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Abstract
The long-term variability of sea level and surface flows in the Gulf of Mexico (GOM) is studied using global monthly sea 
level reconstruction (RecSL) for 1900–2015. The study explored the long-term relation between the dynamics of the GOM 
and inflows/outflows through the Yucatan Channel (YC) and the Florida Straits (FS). The results show a century-long trend 
of increased mean velocity and variability in the Loop Current (LC); however, no significant upward trend was found in the 
YC and FS flows, only increased variability. Empirical orthogonal function (EOF) analysis of sea surface height found spatial 
patterns dominated by variations in the LC and temporal variations on time scales ranging from a few months to multidec-
adal. The time evolution of each EOF mode of sea level is correlated with the velocity of either the LC, the YC, or the FS or 
some combination of the different flows. The mean sea level difference between the GOM and the northwestern Caribbean 
Sea was found to be influenced by the North Atlantic Oscillation (NAO), with unusually high differences during the 1970s 
when the NAO index was low and the Atlantic Ocean circulation was weak. Extreme peaks in SL difference coincide with the 
extension of the LC and the seasonal eddy shedding pattern. The observed seasonal cycle in the extension area of the LC as 
obtained from 20 years of altimeter data is significantly correlated (R = 0.63; confidence level = 98%) with the seasonal YC 
flow obtained from 116 years of the RecSL data. However, the same LC extension record had lower correlation (R = 0.45; 
confidence level = 90%) with the observed YC transport obtained from direct moored measurements over ~ 5 years, indicating 
the need for much longer measurements, since the LC extension and the YC flow are strongly affected by interannual and 
decadal variations. The study demonstrates the usefulness of even a coarse-resolution reconstruction for studies of regional 
ocean variability and climate change over longer time scales than current direct observations allow.
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1  Introduction

The Gulf of Mexico (GOM) is a semi-enclosed basin with 
complex geography and interesting ocean dynamics (Fig. 1). 
The dynamics is dominated by variations in the warm Loop 
Current (LC) which periodically shed westward propagat-
ing eddies at different intervals (Sturges and Leben 2000). 
The region plays an important role in the circulation of the 
Atlantic Ocean, since the western boundary current (WBC) 
must pass through the GOM, starting from the Caribbean 

Current that enters the GOM from the Yucatan Channel 
(YC) to feed the LC and then exiting the GOM through the 
Florida Strait (FS) to form the Florida Current (FC), which 
evolved downstream into the Gulf Stream. The GOM is an 
important source of oil and gas drilling, so its coasts can be 
affected by oil spills (e.g., Beyer et al. 2016) as well as by 
sea level rise (e.g., Kolker et al. 2011) and tropical storms 
and hurricanes (Oey et al. 2006; Prasad and Hogan 2007; 
Chen et al. 2008). Understanding the ocean dynamics in 
the GOM may be important for addressing all these issues.

In the early days, the GOM has been studied mostly with 
limited observations that include hydrographic surveys, cur-
rent meter data, and early infrared satellite images (Reid 1972; 
Maul 1977; Molinari et al. 1978; Vukovich et al. 1979; Elliott 
1982; Sturges and Evans 1983; Maul et al. 1985) and later 
with XBT and ARGOS data (Hamilton et al. 2002), following 
with satellite altimeter data (Hamilton et al. 2014; Nickerson 
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et al. 2022). Early numerical models of the GOM were rela-
tively simple with only few layers (Hurlburt and Thompson 
1980) and coarse resolution (Blumberg and Mellor 1985) or 
include only the continental shelf (Hsueh et al. 1982). Later, 
numerical models evolved into realistic high-resolution ocean 
circulation models of the entire GOM that can resolve the 
details of the LC and eddy shedding (Candela et al. 2003; 
Ezer et al. 2003; Kantha et al. 2005; Oey et al. 2003, 2004, 
2005; Prasad and Hogan 2007; Xu et al. 2013; Kourafalou 
et al. 2017). However, if one wants to study decadal to multi-
decadal dynamic variability in the region, most observations, 
except tide gauges (which are limited to the coast), are too 
short, with the longest continuous flow observation being the 
Florida Current transport measurements that started in the 
early 1980s (Baringer and Larsen 2001; Meinen et al. 2010). 
Most altimeter data, which can monitor the LC, started in the 
early 1990s (Ducet et al. 2000), and measurements of the flow 
in the entire Yucatan Channel started only in 1996 (Bunge 
et al. 2002; Sheinbaum et al. 2002; Candela et al. 2003).

This lack of long-term data motivated this study which 
used monthly global reconstructed sea level (RecSL) for 
1900–2015; this data set is based on the composition of spa-
tial patterns in altimeter data and temporal variability and 
trends from tide gauge data (see Dangendorf et al. 2019 and 
more details in the next section). Since this data set has rela-
tively coarse resolution (1° × 1°), it is not expected to resolve 
mesoscale features such as the details of the LC as models 
and other data do (e.g., Hamilton et al. 2014; Nickerson et al. 
2022). However, one of the goals of the study was to test if 
the global RecSL can be used in regional studies to detect 
long-term variability and change in ocean dynamics and 
interaction between open ocean dynamics and coastal sea 
level (Dangendorf et al 2021; Ezer and Dangendorf 2020, 
2021, 2022). Analyzing a century-long record is especially 

