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Abstract. Atmosphere-ocean interactions are understood to significantly modulate climate variability and ocean circulation

patterns. In this study, the influence of climate oscillations, particularly the North Atlantic Oscillation (NAO) and the El Niño-

Southern Oscillation (ENSO), on the circulation dynamics of the Gulf of Mexico (GoM) is investigated. Empirical Orthogonal

Function (EOF) analysis was used to identify the principal modes of variability in the GoM circulation, and cross-spectral

analysis was conducted to examine the coherence between the GoM circulation, NAO, and ENSO indices. The results reveal5

that Gulf of Mexico circulation patterns share significant frequencies with both NAO and ENSO. These shared frequencies

suggest synchronization phenomena between NAO, ENSO, and the Atlantic Meridional Overturning Circulation (AMOC),

indicating a strong influence of these climate oscillations on the GoM’s circulation. Key frequencies observed include a near 7-

year period aligning with ENSO’s natural variability and semiannual periods linked to NAO and the Madden-Julian Oscillation

(MJO). These climate oscillations are found to modulate heat transfer intensity in the GoM, influencing large-scale ocean-10

atmosphere interactions. The findings highlight the critical role of NAO-ENSO teleconnections in shaping GoM circulation

variability and their broader implications for global oceanic heat transport mechanisms.

1 Introduction

The upper dynamics (z ≥ 1000m) of the Gulf of Mexico (GoM) are governed by the Loop Current (LC) (Zavala-Hidalgo

et al., 2014). Its natural forcing is the Yucatan Current (YC) (Oey, 2004), through which 23− 27Sv are transported across the15

Yucatan Channel (Oey Jr. et al., 2005), with transport variability ranging from 14− 36Sv in this passage (Sheinbaum et al.,

2002). Yucatan current variability has been associated with mesoscale eddies propagating from the Cayman Basin through the

Yucatan Channel (Cetina et al., 2006). There is evidence that vorticity coherent structures could improve the understanding of

LC variability (Androulidakis et al., 2021).

20

Although the understanding of LC dynamics remains unclear, several works describe LC behavior through numerical, tele-

metric, and in situ observations (Oey Jr. et al., 2005; DiMarco et al., 2005; Candela et al., 2019; Hall and Leben, 2016). LC

sheds energetic anticyclonic eddies with a mean period of eleven months (fLCEddie ∼ 1.09yr−1), with semiannual and nine-

month shedding periods also observed (Sturges and Leben, 2000; Leben, 2005). These eddies import Caribbean Sea Water

(CSW) to the northeastern region of the Gulf of Mexico. The vertical structure of this recirculation can reach depths of 600m,25

characterized by relatively warmer and saltier water than its surroundings. This temperature and salinity gradient decreases as
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the structure moves westward (Brokaw et al., 2020). Loop Current eddies (LCe) eventually interact with the western boundary

of the Gulf of Mexico, with these interactions potentially having profound implications for shelf transport (Guerrero et al.,

2020). The warm (anticyclonic) and cold (cyclonic) eddies associated with its circulation behavior have deep implications for

connectivity between the Caribbean Sea and the Gulf of Mexico, including effects on primary productivity (Kitchens et al.,30

2017; Santana-Cisneros et al., 2021) and the Loop Current itself (Damien et al., 2021; Timm et al., 2020).

In addition to LCe, shelf transport in the Gulf of Mexico (z ∼ 200m) is influenced by wind-generated forcing. On the west-

ern border of the Gulf of Mexico shelf, there is a significant correlation between shelf circulation and atmospheric variability

(Zavala-Hidalgo et al., 2014). Upwelling events have been observed on the eastern border of the Yucatan shelf (∼ 200km wide)35

(Merino, 1997; Mariño-Tapia et al., 2014), typically associated with variability in YC strength and position. High-frequency

winds contribute approximately ∼ 17% to the upwelled water (Jouanno et al., 2018). Once the upwelled water reaches the

