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transport



Why is the AMOC important?

Motivation

Heat Transport:
~25% of the northern 
hemisphere’s northward 
atmospheric-ocean heat 
transport

Schmitt (2018)



Why is the AMOC important?

Motivation

Heat Transport:
Ocean heat transport is 
always positive in the 
Atlantic!

Forget and Ferreira (2019)



Why is the AMOC important?

Motivation

Forget and Ferreira (2019)Claudine Hellmuth/POLITICO (graphic); iStock (images)

14 MW
Equivalent to ~90 million of 

world’s largest wind turbines1 𝑊𝑎𝑡𝑡 = 1
𝐽𝑜𝑢𝑙𝑒

𝑠𝑒𝑐𝑜𝑛𝑑
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Climate



Motivation

Why is heat transport important?

Sea Level 
Rise

https://climateyou.org/



Motivation

Why is heat transport important?

Marine 
Ecosystems

Changes in water mass 
pathways impact 

regional and global 
nutrient delivery

WOCE Atlas V.3



Why the Caribbean?
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Start of the upper 
limb of the AMOC
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Caribbean Current



Motivation

Caribbean Through-Flow is a chokepoint for
both AMOC return flow and subtropical gyre recirculation



Motivation

Significant changes are occurring in the
North Atlantic Subtropical Gyre



Motivation

Questions around and recent showing a 
slowdown/collapse in the AMOC
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Why the Caribbean?

Motivation

• Chokepoint for 
major Atlantic 

circulations

• Significant changes 

and uncertainty 
surrounding 

Atlantic-wide 
circulation 



Wilson and Johns, 1997; Johns et al. 2002
Observations: 1991-2001

Caribbean Through-Flow is significantly 
under-sampled!

Kirchner et al. 2008
Observations: 2002 & 2005

Motivation



~20 years

No transport observations in the Caribbean Through-Flow in 20 years

Motivation
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Gradone et al. (2023)



4
glider deployments

>2700
kilometers sampled

>130
days at sea

Chapter 1
Gradone et al. (2023)
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𝑼𝒂𝒅𝒄𝒑 =  𝑼𝒐𝒄𝒆𝒂𝒏 + 𝑼𝒄𝒕𝒅 + 𝑼𝒏𝒐𝒊𝒔𝒆

Visbeck (2002)
Least Squares Linear Inversion

Gradone et al. (2023)
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𝑼𝒂𝒅𝒄𝒑 =  𝑼𝒐𝒄𝒆𝒂𝒏 + 𝑼𝒄𝒕𝒅 + 𝑼𝒏𝒐𝒊𝒔𝒆

𝑼𝒂𝒅𝒄𝒑 =  𝑼𝒐𝒄𝒆𝒂𝒏 + 𝑼𝒈𝒍𝒊𝒅𝒆𝒓 + 𝑼𝒏𝒐𝒊𝒔𝒆

Todd et al. 2011, 2017; Miles et al. 2015, 2017;
Gradone et al. 2021, 2023; and many others

Adapting for use on gliders:
Constrain solution using glider depth averaged velocity



Chapter 1

Open-Source Code.

https://github.com/JGradone/Slocum-AD2CP

Glider and 

sensor agnostic 

processing 
package

Gradone et al. (2023)

https://github.com/JGradone/Slocum-AD2CP
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Subset these tracks to just passage “crossings”

Gradone et al. (2023)
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Oct-2020 Mar-2022

Number of 
Transects

15 6

Current 
Profiler

Nortek 
AD2CP

TRDI 
Pathfinder

Gradone et al. (2023)
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Calculating 
Transport

Integrate velocity horizontally 
and vertically across passage 
per transect

Gradone et al. (2023)



Chapter 1
(Johns et al. 2002; Gradone et al. 2023)

1 Sverdrup (Sv) = 1,000,000 m3 s-1



AMOC balance conundrum:

Chapter 1

Florida Current: 

~31 Sv

Schmitz and Richardson, 1991



AMOC balance conundrum:

Chapter 1

AMOC Strength: ~17 Sv

Cross-Equatorial MOC 
return flow

Schmitz and Richardson, 1991

Florida Current: 

~31 Sv



Chapter 1 (Schmitz and Richardson, 1991;
Wilson and Johns, 1997; Rhein et al. 2005)

???
Caribbean

Cross-Equatorial

Box Model
(17 Sv out)

- (11 Sv in)

6 Sv remaining



AMOC balance conundrum:

Chapter 1

Anegada Passage has been suggested as a potential alternate pathway

(Schmitz and Richardson, 1991;
Wilson and Johns, 1997; Rhein et al. 2005)
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Determining Water Masses Origin

