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Caribbean Through-Flow is a chokepoint for
both AMOC return flow and subtropical gyre recirculation
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Why is the AMOC important?
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Heat Transport:
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Why is the AMOC important?

Heat Transport:
~25% of the northern
hemisphere’s northward
atmospheric-ocean heat
transport
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Why is the AMOC important?
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Why is heat transport important?
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Why is heat transport important?

Temperatures Rise
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Why is heat transport important?

Nitrate at 500 m Depth Phosphate at 500 m Depth

Marine
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Changes in water mass
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nutrient delivery
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Why the Caribbean?
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Caribbean Through-Flow is a chokepoint for
both AMOC return flow and subtropical gyre recirculation

9

40°N

30°N

20°N

10°N

OO

80°W 60°W 40°W 20°W 0°

Motivation



Significant changes are occurring in the
North Atlantic Subtropical Gyre

IGR Oceans

'.] Check for updates |
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Questions around and recent showing a
slowdown/collapse in the AMOC

nature communications
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In the Atlantic Ocean, Subtle

Physics-based early warning signal shows that AMOC
is on tipping course
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The warming atmosphere is causing an arm of the
powerful Gulf Stream to weaken, some scientists fear.
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Why the Caribbean?
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major Atlantic
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« Significant changes
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Atlantic-wide
circulation
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Caribbean Through-Flow is significantly
under-sampled!

Wilson and Johns, 1997; Johns et al. 2002 Kirchner et al. 2008
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~20 years

No transport observations in the Caribbean Through-Flow in 20 years
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Adapting for use on gliders:
Constrain solution using glider depth averaged velocity
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Calculating
Transport
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AMOC balance conundrum:
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Florida Current:
~31 Sv

Chapter 1
Schmitz and Richardson, 1991



AMOC balance conundrum:
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(Schmitz and Richardson, 1991;
Wilson and Johns, 1997; Rhein et al. 2005)



AMOC balance conundrum:

Anegada Passage has been suggested as a potential alternate pathway
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Determining Water Masses Origin
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Mass Analysis
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Chapter 2

Warming and salinity changes of the upper
ocean Caribbean Through-Flow since 1960
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Why is the AMOC important?
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Heat Transport:
~25% of the northern
hemisphere’s northward
atmospheric-ocean heat
transport at 26.5°N
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Caribbean Through-Flow is a chokepoint for
both AMOC return flow and subtropical gyre recirculation
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Heat/salt flux of the Caribbean through-flow largely
determined by its role as location where water masses
from the North & South Atlantic mix
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Glider observations in passages spanning north to
south, a large gradient in water mass properties
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Windward Passages Deployments (2023)

wcsanc tuary v
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A scientific machine surveys the g ] MARINE )
= . Everywhereyoulook
L] \:1 -
Caribbean waters v -
@ 3
a collaboration between American scientists and the E G. UNGER VETLESEN
Agoa Sanctuary EE FOUNDATION
Field activities ) ( Scientific monitoring Martinique Lesser Antilles E :'
oo :
October 05, 2022 :
Since Monday October 3, three American scientists have been hosted in the premises of the £ =
Agoa Sanctuary as part of an opportunistic collaboration. Our scientists are taking SO l‘l c tualre mammiféres mar ! ns
advantage of the deployment of an American glider in the waters of the French West Indies ¢ =< ANTILLES FRANCA'SES

to attach a hydrophone and test a data collection method.

Travis Miles, Joe Gradone, and Doug Wilson, American researchers from the University of the US Virgin Islands and Rutgers University in
New Jersey, are working on ocean water parameters. They are carrying out a mission in the South of the Antilles arc with the aim of
studying the heat transfers of currents coming from Brazil and entering the Caribbean. This mission also allows them to improve weather
models for predicting cyclones, the latter requiring precise water temperature to gain strength. To carry out this mission they use an
underwater glider, or glider in English.

