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Fig.8 Comparison between the

YC-VEL vs. EOF1-SSH, R=0.33

Cross Correlation

time evolution of SSH EOF1 0.1

(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
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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

-0.2

1980 2000 "20 -10 0 10 20

Lag(years)

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
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Fig.9 Same as Fig. 8, but for

LC-VEL vs. EOF234-SSH, R=0.58

Cross Correlation

comparison between the LC 025 1o
velocity (Fig. 4a) and combined 04l
EOF modes 2—4 of SSH (Fig. 7) '
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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
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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
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Fig. 10 Same as Fig. 8, but

FS-VEL vs. EOF45-SSH, R=0.65

Cross Correlation
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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°x 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 X 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

Lag(years)

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
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Fig. 11 a The North Atlan-

tic Oscillation (NAO) index, 4
showing annual means (blue)

and low-pass filtered (black).

b Monthly sea level difference 2
between the GOM and the CAR

regions (Fig. 2c). Blue dash

heavy lines in a and b indicate 0

a period of large multidecadal |
change. The times of some

extreme sea level difference are 2
marked in b; red circles indicate I I
the time of the altimeter data

shown in Fig. 12 4
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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~35 years of continuous measurements.
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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.
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Fig. 12 Gridded AVISO SSH
altimeter data for the 4 periods °
indicated by red circles in
Fig. 11b
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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)

(a) Altimeter SSH (Oct-1997)

(c) Altimeter SSH (Oct-2002)

(b) Altimeter SSH (Feb-2000)

0 o1 04 08
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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
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Fig. 13 Seasonal cycle in differ-

. . 0.4
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 0.2
Loop Current area (in 10° km?)
obtained from altimeter data
(Hamilton et al. 2014) and b
observed YC transport from
direct mounted measurements
(Athié et al. 2020). The period 0r
of each data is indicated (“[]”)
as well as the correlation
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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
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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.
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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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