind variations affect the subseasonal

Sea Level Anomaly

10.3389/fmars.2022.1049550

SL fluctuations to some extent or during some periods, they are
not the major factor that controls the overall subseasonal SL
variations in this region. In particular, there are no obvious
strong local wind events during the extreme SL rise events.
Hence, other oceanic or atmospheric processes may cause most
of the extreme SL rise events observed in this region.

3.3 Comparisons with large-scale SL
variations and ocean circulations

3.3.1 Event in 2002

Figure 5A displays the SSH anomalies for the entire Gulf of
Mexico during September 2002 when a peak of SL rise is found
in the TCOON SL time series (Figure 2). The positive SSH

1994 1996 1998 2000 2002

2006 2008 2010 2012 2014 2016

B Anomalous Wind Speed

1994 1996 1998 2000 2002 2004

2006 2008 2010 2012 2014 2016

c Wind Anomaly

1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016

FIGURE 4

(A) Time series of monthly mean sea level anomalies (cm) derived from tide gauge measurements of 23 study stations. The time series are the
same as those in Figure 2. (B) Time series of anomalous surface wind speed averaged over the area 98°W-94°W, 25°N-29.5°N (box area in
Figure 1). The anomalous wind speed is calculated by average zonal and meridional wind anomalies. The wind data from CFSR and CFSV2 are

used. (C) Same as (B) except for surface vector winds.
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anomalies are found along the western Gulf Coast which covers
most of the areas of TCOON tide gauge stations. The SSH
anomalies along the coast are connected to the high SSH
anomaly centered around 24°N-25°N, 96°W, which extends to
further east around 93°W. The spatial distribution of SSH along
the coast measured by AVISO is very similar to those in the
HYCOM reanalysis (Figure 5B), and thus the HYCOM
reanalysis could be used to describe SSH and upper ocean
currents during the period of SL rise events. It should be
noted that a similar agreement of SSH between the AVISO
and HYCOM reanalysis are evident in other periods of SL rise
events, as will be shown in the following sections.

Surface current anomalies during this period from the
HYCOM reanalysis is shown in Figure 5C. The high SSH
anomalies connected to the western Gulf Coast SL rise are
associated with the strong anti-cyclonic circulations. These

10.3389/fmars.2022.1049550

anti-cyclonic circulations are connected to the southward
surface currents along the coast all the way to around 29°N.
Since the southward coastal current around 25°N-27°N is
directly connected to the circulation in the eastern part of the
anti-cyclonic eddy, a large meander of southward flow is evident.
Near the coast around 24°N, the very narrow southward current
is found while the anomalous northward currents associated
with the anti-cyclonic eddy is located very close to the coast. The
northward currents on the western side of the eddy are much
narrower and weaker than southward currents on the eastern
side of the eddy, suggesting that the eddy is interacting with the
coast during this period and the western part of the eddy
including anomalous northward currents are affected by the
coast. The spatial pattern of these surface currents suggests that
strong eastward currents on the northern side of the eddy
located around 25°N-26°N largely influence the generation of
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FIGURE 5

(A) Monthly mean SSH anomalies in the Gulf of Mexico in September 2022 derived from AVISO. (B) Same as (A) except for SSH anomalies from
the HYCOM reanalysis. (C) SSH (shading) and surface currents (arrows) anomalies in September 2022 derived from the HYCOM reanalysis.

Frontiers in Marine Science

07

frontiersin.org



Shinoda et al.

the anomalous southward coastal currents (and thus high SL at
the coast) in the area of TCOON tide gauge stations when the
eddy reaches near the coast.

These circulation patterns such as a large meander of coastal
currents is consistent with previous theoretical studies on the
processes associated with on-shore movement of anti-cyclonic
eddy (e.g., Isoda, 1996; Frolov et al., 2004). Also, it is indicated
that the area of influence along the coast by the anti-cyclonic
eddy is 2-3 times as large as the eddy size based on the idealized
numerical model simulations (Isoda, 1996; Frolov et al., 2004).
Hence an anticyclonic eddy with the horizontal scale (diameter)
of 200-300 km could be sufficient to influence SL rise in large
areas along the western Gulf Coast. However, the detailed
dynamics associated with the interaction between eddies,
coastal currents and SL such as the coastal circulation induced
by eddies are complex (e.g., Nof, 1984). In addition, the bottom
topography (continental shelf) may further impact the eddy-
induced coastal circulations (e.g., Frolov et al., 2004; An and
McDonald, 2005; Vic et al., 2015). For example, the idealized
numerical model simulations suggest that a cyclonic eddy could
be formed north of the anti-cyclonic eddy with the presence of
continental slope (Frolov et al., 2004), which is consistent with
the circulation pattern in Figure 5C. Further theoretical studies
are necessary to fully describe coastal processes associated with
on-shore movement of an anti-cyclonic eddy.