The glider is an tellit ine that will
take measurements in the water column along its path. It carries
out programmed dives up to 1000 m deep during which its sensors
(oxygen, temperature, salinity) will record the characteristics of the
water masses depending on the depth. Each time it returns to the
surface, the glider sends the results of its dive to land via satellites.

Around the world, gliders are also used to study the chemistry of
the oceans and the animals that inhabit them. Equipping them
with hydrophones allows you to hear the animals that are on the
mission route: whale songs, sperm whale clicks or dolphin whistles.
The interest is then to obtain recordings of areas inaccessible by
boats, offshore, in the depths, while avoiding the sea conditions of
the hurricane season. Thus, this type of mission can help improve
knowledge on the distribution of cetaceans across the Caribbean .

Chapter 2



Windward Passages Deployments (2023)
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Windward Passages Deployments (2023)
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Windward Passages Deployments (2023)

Chapter 2




18.75°N

18.5°N|—

18.25°N

17.5°N

17.25°N

m THE

~1000 G. UNGER VETLESEN
Anegada Passage FOUNDATION

—2000

sanctuary

mamiferos marinos

AGOA
—3500% S
—4250§ |
5000 el T AR RIS
=5750
65.75°W 65.25°W 64.75°W 64.25W 63.75\;\Wj// —6500 15.5°N
Dominica Passage o
1N F —1000’5‘
Glider observations in 145N ._2ooo§
passages spanning north to St. Lucia Passage F
south, a large gradient in 14°N ~3000
water mass properties St. Vincent Passage oo
13.5°N
—6000

Chapter 2



DEEP-SEA RESEARCH

Parr 1
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Table 1

Transport estimates derived from shipboard occupations of the Caribbean Passages, afler Wilson and Johns (1997), updated with
results from 5 additional cruises. Not all passages were sampled on each cruise. Average transports and related statistics from all
available estimates for each passage are shown at the bottom. The quantity labeled “Mean™ is the average transport from only those
cruises with full water column directly velocity measurements (cruises 5 and later) the quantity labeled “Mean (all)” is the average of all
cruises including early ones where part of the deep flow in the passages was determined geostrophically. The former is used for the final
transport values in the paper, and the standard errors listed for each passage are also based on this data

Passage

Cruise Grenada St. Vineent St. Lucia Dominica Guadeloupe Antigua Anegada Mona

1 Dec 91 6.9 59 0.1

2 May 92 0.1 20 0.5

3 Sep 92 4.9 1.4 0.5

4 Dec 92 2.6 22 2.2

5 Jun 93 10.6 53 1.2

6 Apr 94 2.6 —0.6

7 Jul 94 58 52 2.0 —0.1 1.9 0.6 33

8 Dec 94 —0.2

9 Sep 95 54 28 32

10 Mar %6 4.0 —0.1 0.8 1.8 1.1 4.4 35 34

11 Jul 96 5.6 34 34 1.1 0.6 33 2.2 1.7

12 Jun 97 4.6 37 4.6 25 —0.3 34 2.0

13 Oct 98 6.7 32 =30 28 24 4.0 0.1

Mean 57+24 29+22 15424 l6+12 1.1+1.1 31415 25+14 26+1.2
Mean (all) 50428 32421 14420 14+1.1 L1£lL1 31415 25414 26412
Std. error 08 038 0.8 0.5 0.5 0.7 0.6 12

Windward Islands Leeward Islands
10.1+2.4 8.3+23

Lesser Antilles
18.4+4.7

Windward Island Passage
Monitoring Program
(WIPP)
1991-2001

85°EW  80°EW  75°EW  70°EW  65°EW  60°EW
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Observations of Change
Glider (2020-2023)

VErsus

Windward Island Passage Monitoring
Program
(WIPP)
(1991-2001)
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< Salinification of

Salinity Max Waters

« Limited deployments

« End-members/no ability to
determine trends

« Does not capture bulk of
Caribbean Through-Flow
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f Water Depth
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s 100-1000m

[ W 10004+m
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Profile Statistics
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Leveraging glider data + all other T/S
profiles in the Caribbean Through-Flow

o 2020

27°N g strats [0 Comprehensive

24°N RN 2000 Water Mass

S1enl 5 e N < Analysis

1990 =

18°N %

L5oN 19808 EN4 Database

e >28,000 profiles
& P : 1970

o a 1960

90°W 85°W 80°W 75°W 70°W 65°W  60°W
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Observations of water mass changes

Warming
~0.2°C decade-!

