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Abstract. This study presents an oxygen time series of the Gulf Mexico deep water region spanning from 2010 to 2019 using
data from 6 oceanographic cruises and one ARGO buoy. The data suggest a deoxygenation trend in the thermocline of the
Gulf of Mexico. This deoxygenation trend seems to be connected to a reduction in the number of eddies that detached from
the Loop Current from 2010 to 2019 observed with altimetry data from the last two decades, and although the average size
of the mesoscale structures shows a slight increase, the average detached area per year almost halved from the 2000-2010
decade to the 2010-2020 decade. Using the oxygen measurements and the altimetry data, a simple box model was formulated
to reproduce the measured oxygen temporal variability in the GoM main thermocline from 2000 to 2020. The results from
the box model suggest that an average detached Loop Current Eddy area of about 90 000 km? per year is needed in order to
maintain constant oxygen levels in the main thermocline waters. This threshold wasn’t reached during the 2010 to 2020
decade and if the LCE detachment area per year continues to decrease in the future, oxygen concentrations in the Gulf of

Mexico thermocline might continue to fall with still unknown effects in the ecological web structure at these depths.

1 Introduction

Deoxygenation of a volume of water occurs when the rate of oxygen consumption becomes higher than the rate of oxygen
supply, in the ocean both of those rates are controlled by various mechanisms that are particular to the oceanic region and
depth (Pitcher et al., 2021). Such decrease of the oxygen concentrations ([O2]) in coastal and open ocean waters is an alarming
global trend associated with anthropogenic forcing and climate change (Oschlies et al., 2018). In the open ocean in particular,
intermediate and deep-water deoxygenation has been linked to a decrease of the oxygen content in subducting water masses,
driven mainly by ocean warming, as well as to an increased stratification that reduces the fluxes of currents that ventilate

those depths (Falkowski et al., 2011; Portela et al., 2020).

Among the processes that ventilate the thermocline waters of the open ocean, the role of mesoscale eddies has been observed
but no extensively reported because of the limitation of observational methods and the highly variable nature of mesoscale

circulation (Gruber et al., 2010; Levin, 2018). The GoM is an oceanic region where the effect of mesoscale eddies in the
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oxygen content of its volume can be easier to observe than in other bigger basins, because it is a semi enclosed sea heavily

influenced by the mesoscale circulation that transports Caribbean water in to its interior (Meunier et al., 2018).

While the principal deoxygenation concern in the GoM is the expanding low oxygen “dead zone” of the northern shelf waters
(Rabalais et al., 2002), in the Gulf’s deep-water region (here delimited as the region with depths greater than 1000 m, Figs.
la, 2a and 3) measurements obtained during the last decade suggest a deoxygenation trend in the main thermocline (Table
1), that has not been previously addressed. For the purposes of this paper the main thermocline of the GoM is defined as the
volume of water with a potential density anomaly between 26.3 and 27.25 kg m (highlighted with the shadowed red and
blue ranges in Figs. 1c and 2b) within the 200-800 m depth range. Relatively low oxygen values ([O2] < 2.8 ml I'! (< 120
umol kg!) were historically only measured in the lower boundary of the main thermocline west of 90° w, but recent
observations indicate these relatively low concentrations extend to the entire main thermocline (Table 1, Figs. 1b, 2b and 3).
It’s important to study the possible causes of this effect as a continued deoxygenation of this volume of water could impact
the mobile macroorganisms populations with high economic and ecological value that are either stressed or migrate away in

low oxygen conditions (Stramma et al., 2010; Andrews et al., 2017).

The highest [Oz] in the GoM main thermocline have historically been measured in the eastern region (Table 1, Figs. 1c and
2b), where the highly energetic Yucatan Current transports Caribbean water through the Yucatan Channel into the Gulf and
becomes the Loop Current (LC) that either extends and intrudes into the northeastern GoM before exiting through the Florida
Straits to the Atlantic or goes port to port with no intrusion (Maul, 1977; Hurlburt and Thompson, 1980; Athié et al., 2020).
The oxygen content of the main thermocline in the Caribbean is higher than in the GoM, as it shows a decreasing gradient

from northeast to southwest, where GoM common waters with higher residence time are usually located (Rivas et al., 2005).

The main thermocline of the LC is delimited by two water masses that are clearly identifiable by their contrasting oxygen
content (Morrison and Nowlin, 1977). In its upper boundary, at a potential density anomaly range of Ge: 26.3 to 26.6 kg m~
3, the Eighteen degree water (EDW, also often referred as the 18° Sargasso Sea Water and the North Subtropical Mode Water)
is usually identified by a local [O2] maximum (Figs. 1c¢ and 2b). The relatively high [Oz] of this water mass is the result of a
nearly uniform temperature over a deep mixed layer during winter in the northern Sargasso Sea where it originates (Kwon
and Riser, 2004; Billheimer et al., 2021). In the Caribbean, it was first reported in the eastern Venezuelan Basin with an [Oz]
of 3.8 £ 0.2 ml I'! (Kinard et al.,1974) and in the LC in the eastern GoM with oxygen values of 3.6 + 0.2 ml I"!, (Morrison
and Nowlin, 1977). The lower boundary of the LC main thermocline, centered at e: 27 to 27.25 kg m™, is filled with the
Tropical Atlantic central water (TACW), identified in the LC with an [O2] minimum of 3.05 = 0.2 ml 1I"! (Morrison and

Nowlin, 1977). (In this work the usual convention of mean + one standard deviation is used to report values).
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In comparison with the oxygen levels measured in the thermocline of the LC, the thermocline of the western GoM has lower
[O2] (Table 1, Fig. 1 and 2), implying a longer residence time inside the GoM (Rivas et al., 2005). The highest contrast is
observed in the upper thermocline at 6o = 26.5 kg m=, were a gradual oxygen decrease from east to southwest of up to 0.8 ml
1! erodes the local oxygen maximum that identifies the EDW in the Caribbean and in the LC (Jochens et al., 2005). The
lower thermocline shows a similar though lower decrease in [Oz] values of 0.35 ml 1! with respect to the LC (Morrison et
al., 1983). The clear contrast between the oxygen content of the LC and the western GoM makes it a non—conservative

property that can be used to evaluate the water exchange between the LC and the GoM interior.