To identify the origin of the anti-cyclonic eddy centered
around 24°N-25°N, 96°W near the western Gulf Coast in
September, 2002 which is associated with the coastal SL rise
event, the SSH anomaly fields of the entire Gulf of Mexico
derived from AVISO is described from the early 2002 to the peak
period (Figure 6, left panels). The positive SSH anomalies near
the coast in September can be traced back to those in the north
central Gulf of Mexico around 90°W-93°W, 26°N-27°N in
February. These large positive SSH anomalies centered around
92°W, 26.5°N in February extend to the east and south all the
way to 24°N, which includes the area inside of the Loop Current
(Figure 6, right panels). These positive anomalies split in March,
and the western portion of the anomalies farther move to the
west around 94°W, 25°N in May. Then the SSH anomalies with
the size of ~200-300 km are completely separated from the
eastern portion in June, and the western portion of the separated
anomalies reach the coast in September, which is connected to
the high SSH along the coast. These variations of SSH measured
by AVISO are very similar to those from HYCOM reanalysis
(Figure 6, middle panels), suggesting that upper ocean currents
associated with these SSH anomalies can be realistically
described using the HYCOM reanalysis.

The variations of upper ocean currents during February-
September 2002 are displayed in right panels of Figure 6. During
February, the Loop Current is extended northwestward in which
the northern edge reaches around 27°N, 93°W. In March, the
two anti-cyclonic circulations centered around 89°W, 26°N and
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93°W, 26°N associated with high SSH are evident, and these
anti-cyclonic circulations are separated from the high SSH in the
southern portion of the basin. In May, these two anti-cyclonic
circulations are merged, and continue to move westward. The
center of the anti-cyclonic circulations is found around 94°W-
24.5°N in June, and the western portion of the circulation
reaches the Gulf Coast in September. During March-
September, the anti-cyclonic circulations associated with high
SSH are clearly isolated from surroundings and their westward
propagation is evident. Note that the southward current right
near the coast around 23°N-24°N in September shown in
Figure 5 exists in the total field, but it is not found in Figure 6
due to the narrow width.

To further elucidate the Loop Current phase transition
between February and March 2002, the detailed SSH and
surface currents during early 2002 when the anti-cyclonic eddy
is generated are fully described (Figure 7). The northwestward
extension of the Loop Current started in late January, and the
current continues to extend by February 10. The anti-cyclonic
eddies started to separate from the Loop Current in mid-
February. Then the two anti-cyclonic eddies are almost
separated from the Loop Current by February 28, and the
Loop Current retracted to the south after the eddy shedding.
In early March, two anti-cyclonic eddies (also called Loop
Current Eddies) originally separated from the Loop Current
(eddy shedding) become completely isolated in the central Gulf
of Mexico.

It should be noted that local anomalous winds in the area of
TCOON tide gauge stations during the peak period of this
extreme SL rise event are cyclonic and northwesterly along the
coast (Figure S1, Figure 4), which are somewhat favorable for the
downwelling (SL increase). However, the direction of the wind
anomalies is not along-shore since the zonal component is
positive (0.35 m/s, westerly) although the southward
component of about 2 m/s is observed (Figure S1, Figure 4).
Also, the strength of the anomalous winds (~2.2 m/s for the area
average) is not at all extreme (Figure S1, Figure 4). Hence, the
contribution of the local winds is expected to be very minor for
the SL rise event during this period.