important in the GOM because processes such as LC eddy 
shedding events are unpredictable and infrequent. Sturges 
and Leben (2000), for example, detected 34 eddy separation 
events between 1973 and 1999 with typical separation peri-
ods of 6–11 months. Using SST, chlorophyll, and hydrostatic 
data, Hamilton et al. (2014) reported on 20 eddy separa-
tion events between 1978 and 1992 with average separation 
period of 170 days (but period varied widely from ~ 80 to 
600 days). During the satellite altimeter era, the same report 
counted 30 eddy separation events between 1992 and 2012, 
with mean separation period of ~ 240 days. However, differ-
ent data and different methods often result in discrepancy in 
the timing of eddy separation. Many other studies tried to 
understand different aspects of the dynamics of the LC and 
eddy separation using different data and different models 
(Forristal et al. 1992; Bunge et al. 2002; Ezer et al. 2003; 
Oey et al. 2003, 2005; Oey 2004; Lin et al. 2010; Chang 
and Oey 2012; Hamilton et al. 2014; Hall and Leben 2016; 
Nickerson et al. 2022). Several of the above studies linked 
variations in the LC to variations in the YC flow. Since the 
YC flow feeds the LC, increased YC flow is expected to 
cause either expanding of the LC area or increased in the 
outflow through the FS (or both). Indeed, direct observations 
of the YC and the FS over 4 years show correlation of 0.83 
between the two currents for periods longer than a week 
(Candela et al. 2019). However, other factors such as winds 
over the Caribbean Sea (Oey et al. 2003; Athié et al. 2020), 
the vorticity flux across the YC (Oey 2004), stratification 
(Moreles et al. 2021), Cuban anticyclones (Kourafalou et al. 
2017), or even hurricanes (Oey et al. 2006) can also affect 
the dynamics of the LC, making connections between forc-
ing and dynamics more complicated. One notes that none 
of the many GOM studies above could detect multidecadal 
variability when most data cover periods of only few years 
to few decades, and the direct observations of the YC flow 
started in 1996 and are relatively short (Sheinbaum et al. 
2002; Bunge et al. 2002; Candela et al. 2003; Athié et al. 
2020). One may ask if links between the YC flow, the FS 
flow, and the LC dynamics exist for periods longer than 
the interannual time scales of previous studies. Athié et al. 
(2020), for example, study the seasonal pattern of the YC 
transport using ~ 5 years of direct mooring measurements 
and 23 years of altimeter data; both data show maximum 
transport in summer (July to August) but disagreed about 
the month of minimum flow (March in direct observations 
but November in altimeter data). For a review of the different 
attempts to describe the seasonal pattern of the LC and eddy 
shedding and the often discrepancy between different stud-
ies, see also Hall and Leben (2016). In any case, the analysis 
of the long record here can allow to study seasonal patterns 
over many more years (116) than any past observations and 
potential connections between the GOM and basin-scale, 
long-term Atlantic Ocean variability.

Fig. 1   Example of daily sea surface height (in cm) and velocity in the 
Gulf of Mexico (HYCOM model forecast from the Navy Research 
Laboratory; https://​www73​20.​nrlssc.​navy.​mil/​hycom​GOM2/). Geo-
graphic locations and ocean features discussed in the text are labeled
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The paper is organized as follows: the data and the analy-
sis methods are described in Sect. 2, and then in Sects. 3, the 
results are described, first for sea level variability and then 
for potential connections between strait flow and sea level, 
including potential seasonal and longer trends. Finally, in 
Sect. 4, summary and conclusions are offered.

2 � Data sources and analysis methods

The main data source used here to study long-term variabil-
ity is the monthly global reconstructed sea level (RecSL) 
data set on a (1° × 1°) grid for 1900–2015 that was developed 
and described by Dangendorf et al. (2019). This data set was 
recently used in several studies (Dangendorf et al 2021; Ezer 
and Dangendorf 2020, 2021, 2022; Frederikse et al. 2020; 
Gehrels et al. 2020); these studies demonstrated the useful-
ness of this data set to better understand not only long-term 
sea level rise, but also variations in ocean dynamics and 
connections between the open ocean and the coast. Geos-
trophic surface velocity obtained from this data was used, 
for example, to detect past and recent weakening in the Gulf 
Stream (Ezer and Dangendorf 2020) and a global increase 
in surface kinetic energy, especially near western boundary 
currents (Ezer and Dangendorf 2021). This reconstruction 
is based on the combination of time evolution of long tide 
gauge records with spatial patterns in satellite altimeter data; 
it includes sea level rise trends but excludes the seasonal 
cycle of sea level; for more details of RecSL, see Dangen-
dorf et al. (2019). The main advantage of the RecSL is that 
it is global and has a long record length (116 years), but the 
main shortcoming is the coarse resolution (1° × 1°). Since 
the RecSL is a coarse-resolution data set, direct altimeter 
data is also used here to look at the LC in more details, using 
the gridded AVISO (http://​las.​aviso.​ocean​obs.​com/) data set 
that combined several altimeters (Ducet et al. 2000); the 
altimeter data are also available from the Copernicus Marine 
service (https://​marine.​coper​nicus.​eu/).

To represent basin-wide climate variability, the North 
Atlantic Oscillation Index (NAO) (Hurrell 1995; Hurrell 
et al. 2003) was obtained from UCAR (https://​clima​tedat​
aguide.​ucar.​edu/​clima​te-​data/​hurre​ll-​north-​atlan​tic-​oscil​
lation-​nao-​index-​pc-​based). Many studies show that the 
NAO is linked with sea level and ocean currents, from the 
Mediterranean Sea (Tsimplis et al. 2013) to the Gulf Stream 
(Taylor and Stephens 1998) and to the entire Atlantic Ocean 
(Ezer and Dangendorf 2022). However, not much research 
has been conducted so far on the potential impact of NAO 
on the GOM, except studies related to the impact of NAO 
on the track of tropical cyclones and landfalls in the GOM 
region (McCloskey et al. 2013).

From the RecSL data, six monthly time series data sets 
were extracted and analyzed, 3 for regional mean sea level 

and 3 for surface velocity. Time series of mean sea surface 
height includes 3 subregions (Fig. 1), the Gulf of Mexico 
(GOMssh), the northwestern Caribbean Sea (CARssh), and 
the southwestern South Atlantic Bight (SABssh). Time 
series of surface velocity includes 3 locations, the north-
ward flow in the Yucatan Channel (YCvel) across 23°N, 
the eastward flow in the Florida Strait (FSvel) across 81°W, 
and the mean velocity speed over the Loop Current (LCvel) 
in the area 24°N–28°N and 83°W–87°W. Note, however, 
that surface velocities obtained from sea surface height 
slope represent the barotropic flow, but it cannot capture 
baroclinic velocities and deep counter currents as those 
observed, for example, in the Yucatan Channel (Bunge 
et al. 2002; Sheinbaum et al. 2002; Candela et al. 2003).