Assuming that the ventilation of the GoM main thermocline is controlled by the exchange of water between the relatively
highly oxygenated LC and the GoM (Rivas et al., 2005), the observed contrasting oxygen values between the LC and the
central and western GoM imply a relatively low exchange between the LC and the Gulf interior waters. Indeed, the annual
volume exchanged for in upper 700 m between both regions has been estimated to be of only 10% of the annual LC flow and
most of this exchange was estimated to occur during the sporadic events of Loop Current Eddies (LCE) detachments (Maul,
1980). The detachment frequency of these mesoscale structures is highly variable, occurring every 2 to 18 months (Leben,
2005), their size is also highly variable with diameters ranging from 200 to 400 km (Elliot, 1982) and their depth of influence
has been estimated to be of up to 1000 m (Meunier et al., 2018). Once detached, these eddies transport water with the
characteristics of the LC into the GoM basin (Meunier et al., 2020), slowly mixing the transported volume with the Gulf’s
interior water until it loses all coherence usually at the western GoM (Meunier et al., 2018). Hence, changes in the exchanged
volume between the LC and the western GoM driven by the variability of the detached LCE volume could lead to changes

in the oxygen content of the main thermocline of the GoM interior waters.

Although the difference between the oxygen concentrations of the eastern and the western GoM has been widely reported,
the oxygen of the main thermocline of the deep GoM was considered to stay relatively constant with time (Jochens et al.,
2005). In the deep GoM, the only ARGO float equipped with oxygen sensors (Biogoechemical ARGO, buoy) was deployed
in June 2010, increasing the available oxygen measurements in its main thermocline waters (Fig 1 and 2). The deployment
was made in the eastern GoM inside the LCE Franklin and from there it drifted alongside the LCE until April of 2013 (Fig.
2). The measurements showed that [O2] for the upper and lower thermocline are lower than previously measured in the eastern
GoM with values of 3.25 ml I"! and 2.54 ml I"! respectively (Table 1). This trend towards lower values was further observed
in the western GoM with oxygen sensors on gliders measuring values below 2.74 ml 1! and 2.4 ml I"! in the upper and lower

thermocline respectively (Portela et al., 2018).

In the North Atlantic it has been suggested that oxygen transport by the eddies could be an important mechanism for the
ventilation of the thermocline waters (Robbins et al., 2000; Brandt et al., 2015; Hanh et al., 2017; Pitcher et al., 2021). The

semi—enclosed character of the GoM basin allowed to study the implications of this process on the ventilation of the main

3
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thermocline with less intrusion from other physical mechanisms than in larger basins. The identification of LCE detachments
has been commonly used to understand the circulation in the GoM (Leben, 2005; Hall and Leben, 2016), and this study
follows the previously reported methodology to compute the date of LCE detachments and their approximate area from 2000
to 2019 using AVISO SSH data. Using the LCE calculated metrics, a simple box model parametrized with the oxygen

measurements was formulated in order to reproduce the variability in the main thermocline.

Table 1

Previously reported and here presented mean oxygen concentrations in the upper and lower thermocline of

the Gulf of Mexico east of 90° and west of 90°

Mean [O:] in the upper and lower main thermocline of the deep Gulf of Mexico (ml I', umol kg™!)

East of 90° W (Loop Current and Yucatan West of 90° W (Central and Western Gulf of

Channel *Caribbean not included) Mexico)
co(kg m?) O ol oo
26.3-26.6 27-27.15 26.3-26.6 27-27.25
3.6 +0.20 3.05+£0.20 3.0+0.20 * 2.7+0.20
156.6 + 8.7 132.6 £ 8.7 130.5+ 8.7 117.4+8.7
1972 1972 1978 1978
Morrison and Nowlin, 1977 Morrison and Nowlin, 1977 Morrison et al., 1983 Morrison et al., 1983
3.4+0.20 % 2.8+0.20 *
1479 + 8.7 121.7+ 8.7
1999 - 2000 1999 - 2000
Rivas et al., 2005 Rivas et al., 2005
3.3+0.30* 2.8+0.20 * 3.0+0.20 * 2.7+0.15*
143.6 £13.1 121.7+ 8.7 130.5+ 8.7 117.4+6.2
2000 - 2001 2000 - 2001 2000 - 2001 2000 - 2001
Jochens and DiMarco, 2008 Jochens and DiMarco, 2008 Jochens and DiMarco, 2008 Jochens and DiMarco, 2008
3.23+0.25 2.54 £ 0.07 2.75 £ 0.25 ** 2.40 £ 0.20 **
140.5 +£10.9 1104 +3 119.6 £10.9 104.4 + 8.7
2010 -2013 2010 -2013 2010 - 2017 2010 - 2017
BioARGO Buoy BioARGO Buoy Portela et al., 2018 Portela et al., 2018
3.37 £ 0.21 2.66 + 0.08 2.75+0.17 2.46 = 0.07
147.1 £ 8.1 116.26 £3.6 119.7+7.2 107.1+3.2
2011 -2019 2011 -2019 2011 - 2019 2011 -2019

XIXIMI cruises

XIXIMI cruises

XIXIMI cruises

XIXIMI cruises

* Estimates based on figures

** Data from anticyclonic eddies
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2 Methods

2.1 Oxygen data

The oxygen data used for this study came from the XIXIMI cruises, carried out by the Consorcio de Investigacion del Golfo
de México (CIGoM) aboard the RV/Justo Sierra from 2011 to 2019 in the dates listed on Table 2. Oxygen values from the
XIXIMI cruises were measured with a CTD equipped with a calibrated SBE43 oxygen sensor and the data was calibrated on
board following the microwinkler method (Furuya and Harada, 1995). The array of stations was intended to be as similar as
possible between cruises, with a spatial resolution of approximately 1° (Figs. 1 and 3). In the sampling during the XIXIMI-
5 cruise the center of LCE Poseidon was sampled, and during the XIXIMI-6 and 7 cruises samples from the upper north
Caribbean basin were taken, as well as during XIXIMI-7 when four extra stations were sampled in the northwestern GoM.
Unfortunately, the “Nortes” (northern winds) during XIXIMI-3 and tropical cyclones during XIXIMI-6 and 7 did not allow
the sampling of all planned stations during these cruises (Fig. 3). In spite of these gaps, the sampled area is considered
representative of the deep GoM region as it encompasses a considerable area over time, including stations in the Yucatan

Channel and in the northwestern Caribbean (Figs. 1 and 2).