Yucatan shelf, wind and shelf circulation propagate subsurface water westward (Reyes-Mendoza et al., 2016; Ruiz-Castillo

et al., 2016; Damien et al., 2021). Significant upwelling signatures have also been observed on the western side of the Yucatan

shelf and along the western and southern coasts of the Gulf of Mexico (Zavala-Hidalgo et al., 2006).40

Evidence suggests that the intensity of the Loop Current has been weakening since the 21st century (Liu et al., 2012). Re-

cent research indicates that this weakening has been occurring since the mid-Pleistocene transition (Huebscher and Nuernberg,

2023). The Loop Current is an integral part of the Atlantic Meridional Overturning Circulation (AMOC) (Bower et al., 2019), a

global circulation system whose variability is intricately linked with atmospheric interactions. Intensification or weakening of45

the AMOC impacts climate variability (Buckley and Marshall, 2016), with positive and negative atmospheric feedback (Huang

et al., 2014). Atmosphere-Ocean interaction exchanges a large amount of energy, potentially enhancing or weakening AMOC

intensity and thereby heat transport from tropical to northern latitudes (Jackson et al., 2022; Trenberth and Fasullo, 2017). Vari-

ability in heat transport can induce regional climate changes and interact with climate oscillations such as the North Atlantic

Oscillation (NAO), which governs main winter variability in southern Europe and the northwestern Atlantic (Castro-Díez et al.,50

2002). Recent research indicates a link between ENSO and AMOC variability at interannual frequencies (Smith and Polvani,

2021), with this interaction potentially contributing significantly to weakening or enhancing the El Niño Southern Oscillation

(ENSO), with up to a ∼ 95% reduction in extreme cases (Orihuela-Pinto et al., 2022). Possible interactions between NAO and

ENSO have been reported due to teleconnections and the weakening or strengthening of the upper wind jet stream, NAO-driven

by the seasonal ENSO-driven variability of the Pacific Jet Stream (Mezzina et al., 2020).55

This work focuses on the variability of Gulf of Mexico circulation, primarily driven by the Loop Current linked to AMOC

(Pietrafesa et al., 2022), and climate oscillations, particularly ENSO and NAO, which have been linked to AMOC intensity

variability. This will be achieved through a combination of EOF and frequency analysis using numerical outputs (ORCA-

NEMO) for oceanic currents, and inclusion of ENSO and NAO Index Oscillations in the analysis.60
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2 Methods

1. Dataset Description

The dataset for this study is based on the ORCA12 circulation model, a high-resolution configuration within the Nucleus

for European Modelling of the Ocean (NEMO) framework. NEMO is a flexible and modular ocean modeling platform65

that simulates ocean circulation, sea-ice dynamics, and biogeochemical cycles. It includes key components such as OPA

(Ocean Parallelise), which handles large-scale ocean circulation, and SI3 (Sea Ice model, 3rd generation), which sim-

ulates sea-ice dynamics and thermodynamics. This versatility makes NEMO suitable for both global and regional studies.

The ORCA12 configuration uses a tripolar ORCA grid, avoiding singularities at the North Pole by shifting the poles over70

land in Canada, Russia, and Antarctica, ensuring accurate simulations in polar regions. ORCA12 operates at a 1/12° hor-

izontal resolution, ideal for capturing fine-scale oceanic features, such as eddies and currents, crucial for understanding

ocean dynamics in the Gulf of Mexico (GoM). The dataset spans 58 years, from 1958 to 2015, and is forced by the

Drakkar Forcing Set (DFS4.1), incorporating realistic atmospheric conditions (Marzocchi et al., 2015).

75

Additionally, large-scale climate oscillation data, including the North Atlantic Oscillation (NAO) and El Niño-Southern

Oscillation (ENSO) using the Oceanic Niño Index (ONI), are integrated to explore their impacts on GoM circulation.