To analyze spatiotemporal variability in the data, 
empirical orthogonal function (EOF) analysis is used (also 
known as principal component analysis (PCA)). A MAT-
LAB code based on early atmospheric and climate data 
analysis (Bretherton et al. 1992) was used. Oceanographic 
applications of EOF in the region of interest include stud-
ies of the Yucatan Channel flow in observations and mod-
els (Candela et al. 2003; Ezer et al. 2003; Oey et al. 2004). 
The analysis separates data such as sea surface height η 
into spatial patterns (EOFs) and principal components 
(PCs) that show how the amplitude of each EOF mode 
varies in time:

The analysis also calculates the percentage of variabil-
ity represented by each EOF mode.

To understand what drives each EOF mode, the time 
series of the first five PCs are compared with time series of 
strait velocities using empirical mode decomposition (the 
EMD analysis as developed and described by Huang et al. 
(1998) and Wu and Huang (2009)). This comparison can 
detect at which time scales time series are linked or not. 
EMD decomposes a time series record into m number of 
intrinsic mode functions (IMs), each with time-dependent 
amplitude and frequency, and a long-term residual (r). So, 
for example, a comparison of two velocity time series, V1 
and V2, would yield

Rj is the correlation coefficient between the two veloci-
ties for each mode j (representing different frequency 
bands). Moreover, PC modes of sea level in (1) can be 
compared with EMD modes of velocity in (2), provid-
ing information, for example, on how variability in strait 

(1)�(x, y, t) =

n
∑

i=1

PCi(t) ∙ EOFi(x, y)

(2)
V1(t) =

m
∑

j=1

IM1j(t) + r1(t) ; V2(t) =
m
∑

j=1

IM2j(t) + r2(t)

Rj = COR
�

IM1j, IM2j

�

; j = 1, 2,… ,m
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velocity is linked with spatiotemporal sea level patterns. 
Note that due to the filtering effect of EMD, lower fre-
quency modes have reduced the number of degrees of 
freedom compared with high-frequency modes, so that to 
achieve the same level of confidence in the correlation, a 
larger R is needed for lower frequency modes. Therefore, 
the method of Thiebaux and Zwiers (1984) was used to 
estimate the effective degrees of freedom for each EMD 
mode and the corresponding correlation coefficient needed 
to achieve 95% confidence level. The EMD has been used 
in numerous studies of sea level variability (Ezer and 
Corlett 2012; Ezer et al. 2013; Kenigson and Han 2014; 
Ezer 2015; Park and Sweet 2015). In contrast with spectral 
analysis, EMD is a nonstationary nonparametric analysis 
where each mode has time-dependent amplitude and fre-
quency, so it can detect, for example, changes of sea level 
rise (i.e., acceleration) over time (Ezer and Corlett 2012) 
or changes in oceanic kinetic energy over time (Ezer and 
Dangendorf 2021). EMD modes can also be combined, 
for example, to represent the sum of high-frequency or 
low-frequency oscillations, and here, the low-frequency 
modes provide a low-pass filtered record that filter out 
high-frequency variability.

3 � Results

3.1 � Sea level trends and variability

The time evolutions of sea level rise in three subregions are 
shown in Fig. 2a, and the spatial variations in SLR are shown 
in Fig. 3 (the three subregions are defined in Fig. 3a). Sea 
level rise rate changes over the 116 years of data (Fig. 2a) 
and is clearly nonlinear as seen after linear detrending 
(Fig. 2b) with large interannual variations and an appar-
ent ~ 50-year long cycle with different patterns before and 
after the 1960s. The sea level acceleration after the 1960s 
and especially in the last ~ 10 years of the record was well 
documented by many studies (Jevrejeva et al. 2008; Mer-
rifield et al. 2009; Church and White 2011; Sallenger et al. 
2012; Ezer et al. 2013; Dangendorf et al. 2017, 2019). The 
3 regions are in general coherent with each other (R = 0.75), 
which means that ~ 56% of the variability is represented by 
all (i.e., R2 = 0.56). However, this means that ~ 44% of the 
variability may be affected by local factors that are differ-
ent in each region. Regional differences may be important 
for water exchange between basins (shown later); thus, 
Fig. 2c shows the sea level anomaly of each region relative 
to the whole domain (i.e., the difference between the mean 
SSH of each subregion and the combined mean of all three). 
The 3 subregions are in fact significantly anticorrelated with 
each other when removing the mean sea level of the whole 
domain (R between − 0.1 and − 0.76 with confidence level 

between 99.9 and 99.99%, respectively). Also note that there 
are some periods (the 1930s, 1970s, and ~ 2000) when sea 
level in the Caribbean Sea (CARssh in blue) decreased, 
while sea level elsewhere increased (GOMssh in red and 
SABssh in green). These regional variations in sea level will 
be linked later to variations in strait flows. The time series 
in Fig. 2 are very noisy as they include a combination of 
wide range of frequencies, so further analysis later with EOF 
and EMD will be done to investigate different spatial and 
temporal scales.

The recent acceleration of sea level rise, as mentioned 
above, is evident in the spatial pattern of sea level rise (SLR) 
rates (Fig. 3), with SLR less than ~ 1 mm/year before the 
1940s (Fig. 3a) but over 4 mm/year in some locations after 
the 1980s (Fig. 3c). An interesting spatial pattern of SLR is 
an apparent shift in the location of fast SLR from the coast 
of the GOM during 1941–1980 (Fig. 3b) to the central GOM 
after 1981 (Fig. 3c). This pattern may indicate changes in 
ocean dynamics near strong currents, as shown for other 
locations (Ezer and Dangendorf 2020, 2021). For example, 
a shift in the Loop Current strength or position (see later) 
would result in sea level change due to change in the sea 
surface gradient across the current. Similarly, the drop of 
offshore sea level in the SAB at 74°W, 32°N relative to the 
coast (Fig. 3c), may indicate weakening of the Florida Cur-
rent since the 1980s.