In addition, oxygen measurements from the Biogeochemical ARGO float aom! 4901043 (http://ARGO.jcommops.org) were
used to provide value comparisons with the XIXIMI cruises as well as to get spatial coverage of the north eastern deep GoM.
The BioARGO measurements presented here (Table 1, Figs. 1 and 2) are the raw measurements without any post—calibration
work, as such, the sensor might present offset and drift errors of up to 5% per year after its deployment (Bushinsky et al.,
2016). A correction technique in the absence of near calibrated oxygen measurements has been suggested that employs

WOCE climatology to correct first order errors (Takeshita et al., 2013). Following this method, however, would bias the float
data towards a climatology based on 1980-90’s data, hiding to some extent any deoxygenation trend of the last decade. Even

accounting for sensor errors, the BioARGO measurements show a decrease of oxygen from previously measured

concentrations (Table 1) above the precision or drift errors reported for the sensor (Uchida et al., 2008).

The TEOS—10 algorithms (McDougall and Barker, 2011) were used to calculate absolute salinity, potential temperature and
potential density (both referenced to the surface) from de CTD measurements. The upper and lower thermocline were
identified as the density range from 26.3 to 26.6 kg m™ and 27 to 27.25 kg m™ respectively, following similar ranges
previously reported (Table 1) and ensuring that both the [O2] local maximum of the EDW in the LC and the [O2] minimum
of the TACW in the LC and the western GoM were fully encompassed (the mid thermocline waters presents transitional [Oz]

values between these two extremes, and we chose not to focus them here).
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[O2] values are reported in the text and figures in ml 1"! to be consistent with the historically reported units in GoM studies
(Table 1). However, as the units umol kg are most commonly reported in the recent literature, we made the conversion to

these units using the TEOS—10 equation based on the calculated potential density.

The mean [O2] values in the upper and lower main thermocline were calculated for every profile of the XIXIMI cruises and
the BioARGO float. With the objective of simplifying the visualization of the data and the comparison between cruises, each
entire profile was labeled with a color code according, only, to the mean oxygen value in the upper main thermocline in the
density range from 26.3 to 26.6 kg m™> (where the [O:] spatial and temporal change were more pronounced) using the
following criteria (in parenthesis the color code applied in Figs. 1, 2 and 3).

* Loop Current Water (red): [O2] > 3.25 ml I} (142 umol kg ™)

» Transition Water 1 (orange): 3-3.25 ml I"! (131-142 pmol kg ')

» Transition Water 2 (cyan): 2.75-3 ml I"! (120-131 pmol kg™!)

» Resident Water of the GoM interior (blue): [O2] <2.75 ml I'! (120 pmol kg™!)

The map of locations of the XIXIMI stations and BioARGO profiles (Fig. 1a) as well as the [O2] profiles plotted against
depth (Fig. 1b) and against potential density anomaly (Fig. 1¢) are presented with the aforementioned color coding. The mean
depths for the upper and lower thermocline of the LC were estimated using all the profiles identified as Loop Current water
while the mean depths for the upper and lower thermocline of the GoM were estimated using all the profiles identified as

transition water 1 and 2 and resident water (shown in Fig. 1b).
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Figure 1: (a) Map of BioARGO profiles and XIXIMI sampled stations during 6 oceanographic campaigns from 2010 to 2019, (b)

Depth vs [O;] profile for all stations, (c) Close up to the isopycnic range of the main thermocline of the potential density vs [O;]

profile for all stations. *Jochens and DiMarco, 2008.
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Date of campaigns and mean Oxygen concentrations in the upper and lower thermocline for the Loop Current and Gulf interior

water
Mean thermocline Oz (ml I, ymol k')
Campaign Date Loop Current Water n Gulf Interior Water
(Number
Upper Lower of Upper Lower n
26.3-26.6 27-27.25 profiles) 26.3-26.6 27-27.25
. 13/06/2010
Bio to 339+£0.12  2.57+£0.06 32 298 +0.17 2.52+0.06 44
ARGO 14/04/2013 147.72 £5.72 115.94 +2.89 12347+ 6.73 110.00 = 3.42
2/07/2011
XIXIMI-2 to 3.55+0.08 2.74 £ 0.05 7 278+ 0.17 2.50 +0.04 33
12/07/2011 1522352 11839 +3.49 120.92 +5.47 108.47 £ 2.06
13/02/2013
XIXIMI-3 to 3.56 = 0.06 2.68 = 0.05 3 2.82+0.12 2.52+0.07 33
10/03/2013 154.07 £2.57 11724 +2.33 122.54 + 4.93 109.77 +3.54
27/08/2015
XIXIMLA o 3.45+0.06 2.74+0.04 |, 2.88+0.22 249+0.09 44
16/09/2015 150.67 % 3.02 119.12+2.35 12539+8.17 108.49 + 4.42
10/06/2016
XIXIMI-5 to 3.28 £0.07 2.66 = 0.05 5 2.84+0.11 2.50+0.06 35
24/06/2016 14276 £ 3.14 116.46 +2.79 12335+ 4.77 108.51+2.91
19/08/2017
XIXIMI-6 to 3.49 £ 0.07 2.69 £ 0.06 12 2.65+£0.05 2.41+0.05 36
7/09/2017 151.76 £ 2.91 11733 +2.73 11551 +£2.76 104.79 +2.45
9/05/2019
XIXIMI-7 to 3.31 £0.07 2.68 = 0.04 10 2.61+£0.09 2.40=+0.05 22
7/06/2019 149.16 + 2.95 117.11+2.03 113.76 + 4.13 104.29 +2.09
Mean O, 3.49+0.12  2.66+0.08 g  2.78+0.18 2.47+0.09 ,,.
150.96 + 4.87 117.85 +2.67 121.03 +8.27 107.39 +3.78

2.2 Loop Current and Loop Current Eddies data

The LC and LCE metrics were computed from the Global Ocean gridded L4 sea surface heights and derived variables
reprocessed 1993 ongoing product distributed by Copernicus (https://doi.org/10.48670/moi—00148). In accordance with
Leben (2005) and Hall and Leben (2016), the daily gridded SSH dataset from 1 January 2000 to 31 December 2019 was used
to identify the LC and LCEs position tracking the 17 cm SSH contour. The LCT program identifies the time the 17 cm contour
from the LC breaks. For this work the detachment date of a LCE was estimated as the initial date that the LC 17 cm contour

8
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separated in two portions without any subsequent reattachment. The area of the LCE was computed as the average area and
standard deviation of the daily area of the 17 cm contour during the first 30 days after the day of the identified detachment.
This 30-day period was arbitrary selected as a period representative of the LCE area after its detachment, the standard
deviation of the identified LCEs area was in average close to £ 10 %. The detachment date and LCE area (Fig. 4) were used
to compare the LCE detachment frequency and the total detached area during the 2000-2009 and 2010-2019 decades and
were used also as parameters in the box model described in section 4. The computed LC and LCE positions are represented
in Fig. 3 as surface maps that depict the mean SSH 17 cm contour during the days that the cruise took place, together with

monthly average values of the SSH 17 cm contour at 3, 6, 9, and 12 months prior to the date the cruises took place.