These indices are significant climate drivers influencing global oceanic and atmospheric conditions, affecting the Atlantic

Meridional Overturning Circulation (AMOC) and ocean circulation patterns. This study uses these indexes to examine

their influence on the GoM’s long-term variability (Blaker et al., 2015; Duchez et al., Sep 2014).80

2. EOF - GoM Circulation

Empirical Orthogonal Function (EOF) analysis was performed on the ORCA12 model data to identify the dominant

patterns of variability in the Gulf of Mexico (GoM). In this analysis the horizontal surface currents were taken as the av-

erage of the first 200 m of the water column meters, to apply the EOF analysis, the horizontal vector current was treated85

as a complex number: u+ iv. This technique allows the horizontal velocity to be decomposed into spatial patterns on the

surface circulation, referred to as EOF modes, and their corresponding temporal variations, known as Principal Compo-

nents (PCs). The first four modes of variability, which capture the largest portion of variability (∼ 50% ) in the GoM

circulation, were extracted.

90

The temporal evolution of these spatial patterns, represented by the PCs, was analyzed to reflect how the dominant

patterns change over time. A significance test was conducted to ensure the robustness of the results, comparing the

eigenvalues obtained from the EOF analysis with those derived from a white noise dataset. This comparison was used to
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confirm that the identified modes represent meaningful patterns, rather than random fluctuations (North et al., 1982).

95

3. Cross-Spectral Analysis

To explore the relationship between GoM circulation variability and large-scale climate oscillations, a cross-spectral

analysis was performed between the Principal Components (PCs) of the EOF modes and major climate indices, includ-

ing the NAO and ENSO (ONI). This analysis examined coherence and phase relationships in the frequency domain,

identifying connections between the temporal variability in GoM circulation and large-scale oscillations.100

The Atlantic Meridional Overturning Circulation (AMOC) is known to be influenced by the NAO through mechanisms

related to deep water formation in the North Atlantic. Positive phases of the NAO enhance the formation of deep water,

strengthening the AMOC, while negative phases have the opposite effect (Marzocchi et al., 2015; Blaker et al., 2015;

Duchez et al., Sep 2014). Similarly, the ENSO impacts the AMOC through variations in heat transport that influence105

atmospheric circulation patterns and oceanic conditions in the tropical Pacific, which in turn affect the North Atlantic

(Marzocchi et al., 2015; Blaker et al., 2015). These climate oscillations are significant drivers of variability in the GoM

circulation, making the cross-spectral analysis a valuable tool for understanding their influence.

3 Results and Discussion110

The EOF analysis from GoM circulation (200m mean) shown in Figure1. The principal components of the latest data were

analysed with ENSO and NAO indexes through cross spectra, the latest results are shown in Figure 2.

3.1 EOF

The EOF analysis of the Gulf of Mexico (GoM) circulation reveals significant insights into the spatial and temporal variability115

of the region’s dynamics (Figure 1). The spatial description of the deep GoM EOF modes hihghlight different states of Loop

Current (LC) and the westward moving of LCE’s along the GoM deep waters (Sturges and Leben, 2000; Leben, 2005; Zavala-

Hidalgo et al., 2003; Sturges and Kenyon, 2008). The highest kinetic energy variability for all EOF modes is concentrated in

the Yucatan Channel and the Florida Strait, while areas outside the GoM outer shelf (200m), represented by the dashed marine

blue line (Figure 1) show less variability. Circulation variability on the GoM shelf decreases by at least one order of magnitude120

at the northern shelf and by two orders of magnitude on the Yucatan shelf (western side).

Each EOF mode describes the circulation variability contribution with linear independence from the other modes. The first

spatial mode centers the most intense signal in the Yucatan Channel and the Florida Strait, representing the mean position of
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the Loop Current. It also indicates a recirculation pattern with a lesser order of magnitude (∼ 10−1). As the mode number125

increases (indicating decreased described variability), the recirculation patterns in the inner GoM become more significant.

These patterns can be interpreted as an energy transfer from the LC to the inner GoM through LCEs (Yang et al., 2020;

Candela et al., 2002). The total described variance for GoM circulation in four modes is %49.05.

Figure 1. GoM Circulation EOF. Left panel en each figure shows the spatial variability, color bar shows variability logarithmic amplitude.

Right panel shows temporal variability expressed as magnitude (blue) and rotation angle (red dots). The solid blue horizontal line on each

PC’s that represents the white noise magnitude for the equivalent ORCA data matrix

3.2 Cross spectra analysis

The cross-spectral analysis identifies key frequencies associated with the GoM circulation patterns and their coherence with130

ENSO and NAO. This analysis provides insights into the coherence and phase relationships between these climate indices and

the GoM circulation for each decomposed modes.