Isopycnal Water 
Mass Analysis

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



Chapter 1

South Atlantic Water 
Transport

• Transport of SAW through AP 
(1.66 Sv) is larger than 
previously estimated (0 to 
minimal Sv)

• 35% of the total AP transport

• 28% of the SAW transport 
entering Caribbean north of 
the Windward Island 
Passages

Gradone et al. (2023)



Chapter 1 (Schmitz and Richardson, 1991; Wilson and Johns, 1997; 
Rhein et al. 2005; Gradone et al. 2023)

???
Caribbean

Cross-Equatorial

Box Model
(17 Sv out)

- (11 Sv in)

6 Sv remaining

Anegada Passage = ~1.66 Sv



Oct-2020 Mar-2022
Number of 
Transects 15 6

ADCP Derived 
Transport

-2.27 ± 0.66 
Sv -2.47 ± 0.8 Sv

Chapter 1
Gradone et al. (2023)



Oct-2020 Jul-2021 Sep-2021 Mar-2022
Number of 
Transects 15 1 1 6

ADCP Derived 
Transport

-2.27 ± 0.66 
Sv -4.36 Sv -5.02 Sv -2.47 ± 0.8 

Sv

Chapter 1
Gradone et al. (2023)
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Warming and salinity changes of the upper 
ocean Caribbean Through-Flow since 1960

Chapter 2

Chapter 2
Gradone et al. In Review: Nature Comms. Earth & Environ.



Why is the AMOC important?

Chapter 2

Heat Transport:
~25% of the northern 
hemisphere’s northward 
atmospheric-ocean heat 
transport at 26.5°N



Chapter 2

Caribbean Through-Flow is a chokepoint for
both AMOC return flow and subtropical gyre recirculation



Chapter 2

Heat/salt flux of the Caribbean through-flow largely 

determined by its role as location where water masses 

from the North & South Atlantic mix

Generally

North Atlantic:
Warmer and Saltier

South Atlantic:
Colder and Fresher



Glider observations in passages spanning north to 
south, a large gradient in water mass properties

(Zhang et al. 2003)
Chapter 2



Dominica Passage

Anegada Passage

St. Lucia Passage

St. Vincent Passage

Glider observations in 
passages spanning north to 
south, a large gradient in 

water mass properties

Chapter 2
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Windward Passages Deployments (2023)
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Leak!

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



Chapter 2

Windward Passages Deployments (2023)



Dominica Passage

Anegada Passage

St. Lucia Passage

St. Vincent Passage

Glider observations in 
passages spanning north to 
south, a large gradient in 

water mass properties

Chapter 2



Windward Island Passage 

Monitoring Program

(WIPP)
1991-2001

Chapter 2



Glider (2020-2023)

versus

Windward Island Passage Monitoring 
Program
(WIPP)

(1991-2001)

Observations of Change

Chapter 2
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Upper ocean warming

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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+
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Leveraging glider data + all other T/S 
profiles in the Caribbean Through-Flow

EN4 Database

>28,000 profiles

Gradone et al. In Review: Nature Comms. Earth & Environ.

Comprehensive 

Water Mass 

Analysis



Chapter 2
Gradone et al. In Review: Nature Comms. Earth & Environ.

Observations of water mass changes

1. Warming

~0.2°C decade-1

2. Surface 

freshening
~0.13 g kg-1 

decade-1

3. Subsurface 

salinification
~0.05 g kg-1 

decade-1

4. Surface density 

reduction
~0.17 kg m-3

5. Increased 

stratification

20x global trends
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Gradone et al. In Review: Nature Comms. Earth & Environ.

Implications for:

1. Sea-level rise

2. Tropical cyclone activity

3. Biodiversity

4. Downstream water 

mass formation
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Gradone et al. In Review: Nature Comms. Earth & Environ.

Tropical Cyclone Heat Potential:
𝑄 = 𝜌𝐶𝑝∆𝑇∆𝑧

Potential Energy Anomaly:

𝜑 =
1

𝐻
න

−𝐻

0

ҧ𝜌 − 𝜌 𝑔𝑧 𝑑𝑧

Caribbean is 20x more stable than 
globally averaged trends

>60 kJ cm-2

threshold for intensification



Chapter 2
Johns et al. (2023)

With mass balanced: net heat transport

Total = (Gulf Stream + Ekman) - (Mid-ocean)

1.2 PW
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Gradone et al. In Review: Nature Comms. Earth & Environ.

Basin-wide mass balance at 21.5ºN

Copernicus Marine
GLORYS Reanalysis

1993-2023
10-day
1/12º
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Gradone et al. In Review: Nature Comms. Earth & Environ.

Basin-wide mass balance at 21.5ºN

Yucatan Straits 
hydrographic data 
from water mass 
analysis dataset
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Gradone et al. In Review: Nature Comms. Earth & Environ.