3 Results and discussions

3.1 A decreasing trend in the oxygen content of the main thermocline

All the oxygen data used for this work is grouped in Fig. 1. In Fig. 1a the station map shows the location of all the XIXIMI
and BioARGO profiles with the color coding according to the upper thermocline oxygen values in order to show the [O2]
spatial variability. Figure 1b shows the [O2] profiles plotted against depth from 0 to 1000 m, the mean depth of the upper and
lower thermocline ranges is shown as a shadowed interval in order to show the depth difference of the isopycnals in the LC
and in the GoM interior. Figure 1c shows the [O:] profiles plotted against the potential density anomaly from 26 to 27.5 kg
m, as a zoom in the thermocline density range. Plotting the oxygen against density makes it easier to compare the oxygen
values of the thermocline in the LC and in the GoM as it removes the isopicnal depth difference caused by the Loop Current

and the mesoscale circulation.

Figure 1a shows the aforementioned gradual oxygen decrease from the Caribbean and eastern GoM to the southwestern GoM,
with maximum upper thermocline concentrations ([0,]”T ) above 3.25 ml "' in what can be considered as the area filled with
Caribbean and LC waters (Figure 1a). In agreement with this pattern, in every XIXIMI cruise and BioARGO profile, the
highest mean values of [0,]”" > 3.25 ml 1" and [0,]*"> 2.6 ml 1" corresponding to upper and lower thermocline waters
respectively, were only observed in the Caribbean, the Yucatan Channel and inside the GoM at a maximum LC western

penetration of 87° W.

The BioARGO oxygen profiles were mainly taken inside the LC area of influence east of 90° W (Fig. 2). 32 of the total 76
BioARGO profiles had a mean upper thermocline [0,]”" equal or above 3.25 ml 1", considered as LC water, 24 profiles
were considered as transition waters 1, 16 as transition waters 2, and only 4 profiles presented mean values below 2.75 ml I
" and were considered as resident water of the GoM interior. The XIXIMI data shows a similar pattern with the highest [0,]Y7

values located in the LC area.
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BioARGO Buoy data 2010-2013
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Figure 2: (a) Map of BioARGO profiles from 2010 to 2013, (b) Close up to the isopycnic range of the main thermocline of the
potential density vs [O;] profile for all stations. *Jochens and DiMarco, 2008.

210 A comparison between the previously reported oxygen measurements and the 2010-2019 XIXIMI and BioARGO data (Table
1, Figs. 1 and 2) highlights the following observations:
- East of 90° W the oxygen concentrations in the upper thermocline seem to have remained in the same levels in the last two
] uT

decades, ranging from a minimum mean of [0,]"" =3.23 £ 0.25 ml I"' measured by the BioARGO buoy to a maximum mean

of 3.40 £ 0.20 ml I'! measured in 2000 (Rivas et al., 2005), with the 2011 to 2019 XIXIMI mean falling in between at 3.37 +

10
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0.21 ml I'!, This observation suggests that any change in the oxygen content of the upper thermocline of the GoM interior
cannot be attributed to changes in the LC source waters.

- East of 90° W the oxygen concentrations in the lower thermocline seem to have decreased in the last two decades from a
mean [0,]T =2.8 + 0.25 ml I'' measured in 2000 (Rivas et al., 2005, Jochens and DiMarco, 2008) to a mean 2.66 + 0.08 ml
I measured during the XIXIMI cruises and 2.54 + 0.07 ml I"! measured by the BioARGO buoy. Recent measurements have
identified the TACW in the Eastern Caribbean with an oxygen minimum that is below 2.8 ml I"! (<120 pmol kg™!) (Van Der
Boog et al., 2019), in the western Caribbean (Carrillo et al., 2016) and in the LC (Portella et al., 2018). This suggests the
existence of a deoxygenation trend in the lower thermocline of the Caribbean that is happening outside the GoM that could
be in part responsible for a deoxygenation trend of this isopycnic range inside the GoM.

- West of 90° W the oxygen concentrations in the main thermocline have decreased from mean values of [0,]Y7 =3.0 +0.20
ml I and [0,]*T = 2.7 £ 0.20 ml I'! in 1978 and in 2000 (Morison et al., 1983 and Jochens and DiMarco, 2008) to mean
concentrations of 2.75 +0.20 ml 1! and 2.46 + 0.07 ml I'! in the upper and lower thermocline respectively measured in average
during all the XIXIMI cruises, similar values were also reported with glider measurements from 2010 to 2017 (Portela et al.,

2018).

These observations suggest that during the last two decades any changes in the oxygen content of the upper thermocline of
the deep GoM can be attributed to processes within the basin proper and not due to changes in the LC source waters, while
any change in the oxygen content of the upper thermocline of the deep GoM can be attributed to changes in the LC source
water and maybe also to changes attributed to processes within the basin proper. The time series obtained by the XIXIMI

cruises can be useful to get more clarity about the process that could be responsible for a deoxygenation trend.

In order to observe the oxygen temporal and spatial variability during the 2010-2020 decade, Fig. 3 shows the individual [Oz2]
measurements from each of the six XIXIMI cruises from 2011 to 2019 in the deep GoM, using the same color scheme
described in the methods. The surface maps also include the mean SSH 17 cm contour of the LC and LCEs tracked during
the campaign period and the mean SSH 17 cm contour location 3, 6, 9, and 12 months prior to the surveys. Fig. 3 is described

in detail in the following section.

11
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Figure 3. Oxygen profiles with density for the six XIXIMI cruises with color scheme following the described methodology. Maps

of stations in each cruise follow the same color scheme. The 17 cm contour altimetry during the month of the expeditions and 3, 6,

9 and 12 months prior, is shown in the maps as the red discontinued lines that get more degraded the further from the cruise date.
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During the XIXIMI-2 cruise (July 2011) the distribution of stations according to their upper thermocline oxygen

concentration ([0,]YT
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) was as expected; LC stations in the eastern Gulf, followed by transition stations in the central Gulf,
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showing a mean [0,]Y” between 2.75 and 3 ml I"!, and the lowest concentrations were consistently found in the southwestern
region and the Campeche Bay. During this expedition the 17 cm SSH contour was localized in the eastern region of the LC,

the last big LCE detachment (Franklin, area: a; =52 133 + 2700 km?) occurred 12 months before the expedition.