Several researches have pointed out the atmosphere-ocean coupled system and how does the circulation patterns can trans-

fer thermal energy from distant places on the earth (Mezzina et al., 2020; Feng et al., 2017; Jaramillo et al., 2021), through135

different physical mechanisms. These energy fluctuations have the potential to enhance or diminish climatic oscillations . The

ENSO-GoM circulation cross spectra will be presented first followed by the AMOC-GoM analysis. Figure2 shows the GoM

circulation shared frequencies, with the ENSO (left panel) and the NAO (right panel) indices. The significant shared frequen-

cies (coherence > 0.45) are highlighted by colored dots, each color is consistent with the EOF-Mode, the coherent shared

frequencies will be described and discussed below starting with the ENSO-GoM and then tne NAO-GoM interactions.140
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Figure 2. Cross spectra for GoM Circulation. Left panels show ENSO-GoM correlation. Right panel NAO-GoM circulation results are

presented. Top panels show Cross Spectra Power Density (CPD). Center panels present coherence values. Bottom panel show the phase

between GoM velocity field and climate oscillations.

1. ENSO - GoM shared frequencies.

– First EOF mode have significant shared frequency at f = 0.1425y−1 =⇒ T = 7.01y. This frequency aligns with

ENSO in its natural frequency variability TENSO ∼ 5−7y (Bruun et al., 2017). In GoM circulation this frequency145

can be associated to the LC length variability which its natural frequency (Leben, 2005) fLC = 0.1791y−1 .

– First, second and third GoM PC modes share energy with ENSO at f = 0.6059y−1. This frequency concordance

could be modulated by typical ENSO duration (12-18 months) (McPhaden, 2002). In the GoM circulation natural

frequencies the shared oscillation fits to the 18 months eddies shedding frequency , which is also related to the

T ∼ 17 months of length LC variability (Leben, 2005)150

– Near semiannual frequencies f = 1.771y−1 also are shared by all EOF-GoM circulation modes and ENSO index.

The source from the high frequency oscillation could be the interaction between the Madden Jullien Oscillation

(MJO), the results of this interaction could lead significant variability in global weather patterns at seasonal and

higher frequencies (Li et al., 2021; Jiang et al., 2020).155

Most physical arguments connecting ENSO to AMOC modulation points towards heat and salinity distribution through

distinct mechanisms, such as enhancing or weakening storms over the Atlantic and GoM (McPhaden, 2002), particularly
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during high meltwater flux periods (Orihuela-Pinto et al., 2022; Liu et al., 2014). The ocean-atmosphere feedback inter-

actions have distinct timescale responses due the differences of density, specific heat and intrinsic properties (McPhaden,160

2002), causing a natural lag and shift frecuencies and phases of oscillation for each coupled system.

2. NAO -GoM shared frequencies

– First (blue) and third (green) NAO-GoM circulation mode shows shared frequencies at f = 0.1604y−1, and f =

0.1428y−1 respectively. These frequencies are near the NAO natural oscillation frequency fNAO ∼ 0.17y−1 (Mas-165

sei et al., 2007; Hurrell et al., 2003).For the GoM circulation first mode correlates the LC length natural period

TLC = 67months (Leben, 2005)

– First mode GoM circulation also shares energy with NAO at f = 0.3208y−1. NAO also has a natural oscillation

frequency at fNAO ∼ 0.3y−1 (Massei et al., 2007; Hurrell et al., 2003). At the GoM current variability it has been170

found that LC could be a nonlinear oscillator which has 3− 5y period with highly influenced by the NAO (Lugo-

Fernández, 2007).

– Fourth GoM mode (pink) has a near-yearly frequency as the NAO natural oscillation (Pozo-Vázquez et al., 2000).

The spectral analysis results also show seasonal shared frequencies potentially related to the MJO modulation (Lin175

et al., 2009). In GoM circulation description the f ∼ 1y−1 frequency corresponds to an 11-month ring shedding

period and a coherent LC length, as well as semiannual periods (Leben, 2005).