3.2 � Links between the Yucatan Channel 
and the Florida Strait flows and the Loop 
Current

The monthly velocity over the Loop Current (LCvel), in the 
Yucatan Channel (YCvel) and in the Florida Strait (FSvel), 
is shown in Fig. 4, together with their low-frequency EMD 
modes. Interannual variability is quite different in each loca-
tion, though some periods show coherence between decadal 
variations in the YCvel and FSvel such as higher velocities 
during the 1940s, 1980s, and after 2010 and lower velocities 
during the 1970s; significant correlation (R = 0.64) is found 
between these two straits, which is not unexpected since the 
FS is downstream of the YC. (Note that while the correlation 
is statistically significant at over 99% confidence, R2 = 0.41 
means that the correlation represents ~ 41% of the variabil-
ity). The LCvel on the other hand is anticorrelated with the 
YCvel (R =  − 0.11) and with the FSvel (R =  − 0.16); both 
negative correlations are small but statistically significant at 
over 95% confidence level. The LCvel is also distinct from the 
other two currents by having a statistically significant positive 
trend (+ 3.6 cm/s per century) and increase in variability — 
the increased surface variability over time is a feature seen 
also in all western boundary currents (Ezer and Dangendorf 
2021; Martínez-Moreno et al. 2021). The LC has more com-
plex dynamics than the YC and FS flows with expansion and 
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contraction as well as shedding of eddies (Elliott 1982; Ham-
ilton 1992; Sturges and Leben 2000; Hamilton et al. 2002, 
2014; Oey et al. 2005; Chang and Oey 2012; Hall and Leben 
2016), so further analysis of the LC will be done later. It is 
interesting to note of two instances of extremely weak YCvel 
near 1940 and 2000 (Fig. 4b). This could have been just curi-
ous incidents, but fortuitously direct observations of currents 
in the YC that took place in 1999–2001, in fact found anoma-
lous very low transport of ~ 23 Sv during this period compared 
with ~ 27 Sv in observations during later years (Athié et al. 
2015, 2020); this indicates significant interannual variations, 
as clearly seen in Fig. 4.

The connections between the YCvel and the FSvel are 
examined using EMD (see Eq. 2) and shown in Fig. 5. These 
velocity time series produce 8 oscillating EMD modes (IMs) 
with mean periods ranging from ~ 7 months to ~ 47 years 
(even lower frequency mode 9 has incomplete cycle and 
neglected in Fig. 5). The YC-FS correlations are statistically 
significant at 95% confidence for all modes except for a cycle 
of ~ 5 years (note that the confidence level changes with fre-
quency due to the change in degrees of freedom; see Sect. 2 
for details). High significance of correlations is seen for 
EMD modes 1 and 4 with periods of ~ 7 months and ~ 3 years 
(Fig. 5a); these modes also have the highest variability in 

Fig. 2   Monthly reconstructed 
sea level (RecSL) averaged over 
3 subdomains (see Fig. 3a): the 
Gulf of Mexico (GOM) (red), 
the southwestern South Atlantic 
Bight (SAB) (green), and the 
northwestern Caribbean Sea 
(CAR) (blue). a Sea level rise 
relative to January 1900, b sea 
level variability after removing 
linear trends, and c sea level 
anomaly relative to mean sea 
level of the entire domain of 
Fig. 3. Correlations between the 
different subregions are indicated
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the FSvel (Fig. 5b). The percentage of variability in each 
mode in Fig. 5b is based on the ratio between the variance 
of each mode and the variance of the original time series; 
the values are then normalized so the sum of the variability 
of all 8 modes is exactly 100%. It is interesting to note that 
high correlations are found on both ends of the spectrum, for 

high-frequency and low-frequency time scales, though the 
variability on those time scales is likely related to different 
forcing and processes, for example, mesoscale activity ver-
sus decadal climate variability. It is not clear why the EMD 
mode around 5-year period has reduced correlation, but at 
this frequency FCvel, variability significantly drops, so that 
YCvel variability may linked more closely with eddy shed-
ding rather than with FCvel. The YCvel-FSvel correlation 
of ~ 0.5–0.6 for multiannual to multidecadal periods can be 
compared with direct observations that cover much shorter 
periods and capture high-frequency variability. Candela 
et al. (2019), for example, found correlation of 0.83 between 
observed transports of the YC and the FS, for periods longer 
than a week, but their analysis was based on only 4 years of 
data, neglecting the long-term variability found here.

3.3 � The connection between variations in ocean 
currents and sea level

Many studies found links between open ocean currents and 
coastal sea level (Blaha 1984; Ezer et al. 2013; Yin and God-
dard 2013; Goddard et al. 2015; Park and Sweet 2015; Ezer 
2015; Dangendorf et al. 2021), especially near strong flows 
such as the Gulf Stream and its upstream branch, the Florida 
Current. However, much less attention has been given to the 
potential influence of the Loop Current on sea level along 
the GOM coast. As other strong ocean currents in the north-
ern hemisphere that are near geostrophic balance, the LC has 
higher sea level on the right of the flow and lower sea level 
on the left, which can be seen even in the coarse-resolution 
RecSL data (Fig. 6a). Therefore, variations in strength or 
position of the LC are expected to influence sea level on 
both sides of the current. The linear correlation coefficients 
between sea surface height time series (after removing linear 
trends) at each point in the domain and the time series of the 
3 velocities are shown in Fig. 6b–d. The correlation of sea 
level with LCvel (Fig. 6b) shows a 3-lobe positive–negative-
positive pattern near the LC, so that increased LC velocity 
is associated with decreased sea level north of the current. 
The northwestern coasts of the GOM have negative correla-
tions, suggesting that weakening LCvel may cause coastal 
sea level rise, as seen along the Gulf Stream (Ezer et al. 
2013). The correlation of sea level with YCvel (Fig. 6c) and 
with FSvel (Fig. 6d) is quite similar and consistent with the 
geostrophic balance that dictates larger sea level gradients 
when flow increases. Both cases further emphasize that 
climate-related weakening in the current will raise sea level 
along the majority of the GOM and SAB coasts. The strong-
est impact (and negative correlation) is seen along the south-
western Florida coast and along the coasts of the SAB from 
Florida to North Carolina. One apparent difference between 
the impact of YCvel and FSvel is seen in the Caribbean Sea 
where stronger YCvel seems to be linked with a northward 