The following cruise took place in February and March 2013, this is the only XIXIMI cruise that took place during the winter
season and the observations indicate no evident changes in the vertical structure of the permanent thermocline. During the
expedition strong cold front winds (“Nortes”) didn’t allow the completion of the 24° N line. In comparison with the previous
expedition, in XIXIMI-3 the green transition stations and the blue resident waters seemed to have been more mixed, without
a clear north south distribution. In the 25° N line there were four stations with [0,]YT <2.75 ml I'! and three stations in the
Campeche Bay with [0,]YT >2.75 ml I''. Although during the expedition the LC was relatively retracted to the east, the 17
cm SSH contour of the huge LCE Jumbo (a,cz= 92078 + 4500 km?) that detached nine months before was still observed in
the western GoM. The evolution of this eddy from the LC region to the western GoM shelf can be seen in the SSH 17 cm
contours 3, 6, and 9 months prior to the cruise, and could explain the presence of relatively high thermocline [O2] observed
in the south west GoM. This suggests that the eddy still carries some volume of water with higher oxygen concentrations

than its surrounding waters even nine months after its detachment from the LC.

The XIXIMI4 cruise in August and September of 2015 was remarkable as the oxygen measurements showed a continuum
of values, implying a continuum degree of mixing between the two end members, the Loop Current waters and the southern
GoM ones. Results from prior expeditions showed a gap in the oxygen content with almost no profiles with [0,]Y7 between
3 and 3.25 ml I"! (yellow stations being relatively rare), which led to the idea that the “gaps™ at intermediate waters had to be
filled mainly with unsampled northern GoM waters. 2015 was also distinctive for having a fairly extended LC to the northwest
and by the detachment of several big LCEs: the Olympus eddy had detached two months prior to the cruise (a; =95 516 +
4200 km?), Nautilus (a,cg = 51297 £ 2500 km?) and Michael (a,cz= 55484 + 2800 km?) up to 4 and 8 months before the

cruise respectively, showing significant LCE activity prior to the expedition.

This situation changed the following year during the XIXIMI-5 cruise, when most of the stations in the central and western
Gulf showed higher oxygen values and were considered as transition stations with [0,]Y7>2.75 ml 1", These results indicate
that the transition and resident waters measured during the previous cruise had mixed to form a relatively well oxygenated
and homogeneous water filling the main thermocline in the central GoM. Two months before this cruise, the LCE Poseidon
(aycg= 98517 + 4900 km?) detached from the LC, probably the largest LCE detachment recorded from January 2000 to this
date. At the time of the cruise, it was still located near the LC and one CTD station sampled its center (Fig. 3). The oxygen
profile of the LCE Poseidon was similar to the one from LCE Franklin measured by the ARGO float only showing deeper
isopycnals (Table 3).

13
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After the Poseidon detachment, there was a 19-month period without any detachments, while the 17 cm SSH contour of
Poseidon was still visible in the western GoM 20 months after its detachment. The XIXIMI-6 cruise took place during August
and September 2017, 18 months after the Poseidon detachment. During this cruise, most of the stations showed typical lower
dissolved oxygen values of resident waters except for the LC ones. The homogeneously low [O2] values measured during the
XIXIMI-6 cruise could result from the mixing of the intermediate waters measured during XIXIMI-5, with the resident
waters of the interior and by depletion of oxygen through respiration processes during a 19 month period without LCE
detachment and no input of oxygen richer intermediate waters. Even the stations located over the remaining Poseidon LCE
showed lower values of [0,]Y" <2.75 ml I'\. An implication of these observations is that although a huge LCE may still be
visible with altimetry more than a year after its detachment (Meunier et al., 2018), their properties at depth, specifically [Oz]
profiles, show clear signs of mixing with the Gulf’s interior waters at these intermediate depths. Unfortunately, the arrival of
a hurricane limited the sampling of seven of the planned stations in the 25° N line. Probably some transition stations with
higher [0,]"" could have been measured there, nonetheless, the remaining stations clustered around the typical low oxygen

values of the interior waters.

The last cruise, XIXIMI-7, between May and June 2019, was also fraught by technical difficulties and was the least complete
of all cruises. Fortunately, this time the 25° N line was completed first, and although it shows four transition stations, the
majority showed the typical oxygen concentration of GoM resident waters at depth. During this cruise, four stations were
sampled in the western shelf, north of 25° N, as part of a collaboration with other series of cruises. The LCE Revelle detached
10 months prior to this cruise (a;cz= 78270 + 4000 km?) and was still visible from altimetry data in the western GoM, but,
again, as in the previous cruise, even stations located within this remanent eddy showed low oxygen content in the main
thermocline waters. During the XIXIMI-6 and 7 cruises, one station in the northern shelf of the Mexican Caribbean was also

sampled, with a profile fairly similar to the ones observed in the Yucatan Channel.

3.2 A decreasing trend in the detachment frequency of Loop Current Eddies

The time series of LCE detachments from 2000 to 2020 estimating the areas and dates of these events is shown in Fig. 4.

These estimates were further compared with the ones reported by Hall and Leben (2016) and the names and dates given by

the Woods Hole Eddies watch (https://www.horizonmarine.com/loop—current—eddies). Although there are some slight

differences in the time of detachment, overall, the results from both identification exercises are fairly similar.

From January 2000 to December 2009 the estimated LCE shedding period was of one every 5.85 + 2.60 months or
approximately two per year. In comparison, Vukovich (2012) estimated a frequency of 8.8 £ 5 months per shedding during

the 2000-2010 decade, the main difference being that in that study only the detachments of major rings were considered

14
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(diameter > 300 km). The mean estimated diameter (assuming a circular shape) of the detached LCEs from 2000 to 2019
was 272 + 12 km, which falls close to previously reported diameters of approximately 300 km (Hall and Leben, 2016; Moreles
et al., 2021). The maximum estimated diameter was from the LCE Poseidon of 354 + 9 km.

From January 2000 to December 2009 the average detached area was 5.6 + 0.3 10* km?, reaching a cumulative detached area
during that decade of 1.1 = 0.05 10° km?. In comparison and following the same method and criteria, from January 2010 to
December 2019 the estimated frequency was one detachment every 8.4 + 4.9 months, or 1.4 detachments per year, with an
average area of 5.7 = 0.3 10* km?, making a cumulative detached area during that decade of 0.8 + 0.04 10% km? (Fig. 4).
Although the average area during the 2010-2020 was slightly higher than during the previous decade, mainly because of two
huge LCE detachments (Olympus and Poseidon), the important decrease in the detachment frequency was significant to make
the total LCE area detached into the GoM waters during the 2000s decade almost double than the total area detached during
the following decade. A decreasing trend in the number of LCE detachments during the last decade supports the hypothesis
that a reduced transport of the LC, expected under some climate change scenarios, will decrease the frequency of LCE

detachments (Moreles et al., 2021).