Surface
freshening
~0.13 g kg
decade-!

Subsurface
salinification
~0.05 g kg!
decade-1

Surface density
reduction
~0.17 kg m-3

Increased
stratification
20x global trends

T ———
B »r L\ 34 e Y |

Depth [m]
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2010 2020 1960 1970 1980 1990 2000 2010 2020
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35.5 36.0 36.5
Absolute Salinity [g kg™!]

Implications for:

1. Sea-level rise

2. Tropical cyclone activity
3. Biodiversity

4. Downstream water
mass formation
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1201 Trend: 4.7 k| cm~2 per Decade

Tropical Cyclone Heat Potential:
Q = pCyATAz

100 1

>60 kJ cm-2
threshold for intensification

Tropical Cyclone H¢at Potential [k] cm~2]

1960 1970 1980 1990 2000 2010 2020
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temperature/heat transports (PW)

With mass balanced: net heat transport
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Gulf stream
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Basin-wide

mass balance at 21.5°N
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Basin-wide mass balance at 21.5°N
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Basin-wide mass balance at 21.5°N
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With mass balanced: Yucatan Straits
transport 1960-2023

Heat Transport: IJ pc,v0 dx dz
Salt Transport: [JvS dx dz
\ )
v
Freshwater Transport: —é(FS —ST)
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With mass balanced: Yucatan Straits
transport 1960-2023

Heat Transport: increase of ~0.07 + 0.05 PW
Salt Transport: increase of ~1.46 + 2.6 x 10° kg s'!

Freshwater Transport: decrease of ~0.025 Sv

Chapter 2 Gradone et al. In Review: Nature Comms. Earth & Environ.
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North Atlantic Subtropical Mode Waters
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20

Formed by heat loss of ~0.096 PW
Kwon & Riser (2004)

CTF heat transport increase of ~0.07 + 0.05 PW
~70%

Quantitative support of impact on
downstream water mass formation
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AMOC stability investigated with freshwater hosing

experiments
A AMOC perturbation from N. salinity change

o

AMOC perturbation, Sv

Total hosing, Sv yrs

0.5 Sv slowdown in AMOC strength for every
0.01 Sv of freshwater added at 0.001 Sv/year

CTF freshwater transport trend -0.004 Sv/decade

Py

Big Question: Salinification as a stabilizing feedback =

Chapter 2
apter (Haskins et al. 2019; Hu et al. 2023)



Changes in Caribbean Through-Flow water mass

properties are impacting water masses formed in the
North Atlantic Subtropical Gyre

‘ - . T 5 2
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Downward Spiraling Nature of the North
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Connecting the subtropical gyre and the AMOC

70% northward flowing
AMOC upper-limb must
recirculate in the gyre
at least once

Straits f

Florida BAPID 2651 N

Subsurface connection
between the subtropical
and subpolar gyre

‘ B

Chapter 2
P Tooth et al. (2024)
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« Sea level
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Spatial and Temporal Variability in Caribbean
Through-Flow Water Mass Structure
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Heat/salt flux of the Caribbean Through-Flow largely
determined by its role as location where water masses
from the North & South Atlantic mix

w
o

® Glider Data
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The Caribbean’s role as a bottleneck for North and South
Atlantic water masses motivates two research questions:

1. How does water mass structure vary temporally and
spatially in the CTF?

2. Does this variability impact the transport of heat, salt, and
freshwater in the CTF?

Chapter 3
Gradone et al. In Prep



The Caribbean’s role as a bottleneck for North and South
Atlantic water masses motivates two research questions:

% and

2. Does this variability impact the transport of heat, salt, and
freshwater in the CTF?

1. How does water mass structure vary
spatially in the CTF?

Chapter 3
Gradone et al. In Prep



Copernicus Marine 1/12° GLORYS Reanalysis
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GLORYS Model EN4 Observations

Spatial Variability:

- Subsurface warming and salinification —

« Surface salinification —

. Deepening and “rounding” of e SO S
subsurface salinity maximum

. Deepening of isopycnals

1023 1024 1025 1026 1027 1028 1023 1024 1025 1026 1027 1028
Potential Density (kg m~] Potential Density [kg m~3]
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General agreement
between GLORYS
and observations

Slight differences in
Western Caribbean
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Why does this matter?
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Basin-wide mass balance at 21.5°N
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How does heat, salt, and freshwater transport change by
using "unmodified” CTF water mass structure?

0 0 0
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E
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% 400 4 400 -~ 400 A
a
500 A 500 A 500 +
600 A 600 A 600 +
700 + 700 ~ 700 A — Y catan
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True net
transport
(YS+21.5°N)
Net transport
(RAPID)
Heat 1.19+0.13
[PW] 1.2 +0.122
Salt 8.85 + 52.0
[Sv] 15.1 + 1.0¢
Freshwater | 0-24 £ 0.077
[Sv] -1.17 +0.20°

aJohns et al. (2011), PMcDonagh et al. (2015), °Li et al. (2021)
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True net
transport Eastern
(YS+21.5°N) Caribbean
(unmodified)
Net transport net transport
(RAPID)
1.19 + 0.13 1.07 + 0.13
Heat
[PW] 1.2 +0.12
Salt 8.85 + 52.0 3.20 £ 51.7
[Sv] 15.1 + 1.0¢
Freshwater -0.24 + 0.077 | -0.083 + 0.054
[Sv] “1.17 + 0.200

aJohns et al. (2011), PMcDonagh et al. (2015), °Li et al. (2021)
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True net
transport Eastern
(YS+21.5°N) Caribbean %0 change in net transport
(unmodified) |(true vs eastern Caribbean)
Net transport net transport
(RAPID)
1.19 + 0.13 1.07 + 0.13 -10%
Heat
[PW] 1.2 +0.12
- o
Salt 8.85 + 52.0 3.20 £ 51.7 64%
[Sv] 15.1 + 1.0¢
- - o
Freshwater 0.24 + 0.077 | -0.083 + 0.054 65%
[Sv] ~1.17 + 0.200

Representation of water mass modification processes is important!

aJohns et al. (2011), PMcDonagh et al. (2015), °Li et al. (2021)
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Representation of water mass modification processes is important!

Impacts:

1. Downstream water mass formation

Heat lost by the ocean to the atmosphere during winter formation of
North Atlantic Subtropical Mode Water is ~0.096 PW (Kwon & Riser, 2004)

CTF heat transport from true Yucatan Straits vs. unmodified, eastern
Caribbean mean temperature profile is reduced by ~0.12 PW

Chapter 3
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Representation of water mass modification processes is important!

Impacts:

2. Basin-wide circulation stability

Freshwater hosing experiments show a 0.5 Sv slowdown in AMOC strength
for every 0.01 Sv of freshwater added (Hu et al. 2023)

CTF freshwater transport from true Yucatan Straits vs. unmodified, eastern
Caribbean mean salinity profile is increased 0.157 Sv
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Summary

GLORYS 1993-2023 Mean 16.75°N
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1. Improving methods for measuring island passage transport

2. Caribbean Through-Flow
1. Water mass transport pathways
2. Changes in water mass properties
3. Water mass variability and modification




Next Step: Postdoc!
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