3.3.2 Event in 2015

The same analysis described in the previous section has been
carried out for the period of the SL rise event observed in
November 2015. The results are very similar to those for the
2002 event. Figure 8 shows the SSH and surface current
anomalies from AVISO and HYCOM reanalysis in November
2015 when the SL anomalies from TCOON reach the peak value.
The circulation patterns and SSH anomalies near the western
Gulf Coast are similar to those during the 2002 event. The anti-
cyclonic circulation around 25°N, 96°W is connected to
southward alongshore currents. The southward along-shore
currents north of the anti-cyclonic eddy directly flow towards
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Left panels: SSH anomalies in February, March, May, June, and September, 2002 derived from AVISO. Middle panels: Same as left panels except
for SSH anomalies derived from the HYCOM reanalysis. Right panels: Same as middle panels except for surface currents and SSH (total).

the eastern side of the eddy, and thus a large meander of the
southward currents is evident as the eddy moves close to the
coast. The narrow southward currents right near the coast on the
western side of the eddy are also evident in November. The
anomalous SSH from the HYCOM reanalysis is consistent with
that from the satellite altimeter measurements.

The anti-cyclonic eddy near the western Gulf Coast in
November can be traced back to the eddy shedding during April
2015 (Figure 9). The loop Current was extended to around 28°N in
April, and eddies separated from the Loop Current split to three
isolated eddies in June. Two of those eddies on the western side
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moved westward and merged in September during which the
western edge of the eddy is very close to the coast. The western
portion of the eddy reached the coast in November when the SL
rise reveals the maximum value. As in the 2002 SL rise event, the
anti-cyclonic eddy separated from the Loop Current is shown to
contribute to the extreme SL rise event in 2015.

In addition to the eddy on the western side of the basin
which propagated westward, another strong anti-cyclonic eddy
in the northern Gulf of Mexico may also have contributed to this
SL rise event (Figure 9). During April-June, the Loop Current
Eddy splits into two eddies, and the eddy on the western side
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Surface currents (arrows) and SSH (shading) in January 20, February 1, 10, 19, 28, and March 9, 2002 derived from the HYCOM reanalysis

moved westward and affected SL in the western Gulf Coast as
described above. The eddy on the eastern side moved slowly
northwestward in June-September. In September-November, the
eddy further splits into two eddies, and the one on the
northwestern side moved further northwestward and the
northern edge of the eddy reached the central Gulf Coast in
November. The SSH anomalies along the coast spread to the
western side, which appears to affect the SL rise along the
western Gulf Coast. The direction of the spreading of SL
anomalies are consistent with the coastal trapped waves (e.g.,
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Adams and Buchwald, 1969; Gill and Clarke, 1974; Brink, 1991).
However, it is difficult to detect the propagation of those waves
in this case only from the available data. Previous observational
studies reported that the phase peed of coastal trapped waves
along the western Gulf Coast is about 4 m/s (Dubranna et al,
2011; Rivas, 2017). The high temporal and spatial resolutions of
the data near the coast is required to detect such fast waves
propagating through the short distance in this case.

The local wind forcing does not help to generate SL rise
during this event (Figure S1). The winds in the western Gulf
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Same as Figure 5 except for November 2015.

coast are predominantly easterlies, and the along-shore
component is very small in the entire Texas coast.

3.3.3 Event in 2010

Figure 10 shows The SSH and surface wind anomalies in July
2010 when the peak of SL anomaly from the TCOON data
occurred. While the satellite-derived SSH shows the high
positive anomaly along the Gulf Coast, anti-cyclonic eddies
near the coast similar to those observed during the 2002 and
2015 events are not clearly evident. Although the same analysis
for the 2002 and 2015 events described above are conducted, a
significant contribution of eddies moved from the remote areas
to the coastal SL rise is not identified during this event (not
shown). Instead, the strong along-shore wind anomalies which
are favorable for the SL rise (downwelling) are found almost the
entire coastal areas in the western and northern Gulf Coast.
Anomalous SL rise are found all the way to the west Florida
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coast. Since the SL fluctuations propagate westward as Kelvin or
coastal trapped waves along the southern coast, the SL rise in the
western Gulf Coast generated by local winds may not be
recovered quickly. Hence, the large scale anomalous along-
shore winds which cover the western and northern Gulf
Coasts can maintain the SL rise in the western Gulf Coast for
a relatively long time. Note that the anti-cyclonic eddy located
around 96°W, 22.5°N in July, which appears to impinge on the
shelf, and this eddy may have also contributed to maintain high
SL along the coast. Note also that this eddy cannot be traced back
directly to Loop Current Eddy shedding (not shown), and thus it
seems to be developed locally in the western Gulf of Mexico

3.3.4 Event in 1995

An extreme SL rise event is observed in the mid-summer of
1995 in which the peak value is found in August (Figure 2). The
westward movement of the anti-cyclonic eddy and its influence
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on the coastal SL is evident (Figure 11). However, during the
peak period in August, the anti-cyclonic circulation associated
with positive SSH anomalies near the center of the eddy is
somewhat weaker compared to those in the 2002 and 2015 SL
rise events. Although the positive SSH anomalies moved from
the central Gulf of Mexico are connected to the SL rise along the
coast, the eddy is located farther offshore about 4° from the coast.