Fig. 3   Linear sea level rise trends (in mm/y) for a 1900–1940, b 
1941–1980, and c 1981–2015. Also shown in a are the 3 regions 
where sea level is averaged, Gulf of Mexico (GOM), South Atlantic 
Bight (SAB), and Caribbean Sea (CAR), and the 3 locations where 
current velocities were calculated: Loop Current (LC), Florida Strait 
(FS), and Yucatan Channel (YC)
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shift of the Caribbean Current (Fig. 6c). While many studies, 
mentioned before, link the costal sea level along the SAB 
with the nearby Florida Current transport measured off the 
east coast of Florida (Baringer and Larsen 2001; Meinen 
et al. 2010), here, it is shown that currents farther upstream, 
all the way back to the YC, are also linked with coastal sea 
level in the SAB (and possibly farther downstream along 
the Gulf Stream).

The spatial patterns of correlations in Fig. 6 suggest that 
sea level variations in the GOM are quite different at differ-
ent locations around the LC; therefore, EOF analysis of SSH 
is conducted to assess spatial and temporal patterns (Fig. 7). 
Almost 60% of the variability is captured by the first 5 EOF 
modes with spatial patterns (left panels of Fig. 7) centered 

mostly around the LC. EOF-1, for example, indicates (top 
panel) that when sea level decreased in the LC area, sea level 
in the rest of the GOM and most of the SAB will rise. It is 
interesting to note that the pattern of EOF-1 that captured 
23% of the RecSL SSH variability resembles the pattern 
of the first EOF calculated from low-pass filtered altimeter 
data that captured 29% of the variability (see Fig. 3a in Lin 
et al. (2010)). The time evolution of the EOF modes (right 
panels of Fig. 7; the PCs in Eq. 1) indicates nonstationary 
oscillations that includes both high-frequency interannual 
variations and decadal and multidecadal changes. For exam-
ple, the analysis may indicate a potential large change in the 
strength of the LC between the 1960s and 1980s (EOF-1) 
and changes in the sea level on the coast of the western 

Fig. 4   Mean geostrophic 
velocity speed over a the 
Loop Current (24°N–28°N, 
83°W–87°W), b across the 
Yucatan Channel (23°N), and 
c across the Florida Strait 
(81°W); see Fig. 3a for loca-
tions. Blue lines are monthly 
values, and black heavy lines 
are low-frequency EMD modes. 
Significant correlations and 
trends are indicated (only a has 
significant upward trend)
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GOM during the 1950s (EOF-5). Since the variations of sea 
level are correlated with variations in velocity (Fig. 6), an 
attempt is made to see which PC mode in Fig. 7 is related to 
which velocity (YCvel, LCvel, or FSvel) and moreover, if 
there is a sea level velocity connection, to find at what time 
scales they exist. To do such a comparison, the EMD modes 
of the PCs in Fig. 7 are compared with the EMD modes of 
the velocities of Fig. 4, and the cross-correlations are cal-
culated for the combined high-frequency EMD modes and 
low-frequency EMD modes.

The results show that EOF-1 (top panel of Fig. 7) is sig-
nificantly correlated with the YCvel (Fig. 8), with correla-
tion of R = 0.35 and 0.56 for the high- and low-frequency 
EMD modes, respectively. The low-frequency modes show a 
cycle with a period of ~ 25 years, though during the 1970s to 
the 1990s the two time series lost some coherence between 
them. The fact that variations in the YC velocity impact the 
LC (and EOF-1) is consistent with Fig. 6 and the dynam-
ics of the GOM as suggested by past studies (Maul et al. 
1985; Bunge et al. 2002; Candela et al. 2003; Oey 2004; 

Oey et al. 2005; Lin et al. 2010). For example, Lin et al. 
(2010) compared the observed YC flow during September 
1999 to May 2001 to low-pass filtered SSH in the LC area 
and found correlation of 0.8, but the observations were too 
short to be conclusive.

EOF-2, EOF-3, and EOF4 have similar spatial pattern, 
and their combined time series was found to correlate best 
with the LC velocity (Fig. 9), but unlike EOF-1 that had 
higher correlation at low frequencies, EOF-234 has higher 
correlation with the LCvel at high frequency (R = 0.59) than 
low frequency (R = 0.52); both correlations are significant at 
over 95%. The high-frequency oscillations have time scale 
of ~ 5 years and the low frequency ~ 25 years. These EOF 
modes may relate to shifting in the extent of the LC and 
shedding of eddies with high variability extending from the 
LC westward (in particular, see EOF-4 in Fig. 7).

Finally, the combined EOF-4 and EOF-5 are best corre-
lated with the FSvel (Fig. 10), with correlation of R = 0.56 
for both high- and low-frequency modes. In this case, there 
is apparent increase in variability over time (see left pan-
els of Fig. 10), which may relate to the general increase in 
kinetic energy of all western boundary currents as pointed 
by Ezer and Dangendorf (2021, 2022). The cross-correlation 
indicates cycles with periods of ~ 10 years and ~ 50 years 
and increased multidecadal oscillations since the 1980s. 
The results here are consistent with the results of Lin et al. 
(2010) who compared the low-pass filtered SSH altimeter 
data over the LC with the observed cable measurements of 
the Florida Current and found correlations of 0.45 that were 
statistically significant at 99%.