2000-2009 2010-2019
LCE detachment frequency: 1 every 6 months LCE detachment frequency: 1 every 8 months
Mean LCE area: 56 000 km? Mean LCE area: 57 000 km?
Total LCE area: 1.1 108 km? Total LCE area: 0.8 108 km?
ol Poseidon
mpus =
100 .....Sarg?ssum .................................................. Exman Hadal -~ yp? ...... SRS
80 B R
%01, : A N O G A
Z . - H
© v v
9 -
40 F-4+MHb-- 444 H-F )
L
O
-

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Figure 4. Date of detachment of Loop Current Eddies and their mean area (red bars) with standard deviation (blue dashed bars)
estimated with the 17 cm SSH contour using AVISO altimetry. Informatiuon of relevant statistics to compare the decades as well

as the name of relevant LCE names are presented as text.
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3.3 Estimating oxygen content from LCE metrics
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Figure 5 Schematic representation of the box model equation and assumptions during (a) months without Loop Current Eddy

detachment and (b) during months of Loop Current Eddy detachment.

In order to estimate how a decrease in the LCEs detachment frequency could affect the oxygen content of the GoM’s main
thermocline, a simple box model was formulated taking into account the input from the LCE detachments, following Eq. (1)

schematized in Fig. 5:

v} _ vi
[OZ]GOM a1- LCE )([02 é;f)Ml + 402) + L[Oz]w}s (D

Véom=Vice
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Where:

[02]22 u 1s the estimated oxygen content in the GoM main thermocline, for i=1 the upper thermocline volume (with
the isopycnic range ce: 26.3 to 26.6 kg m™) and for i=2 the lower thermocline volume (co: 27 to 27.25 kg m™), t is the time
step with a time resolution of one month. The model starts at January 2000 with the initial values reported during that year,

[0,]501=3+02ml 1" and [0,]%,,,=2.7 = 0.15 ml I"' (Jochens and DiMarco, 2008).

Vg is the volume of water that enters the GoM in the upper or lower thermocline in the event of a LCE detachment
during the month t. If no detachment was registered during the month t, then Vice = 0 and the first term on the right side of
the Eq. (1) is equal to 0, making Eq.1 a simple sum of the oxygen calculated the previous month plus the oxygen monthly

change rate [0,]%,, = [0,]%5, + A0L. If a LCE detachment was registered during month t, then the transported LCE

volume V}¢j for each thermocline layer is estimated from the LCE area (Fig. 4) during the first month after the detachment
was registered. The volume of the LCEs upper and lower thermocline layers was estimated assuming that the eddies have a

cylindrical shape with a constant area from the surface to the depths of the lower thermocline using Eq. (2):

- Vicg = aycp(Rher — hh) (2)

Where a Lck is the mean area of the LCE surface 17 cm SSH contour in km? estimated during a month after its detachment
was registered, hi and h} are the depths of the shallowest and deepest limits of the upper or lower thermocline layers in km.
A cylindrical shape was chosen as the simplest shape to estimate the volume of water transported by an LCE of area aLc,
but if the shape of the eddy was closer to a bowl rather than a cylinder, the volume of water transported by the LCE would
be somewhat overestimated. The simple cylindrical shape is enough for the purposes and scope of this box model. To estimate
the depths hi and h} a linear equation was calculated using the area of the detached LCEs Franklin and Poseidon and the

depths of those isopycnals taken inside those LCEs with the data and equations shown in table 3.

Viom is the approximate volume contained inside the deep GoM in the upper and lower thermocline. It was
computed from the ETOPO1 bathymetry using the average depths of the isopycnals in the profiles from Gulf resident waters.

For the upper thermocline the upper thermocline layer was estimated between 155 + 7 and 210 + 8§ m, a depth range that

according to the bathymetry contains a volume of VY],= 56 £ 7 10°km®. For the lower thermocline layer, the average depths

of the isopycnals were observed between 345 + 20 m to 534 + 18 m with an average volume of VAL,= 178 +21 103 km’.

These volumes are considered constant in the box model.

[0,]% ¢k is the oxygen concentration in the volume of water V. transported by the LCEs. We used the mean values
measured with the BioARGO float and the XIXIMI cruises in the Caribbean and the LC with the highest standard deviation
measured, [0,]Yfz= 3.5 £ 0.12 and [0,]}%; = 2.7 + 0.15. Both values are considered constant from 2000 to 2019 with a
relatively high standard deviation to encompass the full variability of this oxygen entrance. In the upper thermocline of the

LC and the LCEs, measured values have remained fairly similar from 1980 to 2019 with a mean value of 3.53 + 0.14 ml 1!,
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but in the lower thermocline the [O2] seems to have decreased in the Caribbean and in the LC from 3.05 ml 1 ! in 1980
(Morrison and Nowlin, 1977) to less than 2.50 m1 1 ! in 2019. To simulate this oxygen variability, a mean value of 2.70 +
0.25 ml 1! was chosen as the [O:] entrance in the lower thermocline. If the oxygen input in the lower thermocline by LCE

continues to drop, then the deoxygenation rate of the lower thermocline would be even higher than expected. This possibility

is something to be aware of and might be addressed with further [O2] measurements in the Cayman basin.

A0} is the oxygen change rate in ml I"' month™' in the upper and lower thermocline inside the GoM. This rate
integrates an oxygen utilization rate (OUR) by biological respiration in the water column (Jenkins, 1992), as well as the
oxygen lateral and vertical advection and diffusion terms (Oschlies et al., 2018). Each of these processes are complicated to
measure explicitly, but the sum of its parts, 405, was approximated by measuring the rate of [O2] change during a period
without LCE oxygen input. The mean [O2] difference between stations in the approximate same coordinates (less than 1° of
difference) between cruises XIXIMI-6 and XIXIMI-5, since they were the only consecutive cruises without any LCE
detachments in between (Fig. 4). The estimated change rates are A0J™ =—0.013 = 0.004 ml I"' month™' and 40%T =—0.0033
+0.002 ml I"! month!. Both oxygen change rates are negative, indicating that between August 2017 and June 2016, in the
absence of LCE detachments, the sum of the biological consumption of oxygen and the vertical and horizontal oxygen mixing
and diffusion resulted in a net loss of [O2] in the GoM upper and lower thermocline. As the hypothesis of this work is that in
the absence of LCEs the oxygen of the GoM main thermocline decreases, this change rate was considered to be constant from

January 2000 to December 2019.