During this period, there is another anti-cyclonic eddy
located around 94°W, 24°N in August, which may have
contributed to this SL rise event. This eddy was stronger in July
and appears to start interacting with the coast (Figure 11 right
panel). This eddy can be traced back to the eddy separated from
the Loop Current before January 1995, which was located around
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93°W, 25°N in January. Since this eddy is connected to high SL
along the coast in July-August (Figure 11, left panel), it may have
contributed to the SL rise event. However, the eddy is also located
offshore about 3° from the coast, and thus other factors probably
contribute to this SL rise event during this period.

Figure 12 shows the surface wind anomalies in August 1995.
The anomalous northeasterly and northerly winds which are
along-shore direction in the entire areas of TCOON stations are
clearly evident. However, the anomalous alongshore winds are
confined in the western portion of the Gulf Coast (compared to
2010 events in Figure 10), and thus these winds alone may not
cause the extreme SL rise event. Hence, the analysis of winds and
ocean circulations suggests that a combination of anti-cyclonic
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eddies originated from eddy shedding and the anomalous along-
shore winds generates the SL rise event during this period.

3.3.5 Summary of all events

The same analysis described above is carried out for periods
of all six SL rise events identified in the TCOON time series.
Eddy shedding and subsequent westward movement of anti-
cyclonic eddy is shown to contribute to the SL rise along the
western Gulf Coast during the events in September 1998 and
February 2005 (Figure S2, Figure S3). Table 1 summarizes the
major physical processes that contribute to the SL rise events
which include the period of eddy shedding. In five out of six
events, anti-cyclonic eddies originated from eddy shedding of
the Loop Current contribute to the SL rise. This suggests that
ocean dynamics play an important role in generating extreme SL
rise events at least on the subseasonal time scale.

The eddy shedding occurs 6-8 months before the peak SL
rise in the western Gulf Coast. Hence, the information on the
variability of Loop Current and eddy shedding such as the
location and strengths of anti-cyclonic eddy several months in
advance could help to predict the SL rise along the western Gulf
Coast. Although not all eddies separated from the Loop Current
affect the Gulf Coast SL rise events, the results at least suggest
that the accurate prediction of the ocean circulations in the
entire Gulf of Mexico is necessary for the accurate forecast of
coastal SL rise event with the lead time of several months.

4 Summary and discussions

Oceanic and atmospheric processes that generate
subseasonal sea level (SL) rise events along the western Gulf
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Coast are investigated using Texas Coastal Ocean Observing
Network (TCOON) and National Water Level Observation
Network (NWLON) tide gauge data, the high-resolution
(0.08°) ocean reanalysis, surface winds from the reanalysis, and
satellite altimetry data. The time series of SL measured by
TCOON and NWLON indicates that SL in the western Gulf
Coast varies substantially on the subseasonal time scale. In
particular, extreme subseasonal SL rise events which exceed
15 cm are observed once in every 2-5 years. The results
indicate that most of such extreme subseasonal events are
originated from the warm core anti-cyclonic eddy separated
from the Loop Current which propagates westward. The anti-
cyclonic eddies then reach the western Gulf Coast, resulting in
prominent SL rise which lasts about 1-2 months. While the local
wind forcing in the western Gulf Coast does not show extreme
values and only weakly correlated, the analysis also suggests that
large-scale along-shore winds over the entire western and
northern Gulf Coast can cause such extreme SL rise events.
The results indicate that extreme SL rise events occur about
6-8 months after a strong anti-cyclonic eddy is formed by eddy
shedding in the central Gulf of Mexico. Hence, the large-scale
ocean circulations in the Gulf of Mexico needs to be monitored
well to accurately predict the SL rise in the western Gulf of
Mexico with the lead time of several months. In other words, the
information of the ocean variability in the central Gulf of Mexico
may help improve the SL prediction in the Gulf Coast. However,
it is still a major challenge to predict the behavior of separated
eddies including their westward movement. In general, the
strong eddies separated from the Loop Current move
westward, and some of the strong eddies are evident until they
reach the western coast, resulting in generating the coastal SL
rise. However, the behavior of the Loop Current Eddies are often
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complex. As shown in the several examples in this study, eddies
sometimes split to multiple eddies or merge with other eddies,
and their strength changes substantially during the westward
movement. These variations are determined by a combinations
of different processes including internal ocean variability, the
effect of atmospheric forcing and the large-scale ocean
circulation. It is still unclear whether such detailed behavior of
eddy movement is predictable, and the accurate prediction of
strength and location of eddies at least requires further
improvement of ocean component in the prediction system.
The results suggest that some of the SL events are caused by a
combination of eddy-shedding and local wind forcing near the
coast. However, the relative importance of these processes cannot
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be quantified based only on the data analyses. A numerical
modeling study is necessary to further quantify the physical
processes that cause SL rise events. For example, sensitivity
simulations of ocean model in which the anomalous wind
forcing is removed could isolate the impact of ocean dynamics.
Further studies using high-resolution numerical experiments
which can adequately resolve the coastal SL fluctuation are
necessary to isolate and quantify key physical processes.