3.4 � Sea level, the Loop Current, and the North 
Atlantic Oscillations (NAO)

The mean sea level in the Caribbean Sea shows some peri-
ods with a peculiar large difference with the mean sea 
level over the GOM (Fig. 2c); this is especially apparent 
during the 1970s and around 2000, when CARssh dropped 
relative to the GOMssh. To investigate possible connec-
tions between these regional variations in sea level and 
large-scale climate variability, the difference between the 
GOMssh and the CARssh (hereafter, “SLdif”) is com-
pared with the annual NAO index in Fig. 11. During the 
116 years of RecSL, the largest change occurred when 
SLdif increased between the 1950s and 1970s and then 
decreased between the 1970s and 1990s (Fig. 11b). At 
the same time, NAO index decreased and then increased 
(Fig. 11a). In fact, several past studies focused on unu-
sual changes observed in the North Atlantic between the 
1950s and 1970s (though at the time these studies did not 
link those changes to the NAO). For example, from hydro-
graphic data, Levitus (1989) found large difference in the 
temperature and salinity climatology of the Atlantic Ocean 

Fig. 5   The relation between the Yucatan Channel (YC) flow and the 
Florida Strait (FS) flow. a FS–YC correlation of each EMD oscillat-
ing mode; the average period of each mode is indicated on top of each 
bar. The dash line represents estimated 95% confidence level based on 
the loss of degrees of freedom with decreasing frequency (see text). 
b Percent of total variability captured by each EMD mode for the YC 
and FS flows in blue and green bars, respectively
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between 1955–1959 and 1970–1974, and using models, 
Greatbatch et al. (1991) found a large decrease in the Gulf 
Stream transport, and Ezer et al. (1995) found significant 
increase in sea level along the US coast and weakening 
in AMOC (Ezer 2015) for the same periods. Using ocean 
models, Blaker et al. (2014) also reported on an unusually 
low NAO and a weaker AMOC during the 1970s, with 
similarity to atmospheric conditions during 2009–2010 
when unusually weak AMOC was observed (extremely 
low NAO is also seen around 2010 in Fig. 11a). While 
AMOC and NAO have been linked to recent coastal sea 
changes along the US East Coast (Little et al. 2019; Ezer 
2015), to our knowledge, this is the first time that the large 
change in the Atlantic Ocean during the 1970s was linked 
with sea level in the GOM. Weakening in the trade winds 
and slowing down in the AMOC circulation may have 
affected the Caribbean Sea as shown here. In the recent 
decade, one notes the largest negative peak in NAO around 
2010 which was linked with unusual weakening AMOC 
and increased coastal sea level along the US East Coast 
(Blaker et al. 2014; Ezer 2015; Goddard et al. 2015), while 
during 2010–2015, NAO and SLdiff again move in oppo-
site direction (Fig. 11).

In addition to the multidecadal change discussed 
above, the SLdif shows several unusual low and high 
peaks (highlighted in Fig. 11b by dates and red circles). 
Surprisingly, almost all the minima peaks occurred 
in October (from 1949 to 2014), and most of the high 
peaks occurred around January to February (from 1938 
to 2005), indicating a potential seasonal pattern (see 
discussion on the seasonal pattern later). Keep in mind, 
however, that RecSL excludes seasonal variations in sea 
level, so these are likely variations in ocean dynamics. 
Looking at the AVISO, altimeter data during those peaks 
indicates a particular pattern in the LC, and a few exam-
ples are shown in Fig. 12. Most of the minima peaks in 
Fig. 11b (in October) have retracted LC, sometimes after 
shedding an eddy (Fig. 12a, c), while most of the max-
ima peaks in Fig. 11b (in January to February) have LC 
that is extended farther north, sometimes before shed-
ding an eddy (Fig. 12b, d). Other images (not shown) are 
quite similar. This pattern can be explained by the fact 
that when the LC extended farther into the GOM, the 
area occupied by the warmer LC waters increases, and 
this expansion must be compensated by increased flow 
through the YC toward the GOM.

Fig. 6   a Mean sea surface 
height (SSH) of the RecSL data. 
b, c, and d are the correlations 
of detrended SSH time series 
at each grid point with the flow 
of the LC, YC, and FS (Fig. 4), 
respectively. Dash contours are 
zero correlation lines, separat-
ing positive (red) and negative 
(blue) correlations. Rmax is the 
maximum correlation value; 
correlations with |R|> 0.08 are 
statistically significant at the 
95% confidence level
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Continuous quantitative data on the extension of the 
LC became available during the altimeter era (since 1993, 
excluding the more sparse data during the earlier satellite 
altimeters of Seasat and Geosat). The monthly mean total 
area of the LC reported by Hamilton et al. (2014) during 
1993–2012 looks remarkably like the seasonal pattern of 
the YC velocity obtained from the RecSL for 1900–2015 
(Fig. 13a); the correlation between the two data sets R = 0.63 
has confidence level of 98%. Two high peaks in both YCvel 
and LC extension are found in February and June, while 
the minimum observed LC area in October coincides with 
the periods of retracted LC (Fig. 11b and Fig. 12a and c). 

There is a long history of research trying to connect the flow 
through the YC with the extension of the LC and trying to 
find explanations for the seasonal pattern of the LC, with 
sometimes contradicting results (Maul 1977; Maul et al. 
1985; Sturges and Leben 2000; Bunge et al. 2002; Candela 
et al. 2003, 2019; Oey 2004; Oey et al. 2005; Chang and 
Oey 2012; Hamilton et al. 2014; Hall and Leben 2016; Athié 
et al. 2020). It is especially difficult to detect a seasonal cycle 
in eddy shedding from the LC, because of the irregular tim-
ing between shedding events, the long period between such 
events, and the fact that satellite altimeter data only covers a 
few decades. Therefore, the long record of RecSL provides 

Fig. 7   The first 5 spatial modes 
of empirical orthogonal func-
tion (EOF) analysis of SSH (left 
columns) and their time evolu-
tion (right columns); percentage 
of total variability is indicated 
on the left panels. Note that 
different scales are used in each 
panel to better show the pattern 
in each mode
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further evidence for the existence and cause of the seasonal 
cycle in the LC system.