The NAO-AMOC interactions have a geographically direct relationship. Positive NAO phases increase ocean-atmosphere

heat flux and deep water formation, strengthening the AMOC (Hurrell et al., 2003; Delworth and Zeng, 2016). Negative180

NAO phases is expected to weaken the AMOC intensity. NAO’s influence on GoM circulation more pronounced in lower

frequencies for the most significant variability EOF first mode (42% described variability). However higher modes (less

explained variability) show significant shared frequencies at seasonal periods. Shelf sea variability has strong seasonal

frequency input, with wind dynamics winter (nortes) and summer (tropical storms). Both escenarios can be modulated

by ENSO trough atmospheric teleconnections (Mezzina et al., 2020; Feng et al., 2017).185

As the understanding on heat fluxes and connectivity of distinct climate oscillations improves, the global interconnection

among them has become each time more evident (Liu et al., 2023; Misra, 2020). Ocean-atmosphere feedback (Watanabe and

Kimoto, 2000) plays a fundamental role in spatiotemporal heat dynamics. Changes in a single element e.g. the consequences

on ocean circulation due the increased heat capacity in the atmosphere due to rising CO2 levels, can drive deep changes in

thermohaline circulation is a phenomenon studied since the last century (Stocker and Schmittner, 1997).190
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NAO and ENSO are oscillating systems (Bruun et al., 2017; Hurrell et al., 2003) with characteristic frequencies that could be

described as a spectral signature, similar to LC description (Lugo-Fernández, 2007). These three elements are interconnected

and modulated in distinct levels by each other, forming a coupled oscillation network where each element has feedback with

each other.195

4 Conclusions

GoM circulation EOF modes, describes the system variability as LCE’s are propagated to the west of the GoM basin. These

eddies are subscribed outside of the outer shelf (h > 200m). Shelf variability has at least an order of magnitude less than the

LCE’s governed dynamics zone (Figure 1,spatial variability EOF maps).

200

Frequency analysis has show a correlated variability for interannual frequencies with ENSO and NAO. These shared frequen-

cies are associated with LC length variability and LCE’s shedding frequency (Leben, 2005) in the GoM circulation patterns on

one hand and natural oscillation frequencies for the climate oscillations on the other

Seasonal shared frequencies are more related to ENSO-NAO teleconections and its influences on climate variability, such205

as winter (Nortes) and summer (Tropical cyclonic activity) atmosphere energy inputs. For both NAO and ENSO cross spectra

results, higher shared frequencies for GoM circulation are dominated by higher EOF modes, hence lower variability explained,

this could be associated to the variability on the GoM shelf seas, that have a better response to atmospheric forcing (seasonal

frequencies), also the MJO interactions with NAO and ENSO could play an important role in the higher coherent frequencies.

210

Coherent energy shared between climate oscillation (NAO, ENSO) and GoM circulation are mainly concentrated at 5− 7y,

1.6y, and nearly semianual periods, 1.6667y for ENSO-GoM circulation. Shared energy for NAO-GoM circulation have co-

herent shared frequencies at 6.6y, 3.1y, and ∼ 11 months periods.

Future work. These coherent oscillation systems can be conceived as a complex oscillator network driven by spatiotemporal215

patterns of heat exchange. Teleconnections act as pathways for distributing heat gradients across seemingly distant regions,

creating atmospheric "road maps" of heat transport, primarily influenced by Rossby waves. Traditionally, climatic oscillations

such as the NAO, ENSO, and QBO have been understood individually. However, these spatiotemporal heat gradient patterns

can instead be represented as interconnected elements of a broader system, analogous to pendulums linked within a complex

oscillator network. This network is interconnected through two major "highways" of heat transport: (1)the atmospheric pathway220

dominated by Rossby waves, and (2) the oceanic pathway governed by the thermohaline circulation that redistribute heat across

distant points on Earth. Framing climate variability in terms of this complex oscillator system provides a unified perspective,

capturing the intricate interplay of independent oscillations and their role in shaping global climate dynamics.
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