Table 3
Area and isopycnal depth of profiled Loop Current

Eddies and linear equations to relate both parameters

LCE aree (kem?)  Depth (km)
oo(kgm e
(k) g p
26.3 0.296
Franklin 26.6 0.389
13 jun 2010 52333
Bio ARGO
. 2870 27 0.579
27.15 0.769
26.3 0.341
Poseidon 26.6 0.445
18 june 2016 98516
XIXIMI-5
Profile B37 4955 27 0.613
27.15 0.812
26.3 hi=9.9 107 a; g+ 0.24
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26.6 ho=1210° aycg +0.33
27 hs=7.3 107 aycg + 0.54
27.15 hs=5.17 107 aycg + 0.76

* + of slope and intercept not shown

It is certain that the oxygen change rates in the thermocline will vary monthly and annually just as the OUR varies too (Jenkins
et al., 1982) as a result of the seasonal variability of productivity and organic matter export from the surface (Damien et al.,
2018), and even as a result of the same mesoscale eddies that can influence the surface productivity (McGillicuddy et al.,
1998). Furthermore, the vertical advection and diffusion terms can vary at different scales and might be affected by the
mesoscale circulation too (Damien et al., 2021). However, since the measurements were taken with a yearly resolution at
maximum, there is no information on the seasonal timescale or higher frequency variability of these oxygen consumption

processes.

Another main simplification of this model is the assumption that the LCE oxygen content mixes immediately with the GoM
oxygen content within the first month of the eddy detachment. This is obviously not the case, as it was observed during the
XIXIMI-3 cruise, eddies maintain, to some extent, coherence and their internal properties for a few months or in some cases
even more than a year after detachment (Meunier et al., 2020). Nevertheless, even if the oxygen content of the LCE is slowly
mixed with the GoM resident waters, the long—term concentrations would not change, since the changes in oxygen content
in the GoM would still be pondered by the LCE and GoM volume ratio and reduced by the oxygen change rate inside the

basin.

To represent part of the real variability of the system that can’t be resolved with the crude approximations used in this simple
parametrization, the model was ran using a combination of the mean, max (mean plus standard deviation) and min (mean
minus standard deviation) values of each of its parameters to estimate the following scenarios:

- The mean scenario, using the mean values of each parameter, represented as the solid blue and red lines for the upper and
lower thermocline respectively in Fig. 6.

- The maximum scenario, with a maximum [Oz] entrance during a LCE detachment and a maximum [O:] change rate inside
the Gulf, using max LCEs volumes, min GoM volumes, max [Oz2] transported by LCEs, max initial [O:] inside the GoM and
max absolute oxygen change rate inside the GoM (dashed blue and red lines in Fig. 6).

- The minimum scenario, with a minimum [O2] entrance during a LCE detachment and minimum [O2] change rate inside the
Gulf, using min LCEs volumes, max GoM volumes, min [O2] transported by LCEs, min initial [Oz] inside the GoM and min

absolute oxygen change rate inside the GoM (doted blue and red lines in Fig. 6).
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Table 4

List of parameters, equations and assumptions used for the box model.

EGUsphere\

Parameter Values Assumptions and references
oo (kg m?) o)
i=1:26.3-26.6 1=2:27-27.25
Veom:
Volume of water 56+ 7 10° (km?) 178 £21 10° (km?) Calculated from ETOPO] bathymetry data
inside the GoM in 161 t0 205 m 353 to 506 m assuming a constant depth for each isopycnal

the density range

ALCE: .
Loop-Current Eddy Estimated from the 17-9m contour not gonnﬁ:cted
to the Loop-Current, without reconnection in the
Area and

following month and without diameter restriction.
detachment date

inside the GoM.

Using AVISO altimetry data, following Leben
etal., 2015.

Vice: Estimated assuming a cylindrical shape. This
Volume of water volume is assumed to mix diapycnaly with the
transported by avce (hz-hi) avce (hs-hs) GoM volume and immediately after the LCE
LCEs detachment month.
_ _ Using a linear regression from the area of
h: 91(1)1 1((()5_;’ A3-6(.)3; 4 p 7h i ég eA_fg)S 4 LCE Franklin (June 2010) and density-depth
Depth of isopycnals h (00=26 é) h (Go=27 2'5) profile from Bio Argo Buoy and the area of
inside LCEs . G_g . 3 ‘1‘ 4 1%_7 A-.F 0.80 LCE Poseidon (Apr 2016) and profile Bsy
1810°A+0.33 o : from cruise XI-5 (table 3).
[02] LeE: 3.5+0.12 2.7+0.15 Constant, from measurements in the Loop
) ml I ml 1! Current and in the Caribbean (this study,
[O2] transported by Morri d Nowlin. 1977, Ri ;
LCEs 1523 +5.2 117.4+6.2 orrison and Nowlin, , Rivas et al.,
pmol kg! umol kg! 2005).
-0.16 = 0.05 -0.04 +0.02 Constant, estimated from the measured
AOz: ml I yr! ml M yr ! decrease during a period of no LCEs
[O2] change rate 67422 17409 detachment (June 2016 - Aug 2017). Here as
inside the GoM R T per year for an easier comparison with
pmol kg™ yr umol kg™ yr reported OUR values elsewhere.
[O2]VT1=3.0+0.2 [O2]FT1=2.7£0.15 LCE separation date is estimated within one
Starts at ml 1! ml I month, so the model uses a one month time
t=1:Jan 2000 130.5+ 8.7 117.4+6.2 lapse. Starting with values from Jochens and
pmol kg! umol kg! DiMarco, (2008)
it Vice Vice it—1 :
. i _ ] = l
Equation [02)¢om = ———————[02]cp + (1 — = —)([02],y +402)
com — Vice com — Vice
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To compare the model estimations with the actual measurements, the mean and standard deviation measured [Oz] in each
XIXIMI cruise are represented as colored X and error bars in Fig. 6. Most of the XIXIMI measurements enter inside the
model shading, except for the XIXIMI—4 large [O2] variability in both the upper and lower main thermocline that isn’t well
represented. It could be that the model doesn’t represent well the periods of high [O2] heterogeneity produced probably during
periods of important LCE activity as seen during XIXIMI—4, but represents correctly the mix and homogenization of oxygen
during periods of low LCE activity. The mean [O2] measured during XIXIMI-6 and 7 in the upper thermocline layer is closer
to the minimum [O2] entrance and minimum [O2] change rate scenario than to the maximum scenario. As such it can be
interpreted that, at least, between 2017 to 2019 the oxygen input via LCE detachment was closer to the lower estimates and/or
that the rate of [O2] change rate was lower (higher decrease rate) than previously estimated. In any case, more measurements
are needed in order to confirm the persistence of this trend towards lower oxygen concentration values in the GoM main
thermocline. If the basic assumptions that support this simple model are found sound it may provide a useful first
approximation tool to estimate the oxygen level conditions in the main thermocline of the GoM by keeping track of the LCE

metrics via altimetry products.
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Figure 6. Oxygen variability estimated from box model for the upper (blue) and lower (red) thermocline from 2000 to 2020.