Basin-wide mass balance at 21.5ºN

Atlantic interior hydrographic 
data from EN4 database
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Gradone et al. In Review: Nature Comms. Earth & Environ.

With mass balanced: Yucatan Straits 
transport 1960-2023

Heat Transport:                 𝜌𝑐𝑝𝑣𝜃 𝑑𝑥 𝑑𝑧

Salt Transport:                   𝑣𝑆 𝑑𝑥 𝑑𝑧

Freshwater Transport:      −
1

ҧ𝑠
(𝐹𝑆 − ҧ𝑠 𝑇) 



Chapter 2
Gradone et al. In Review: Nature Comms. Earth & Environ.

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 106 kg s-1

Freshwater Transport: decrease of ~0.025 Sv
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North Atlantic Subtropical Mode Waters 

Stevens et al. (2020)

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



AMOC stability investigated with freshwater hosing 
experiments

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

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

Big Question: Salinification as a stabilizing feedback?



Chapter 2

Changes in Caribbean Through-Flow water mass 
properties are impacting water masses formed in the 

North Atlantic Subtropical Gyre



Chapter 2
Berglund et al. (2022)

Downward Spiraling Nature of the North 
Atlantic Subtropical Gyre

Largely 
cooling 

driven



Chapter 2
Tooth et al. (2024)

Connecting the subtropical gyre and the AMOC

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

Subsurface connection 
between the subtropical 
and subpolar gyre
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Chapter 3
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

Generally

North Atlantic:
Warmer and Saltier

South Atlantic:
Colder and Fresher
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Gradone et al. In Prep
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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? 

Gradone et al. In Prep

X
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Copernicus Marine 1/12º GLORYS Reanalysis

Captures mesoscale variability in velocity fields ✓



Chapter 3
Gradone et al. In Prep

Eastern CaribbeanCentral CaribbeanWestern Caribbean
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Spatial Variability:

• Surface salinification

• Deepening and “rounding” of 
subsurface salinity maximum

• Subsurface warming and salinification

• Deepening of isopycnals
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General agreement 
between GLORYS 
and observations

Slight differences in 
Western Caribbean
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Westward modification 
of water mass structure
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Westward modification 
of water mass structure
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“West-East” on depth levels
Significant modification in water 

mass properties/structure
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Why does this matter?
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Basin-wide mass balance at 21.5ºN

Gradone et al. In Prep
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How does heat, salt, and freshwater transport change by 
using “unmodified” CTF water mass structure?
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True net 
transport

(YS+21.5N)

Net transport 
(RAPID)

Eastern 
Caribbean 

(unmodified) 
net transport

% change in net transport
(true vs eastern Caribbean)

Heat
[PW]

1.19  0.13

1.2  0.12a

1.07  0.13 -10%

Salt
[Sv]

8.85 ± 52.0

15.1  1.0c

3.20 ± 51.7 -64%

Freshwater
[Sv]

-0.24 ± 0.077

-1.17  0.20b

-0.083 ± 0.054 65%

aJohns et al. (2011), bMcDonagh et al. (2015), cLi et al. (2021)
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True net 
transport

(YS+21.5N)

Net transport 
(RAPID)

Eastern 
Caribbean 

(unmodified) 
net transport

% change in net transport
(true vs eastern Caribbean)

Heat
[PW]

1.19  0.13

1.2  0.12a

1.07  0.13 -10%

Salt
[Sv]

8.85 ± 52.0

15.1  1.0c

3.20 ± 51.7 -64%

Freshwater
[Sv]

-0.24 ± 0.077

-1.17  0.20b

-0.083 ± 0.054 65%

aJohns et al. (2011), bMcDonagh et al. (2015), cLi et al. (2021)
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True net 
transport

(YS+21.5N)

Net transport 
(RAPID)

Eastern 
Caribbean 

(unmodified) 
net transport

% change in net transport
(true vs eastern Caribbean)

Heat
[PW]

1.19  0.13

1.2  0.12a

1.07  0.13 -10%

Salt
[Sv]

8.85 ± 52.0

15.1  1.0c

3.20 ± 51.7 -64%

Freshwater
[Sv]

-0.24 ± 0.077

-1.17  0.20b

-0.083 ± 0.054 65%

aJohns et al. (2011), bMcDonagh et al. (2015), cLi et al. (2021)

Representation of water mass modification processes is important!
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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
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Gradone et al. In Prep

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



Summary

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!

OCE-PO
“Caribbean through-flow water 
mass transformation processes”

Targeted glider 
deployments 
and modeling 
experiments
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2. Caribbean Through-Flow

1. Water mass transport pathways
2. Changes in water mass properties
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