In contrast with the long RecSL record of 116 years, direct 
observations of the YC transport started in the late 1990 
(Bunge et al. 2002; Sheinbaum et al. 2002; Candela et al. 2003, 
2019) and are relatively short. Analyzing ~ 5 years of direct 
measurements, Athié et al. (2020) found a seasonal cycle in 
the YC transport with maximum transport in the summer (July 
to August). However, the minimum transport of the observa-
tions was in March, which contradicts altimeter data that had 
minimum in November. The comparison of the YCvel from 

the RecSL with Athié et al.’s observations of the YC transport 
(Fig. 13b) shows generally similar pattern but correlation of 
only 0.45 (90% confidence level); the relatively low correla-
tion is likely due to the different between the two time series 
in the month of maximum flow. Coincidentally, the maximum 
YC flow from the RecSL data in June is at the same month as 
obtained by 3 years of early hydrographic observations (Moli-
nari et al. 1978), while the recent 5-year observations (Athié 
et al. 2020) indicated maximum in July to August. The RecSL 
data indicates minimum flow in November to December, more 
like the longer record of the altimeter data than the direct but 

Fig. 8   Comparison between the 
time evolution of SSH EOF1 
(top-right panel of Fig. 7) and 
the YC velocity (Fig. 4b, after 
removing the mean); right 
panels are cross-correlations. Top 
panels are the original monthly 
time series, middle panels are 
combined high-frequency EMD 
modes, and bottom panels are the 
combined low-frequency modes
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short-term observations. Moreover, the correlation between 
the observed LC extension (red line in Fig. 13a) and the sea-
sonal cycle obtained from the 4-year direct YC observations 
(red line in Fig. 13b) is not statistically significant (R = 0.2), 
compared with the higher correlation (R = 0.63) obtained 
between the LC area and the 116 years of YCvel from the 
RecSL data. What this comparison demonstrates is that there 
is likely a seasonal cycle in the LC and in the flow through the 
YC and the FS, and there is a clear connection between those 
currents, as previous studies had shown. However, the interan-
nual and decadal variations are much larger than the seasonal 

signal, as can be seen in Fig. 4, so that different data sources 
and different data periods would likely result in somewhat dif-
ferent seasonal cycle.

4 � Summary and conclusions

The study follows on the footsteps of recent research (Dan-
gendorf et al. 2019, 2021; Ezer and Dangendorf 2020, 2021, 
2022; Frederikse et al. 2020; Gehrels et al. 2020) that used 
sea level reconstruction (RecSL) to study sea level rise and 

Fig. 9   Same as Fig. 8, but for 
comparison between the LC 
velocity (Fig. 4a) and combined 
EOF modes 2–4 of SSH (Fig. 7)
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connections between open ocean dynamics and variations in 
coastal sea level. Such studies are important, for example, 
for addressing risks for coastal communities under threat of 
sea level rise and impacts of climate change. The relatively 
low spatial resolution (1° × 1°) of the RecSL data cannot 
resolve mesoscales and smaller features, such as the details 
of the LC. However, it is a global data set with a long record 
(116 years × 12 monthly data = 1392 data points at each lati-
tude/longitude location), so it can detect decadal and multi-
decadal variability and their regional patterns, a task that 
is impossible to achieve with direct observations which are 

often much shorter in duration. Regions with strong flows 
like western boundary currents (WBCs) or the LC in the 
GOM have sufficient sea level gradients to calculate surface 
geostrophic currents even from the coarse-resolution RecSL 
data. Therefore, climatic changes in ocean dynamics such as 
weakening in the Gulf Stream flow (Ezer and Dangendorf 
2020) and increased surface oceanic kinetic energy over 
WBCs and the global ocean (Ezer and Dangendorf 2021, 
2022) could be detected with this data while filtering out 
high-frequency oscillations and small-scale variability. The 
Gulf of Mexico plays an important role in the path of the 

Fig. 10   Same as Fig. 8, but 
for comparison between the 
FS velocity (Fig. 4c) and the 
combined EOF modes 4–5 of 
SSH (Fig. 7)
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WBC of the Atlantic Ocean that includes the Caribbean Cur-
rent, the Loop Current, the Florida Current, and the Gulf 
Stream. These are strong currents with variabilities on a 
wide range of scales, from daily and monthly to multidec-
adal. Therefore, the goal of the study was to look at varia-
tions around the GOM region using a longer record than any 
direct observations, to better understand mechanisms and 
drivers of ocean dynamics in and around the GOM.

The Gulf of Mexico has been studied extensively over 
many years since the early hydrographic observations 
(Reid 1972; Maul 1977; Molinari et al. 1978; Vukovich 
et al. 1979; Elliott 1982; Sturges and Evans 1983; Maul 
et al. 1985), but continuous observations in the region are 
relatively short. Florida Current transport measurements 
started in the early 1980s (Baringer and Larsen 2001; 
Meinen et al. 2010), significant altimeter data in the early 
1990s (Ducet et al. 2000), and measurements of the flow 
in the entire Yucatan Channel started in the late 1990s 
but with considerable gaps (Bunge et al. 2002; Sheinbaum 
et al. 2002; Candela et al. 2003; 2019; Athié et al. 2020), 
providing up to ~ 5 years of continuous measurements. 

Very little oceanic information was available in much of 
the GOM during the first two third of the twentieth cen-
tury. Therefore, having the RecSL record since 1900 allows 
to study variability on longer time scales than previously 
was possible, and indeed, this study found, for example, 
large climatic changes in the GOM during the 1970s; previ-
ously, large climatic changes during this period were only 
described in the North Atlantic basin (Levitus 1989), with 
some similarity to recent changes associated with weaken-
ing AMOC (Ezer 2015). Having a long record is especially 
important for studies of the LC eddy shedding because 
these events are unpredictable and infrequent. For exam-
ple, Sturges and Leben (2000) detected 34 eddy separa-
tion events between 1973 and 1999 with typical separation 
periods of 6–11 months; Hamilton et al. (2014) further 
discussed the difficulty of identifying eddy separation in 
different data sets and different models. This long period 
between eddy shedding events, that is, close to annual but 
not quite the same, can create aliasing and difficulty in 
studying the seasonal cycle in the GOM and any long-term 
variability that is dominated by the LC dynamics.