With the parameters used in the model (Table 4), the following estimations were made:
-The average LCE area threshold to maintain constant oxygen concentration levels in the upper and lower thermocline at

2.60 and 2.40 ml ! respectively would be 74000 km? per year for the upper thermocline and 93000 km? per year for the
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lower thermocline. An average LCE detachment area of 93000 km? per year would bring the upper thermocline oxygen
concentration to 2.90 ml I'! (inside the concentration ranges measured in 2000, Table 1).

- An average LCE area of 80000 km? per year as measured during the 2010-2020 decade (Fig. 4), would bring the average
[02] to 2.7 and 2.35 ml I"! in the upper and lower thermocline respectively.

- If, over the 2020-2030 decade, the average LCE area decreases below 70000 km? per year, the average upper and lower

thermocline oxygen concentrations would fall below 2.5 and 2.3 ml I'! respectively.

3.3 Global and future trends

A possible LC slow—down has been hypothesized in global warming scenarios (Liu et al., 2012; Rhein et al., 2011). Some
model studies suggest that high (low) Yucatan current transports imply deeper (weaker) LC extension into the GoM (Chang
and Oey, 2012). Others find modifications in the LC behavior related to changes in the model stratification (Moreles et al.,
2021) that might explain the observed decrease in the LCE detachment frequency. Both explain their model behavior using
the mechanism suggested by Pichevin and Nof (1997). Although the occasionally detached eddies might be getting larger,

the total detached volume per year seems to have decreased during the last decade.

Hence, the number LCEs entering the GoM seems to be a key process for the ventilation of its main thermocline, implying
that a decrease in the detachment of eddies from the LC would most likely lead to a deoxygenation trend in the GoM interior
thermocline water masses. Observations (Athié et al., 2012; 2020; Sheinbaum et al., 2016; Hamilton et al., 2018) suggest a
more complicated behavior involving full depth ocean processes not only at the upper layer, and indicate there is not a simple

and straightforward relation between LC transport and extension.

In any case, if a connection can be established between the large scale circulation and the LC and its eddy shedding (Sturges
et al., 2009), a weakening of the Gulf stream that has been suggested by some studies in connection with changes in the
Atlantic Meridional Overturning Circulation (AMOC, Chen et al., 2019; Rahmstorf et al., 2015; Caesar et al., 2018; Smeed
et al., 2018) may cause a reduction in the LCE shedding frequency. If such a connection does indeed exist, then a continuous
weakening of the AMOC may lead to a deoxygenation trend of the main thermocline waters of the GoM in the future. On
the other hand, if such connection indeed exists, measuring a deoxygenation trend in the GoM can be used as a proxy to
estimate the AMOC weakening, a task perhaps easier to carry out given the semi—enclosed characteristics of the GoM. The
road to stablish such kind of connections is paved with large uncertainties but it is certainly a venue worthy of further

exploration.
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4 Conclusions

Historical and new data presented here suggest a deoxygenation trend in the main thermocline of the GoM, thereby increasing
the volume of hypoxic waters that might affect the deep-water ecosystems in the main thermocline of the GoM and its
margins. The time series obtained from six cruises in the deep—water region of the GoM illustrates the spatial and temporal
variability of [O2] and the links between the oxygen concentrations in the upper and lower main thermocline waters and the

detachment frequency and volumes of LCEs that enter the GoM proper.

The time series obtained from six oceanographic cruises, from 2010 to 2019, show evidence that LCEs entering the GoM
transport significant volumes of relatively oxygen rich waters into the Gulf’s interior, thereby ventilating the main
thermocline waters of the basin. Observations from measurements after a high LCE activity period show a relatively well-
ventilated main thermocline, with oxygen values above 2.8 ml I"! in the upper thermocline. In contrast, measurements taken
after periods of more than a year with no LCE detachment consistently show an important oxygen decrease of its main

thermocline waters.

According to AVISO altimetry data, during the 20002010 decade the average detachment frequency was one LCE every 6
months with an average detached area of 110 000 km? per year. In contrast, during the 2010-2020 decade, the average
detachment frequency was one LCE every 8 months with an average detached area of 80 000 km? per year. Although the
biggest LCEs were measured in 2015 and 2016, this did not compensate the lower frequency of detachments that almost

halved the total LCE area detached per year.

Using the oxygen and altimetry measurements a series of parameters were selected to formulate a simple box model to
reproduce the [O2] temporal variability in the GoM main thermocline. Using the box model parameters, it was estimated that
an average total area of about 93 000 km? per year is necessary to maintain the oxygen levels of the main thermocline constant

within the GoM.

These results imply that a further decrease in the LCE detachment frequency could lead to a more severe deoxygenation of
the GoM main thermocline waters. The accessibility of altimetry data makes it fairly simple to monitor this behavior in the
future in order to predict oxygen concentrations of GoM main thermocline waters. Although the uncertainties in the model
warrant the need to continue gathering more in situ data in the deep-water region of the GoM, a task that could be fulfilled
deploying more BioARGO floats within the GoM. A possible link between the weakening of the AMOC and the
deoxygenation trend of the main thermocline waters of the GoM suggests important implications for the ecological web

structure at these depths and its long—term sustainability. Such a link remains to be established, but if it were verified, the

23



505

510

515

520

525

530

535

https://doi.org/10.5194/egusphere-2023-751
Preprint. Discussion started: 25 April 2023 G
© Author(s) 2023. CC BY 4.0 License. E U Sp here

number of detached eddies and the flow through the Yucatan Channel could serve as a proxy to estimate the level of AMOC

weakening using further GoM oxygen measurements.
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