In this study, physical processes associated with only
extreme SL rise events are discussed. While the dominant
processes that contribute to such extreme events could be
identified, smaller SL rise events of about 10 cm are frequently
observed in the western Gulf Coast. However, it is difficult to
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identify dominant processes that cause such events. Many SL rise
events with such magnitude may be caused by a combination of
multiple processes. In the western Gulf of Mexico, eddy activity
is relatively high, and mesoscale and submesoscale eddies are
often observed. Although these eddies may not be as strong as
the warm-core eddies generated through eddy shedding, weaker
eddies may still influence SL along the coast. Since smaller
fluctuations of SL are caused by these oceanic processes as well
as atmospheric forcing such as along-shore winds, it is difficult
to fully identify all physical processes associated with
subseasonal SL fluctuations only from the available data. In
particular, high-resolution data near the coast are required to
adequately resolve the variability caused by coastal processes. As
the higher resolution satellite-derived SL will become available
from SWOT (Surface Water Ocean Topography) mission (e.g.,
Wang et al., 2018) in coming years, such data may provide useful
information for the further study of coastal SL variations.

The analysis of TCOON and NWLON data indicates that
the SL time series are positively skewed. The possible reason
could be the asymmetry of cyclonic and anti-cyclonic eddies in
the western portion of Gulf of Mexico. Because of the asymmetry

TABLE 1 Periods of extreme SL rise events and associated major processes.

Period of peak SL rise

A

96W 94W 92W 90W B88W B86W 8

—_—

2

of eddy separation processes from the Loop Current, more anti-
cyclonic eddies are found in the western Gulf of Mexico, while
more cyclonic eddies are evident in the eastern Gulf of Mexico
(e.g., Vukovich, 2007). The frequent influence of anti-cyclonic
eddies on western Gulf Coast SL may result in skewed
distribution of SL anomalies at the coast.

The Loop Current is part of the western boundary current
connected to Gulf Stream, and thus it is part of the upper branch
of the Atlantic Meridional Overturning Circulation (AMOC).
Recent studies suggest that the AMOC is changing in a warming
climate (e.g., Liu et al., 2017; Boers, 2021), and thus it is expected
that the behavior of the Loop Current including its strength,
frequency of eddy shedding, the strength and location of anti-
cyclonic rings separated from the Loop Current will be changing
in the coming decades. Such changes may influence the skewness
of the SL anomaly distribution, and it may in turn affect the
longer-term variation of the coastal SL through the skewness
changes. Hence, understanding the dynamics of long-term
changes in the Loop Current strength and its impact on eddy
shedding is crucial for the future SL projection along the
Gulf Coast.

Major processes

August 1995

Eddy Shedding (January 1995), Along-shore winds

September 1998

Eddy Shedding (January 1998)

September 2002

Eddy Shedding (February 2002)

February 2005
July 2010

November 2015
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Eddy Shedding (August 2004)
Along-shore winds

Eddy Shedding (May 2015)
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