Fig. 11   a The North Atlan-
tic Oscillation (NAO) index, 
showing annual means (blue) 
and low-pass filtered (black). 
b Monthly sea level difference 
between the GOM and the CAR 
regions (Fig. 2c). Blue dash 
heavy lines in a and b indicate 
a period of large multidecadal 
change. The times of some 
extreme sea level difference are 
marked in b; red circles indicate 
the time of the altimeter data 
shown in Fig. 12
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The results show that while sea level in the GOM region 
is rising and accelerating in recent decades, there are sig-
nificant regional variations that indicates dynamic shifts 
rather than coherent regional sea level rise. For example, 
compared with the past, say before the 1980s when sea 
level rose relatively slowly (~ 1–2 mm/y) but faster near the 
GOM coasts, in recent decades, sea level rose much faster 
in the interior of the GOM (~ 3–4 mm/year) than along the 
coast; this indicates potential climatic changes in the warm-
ing and the dynamics of the LC. Indeed, the record shows 
that over the past century, the LC experienced increased 
surface flow and increased variability, which is consistent 
with the increased surface kinetic energy seen in all WBCs 
(Ezer and Dangendorf 2021). It was suggested by the latter 
study that uneven ocean warming causes increased kinetic 
energy, and in this case, warmer waters entering from the 
Caribbean Sea into the LC would increase surface gradi-
ents relative to cooler waters outside the LC, thus strength-
ening the currents. Another goal of the study was to link 
the inflow/outflow through the YC/FS with the dynamics 
inside the GOM. While the flows of the two straits are sig-
nificantly correlated with each other for time scales from 
few months to ~ 50 years as seen by an EMD analysis, the 
relation explains only ~ 50% of the variability, so differences 
between inflow and outflow may be related to variations in 
the extension of the LC, as suggested by Maul et al. (1985) 

and later others. Unfortunately, Maul’s one current meter 
data at the YC sill was insufficient to prove the relation 
between the YC flow and the LC, but later observations and 
models did find connections (Bunge et al. 2002; Oey 2004; 
Oey et al. 2004, 2005; Lin et al. 2010; Candela et al. 2019). 
The results here, using much longer records of any of the 
above studies, indeed confirm the close links between the 
flow of the YC and the FS and variations in the LC; however, 
this relation is not only complex but can affect sea level over 
the entire GOM on time scales ranging from few months to 
few decades. The first EOF mode of SSH in the GOM (23% 
of the variability) is indeed correlated with the YC flow, 
while higher modes are correlated with the FS flow and the 
velocity of the LC itself.

The record of sea level difference between the GOM and 
the northern Caribbean Sea shows interesting results and 
can provide an indicator for dynamic variations on different 
time scales. On long-term time scales, one unusual period 
during the 1970s with large sea level difference stands out 
in the 116-year record (the change started in the 1950s and 
ended in the late 1990s). This period of large sea level dif-
ference between the two basins coincides with a period of 
low NAO, large changes in subsurface temperatures in the 
North Atlantic Ocean and significant slowdown of the GS 
and AMOC (Levitus 1989; Greatbatch et al. 1991; Ezer et al. 
1995; Ezer 2015). A combination of weakening trade winds 

Fig. 12   Gridded AVISO SSH 
altimeter data for the 4 periods 
indicated by red circles in 
Fig. 11b
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and weakening circulation in the North Atlantic Ocean may 
have contributed to this change. On short-term time scales, 
extreme peaks in sea level difference seem to detect vari-
ations in the LC extension with high/low peaks occurring 
over extended/retracted LC. Therefore, the results show that 
variations in the LC are linked with large-scale variations 
in sea level beyond the GOM. On seasonal time scales, the 
analysis found that the seasonal variations in the YC flow 
obtained from RecSL are significantly correlated (R = 0.63) 
with the extension of the LC obtained from recent altimeter 
data (Hamilton et al. 2014), confirming early suggestions 
that larger flow through the YC is linked with extended LC 
area. However, a comparison between the seasonal cycle of 
RecSL-derived YC flow and the seasonal cycle obtained 
from direct measurements of YC transport over ~ 5-year 

period (Athié et  al. 2020) was only marginally signifi-
cantly correlated (R = 0.45), showing the need for very long 
observed record to account for the interannual and decadal 
variability which dominated the region. Early studies suggest 
that the seasonal wind pattern may drive the seasonality of 
the LC (Sturges and Evans 1983), but it was obviously very 
difficult to detect the seasonal cycle of the LC from limited 
observations of the time. Recent studies using more data and 
models confirm that increased trade winds over the Carib-
bean Sea during summer and winter increased the YC trans-
port, which consequently increased the LC intrusion into the 
GOM and increased the likelihood of eddy shedding (Chang 
and Oey 2012; Athié et al. 2020). The two peaks in YC flow 
seen in the analysis here in February and June (Fig. 13) thus 
agree very well with the recent studies.

Fig. 13   Seasonal cycle in differ-
ent observations: a comparison 
between the monthly mean YC 
velocity (blue, in cm/s, left axis) 
obtained from the RecSL and 
monthly mean observations 
(red, right axis). a Observed 
Loop Current area (in 105 km2) 
obtained from altimeter data 
(Hamilton et al. 2014) and b 
observed YC transport from 
direct mounted measurements 
(Athié et al. 2020). The period 
of each data is indicated (“[]”) 
as well as the correlation
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In summary, the study shows the usefulness of the cen-
tury-long RecSL record to detect changes in ocean dynamics 
over longer time scales than was previously possible with 
direct observations. Analyzing a long record is especially 
critical in a region like the GOM where processes such as 
LC eddy shedding are infrequent with long intervals between 
events. Comparisons with recent observations reaffirm that 
dynamic surface currents obtained from coarse-resolution 
sea level reconstruction can capture quite well long-term 
variations in ocean dynamics of major ocean currents; it is 
hoped that sea level reconstruction with higher resolution 
will soon be available to allow studying of long-term mes-
oscale and sub-mesoscale variabilities.
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