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1. Introduction: The Atlantic Overturning Conveyor and Thermohaline
Stability

The Atlantic Meridional Overturning Circulation (AMOC) transports ~17 Sverdrups (17
million m3 s 1) of water and 1.2 petawatts of heat poleward, moderating Northwestern
Europe's climate.[1][2] Driven by western intensification and the Coriolis effect,

the Gulf Stream carries warm, saline water northward to Cape Hatteras before
becoming the North Atlantic Current.[3] In physical oceanography, as this surface

flow releases latent and sensible heat to the subpolar atmosphere, evaporative

cooling raises its salinity and density until it sinks via deep winter convection in

the Labrador, Irminger, and Nordic Seas as southward-flowing North Atlantic Deep
Water.[5][6]

Anthropogenic climate change is disrupting this thermohaline circulation through
surface warming and meltwater runoff from the Greenland I ce Sheet.[2] Under the
rotated thermal wind balance -- which links overturning transport to the
twice-vertically-integrated meridional density gradient between the North and South
Atlantic -- freshwater hosing suppresses subpolar convection and initiates a
self-amplifying salt-advection feedback.[15][16][20] While interannual shiftsin the
Gulf Stream's North Wall reflect the North Atlantic Oscillation and Atlantic
Meridional Mode via Ekman transport suction, a March 2026 study shows that abrupt
northward jumpsin the Gulf Stream's path near Cape Hatteras serve as a direct
kinematic precursor to AMOC collapse.[13][14][22]

2. The 2026 Gulf Stream Precursor Study vs. Diverging 21st-Century
Projections

In March 2026, Ren van Westen and Henk Dijkstra (Utrecht University) simulated a
complete AMOC collapse in a4,400-year Community Earth System Model integration at
0.1 deg ocean/seaice resolution.[10][13] They identified a two-stage kinematic
precursor near Cape Hatteras: (1) a 392-year gradua northward drift of 133 km as

the deep return flow weakens, followed by (2) an abrupt 219 km (136-mile) northward
jump completed in just two years -- occurring exactly 25 years before total AMOC
collapse.[13][14] Satellite altimetry (1993-2024, p < 0.05) and subsurface

temperature profiles (since 1965, p < 0.01) already confirm a~50 km northward Gulf
Stream shift near Cape Hatteras.[14]

Broader 21st-century projections remain divided. Analyzing extended
Intergovernmental Panel on Climate Change CMIP6 simulations, Sybren Drijfhout et al.
(2025) projected that subpolar convection crosses a tipping point within 10-20

years, driving post-2100 AMOC shutdown in 70% of high-emission runs, 37% of
intermediate runs, and 25% of low-emission Paris Agreement scenarios -- aligning
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with Peter Ditlevsen's (2023) statistical collapse estimate around 2050 (2025-2095
CI).[7][8][21] Conversely, David Bonan et a. (2025) in Nature Geoscience showed
that models projecting rapid collapse exaggerate modern overturning depth;
constraining models with 20 years of observed density stratification yields a
moderate 18-43% decline by 2100, indicating greater thermodynamic resilience to
current greenhouse gas forcing.[12][26][ 28]

| Study & Year || Methodology | | Stability Conclusion | | Projected Timeline &
Magnitude |

| Ditlevsen (2023) | | Statistical early-warning signals[8] | | Systemic tipping
under current emissions | | ~2050 (95% CI: 2025-2095) [8] |

| Bonan et al. (2025) | | Stratification-constrained modeling [26] | | Limited
decline; no 21st-century collapse | | 18%-43% reduction by 2100 [26] |

| Drijfhout et al. (2025) | | Multi-century CMIP6 projections [7] | | Subpolar
deep-convection collapse | | Tipping ~2035-2045; shutdown post-2100 [7][21] |

| van Westen & Dijkstra (2026) | | 0.1 deg coupled CESM freshwater hosing [13] | |
Boundary-current jump precedes collapse | | 219 km Gulf Stream jump 25 yrs
pre-collapse [13] |

3. Observational Arrays and Paleoclimate Tipping Analogues

While North Atlantic mooring arrays -- RAPID-MOCHA at 26.5 deg N (since 2004) and
OSNAP at ~60 deg N -- track trans-basin fluxes and deep freshening, strong
wind-driven noise and topographic biases (such as unmodeled 2015 Iceland Basin heat
transport peaks) obscure secular trends.[29][34][36] Oceanographers therefore
increasingly prioritize the low-noise South Atlantic viathe SAMBA array (34.5 deg

S) and mooringsin the North Brazil Undercurrent (5 deg S-11 deg S, power densities
>1,000 W m 2), which 22,000-year paleoclimate analyses identify as the

highest-fidelity bottleneck sensor for upper-limb mass transport.[30][35][37]

In paleoclimatology, the Y ounger Dryas (~12,900-11,600 years ago) -- triggered when
Meltwater Pulse 1A from retreating ice sheets halted overturning after the B
[ling-Aller d interstadial -- and 25 millennial Dansgaard-Oeschger sawtooth cycles
recorded in oxygen-isotope archives confirm that AMOC is one of the primary tipping
points in the climate system, amplified by Irminger basin freshening and the
ice-albedo feedback.[6][40][41][43][47]

4. Socioeconomic Impacts and Geoengineering Countermeasures

An AMOC collapse would cool the UK and Scandinavia by 3-7 deg C, intensify European
winter storms, displace the Intertropical Convergence Zone southward (disrupting

West African, Indian, and South American monsoons), and amplify El Ni o-Southern
Oscillation variance.[6][8][50] Across Europe, reduced maritime evaporation paired

with higher warming-driven potential evapotranspiration would slash summer water

bal ances, cutting British arable land from 32% to 7% (requiring 70-150 mm of

irrigation across >54% of grid cells and costing UK agriculture 346 million
annually).[51][52][53] Simultaneously, loss of the geostrophic Gulf Stream slope

would drive ~50 cm of dynamic sea-level rise dong the U.S. East Coast --

compounding a 30 cm baseline coastal datum underestimate across 90% of hazard
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studies and threatening New Y ork City transit tunnels and power
infrastructure.[21][57][58][61]

Modeled stabilization countermeasures under the London Protocol framework include
solar radiation management (stratospheric sulfate aerosols, marine cloud

brightening, and solar dimming) and localized cryospheric engineering -- such as
seabed-anchored glacial sea curtains to block warm deep water from melting Greenland
ice shelves and reflective microbead sea-ice thickening.[63][64][65]

| Region / Intervention | | Physical Mechanism | | Projected Consequence or
Stabilization Efficacy |

| Northwestern Europe (UK) | | 3-7 deg C cooling; drop in precipitation minus
evapotranspiration | | UK arable land drops from 32% to 7%; 346M/yr farm output
loss[52][53] |

| U.S. East Coast | | Loss of Coriolis geostrophic sea-surface slope | | ~50 cm
dynamic surge compounding 30 cm coastal baseline bias.[21][57] |

| Geoengineering | | Stratospheric aerosols, cloud brightening, glacial sea curtains
| | Cools surface or blocks basal ice-shelf melt to preserve deep
convection.[64][65] |

5. Conclusion: Early Warning Before the Tipping Horizon

Whether AMOC experiences a constrained 18-43% 21st-century decline or crosses a
subpolar convective tipping point toward post-2100 shutdown, the identification of a
219 km Gulf Stream jump 25 years prior to collapse provides an actionable kinematic
early warning signal. Combining boundary-current altimetry near Cape Hatteras with
low-noise South Atlantic monitoring in the North Brazil Undercurrent -- alongside
rapid decarbonization -- is vital to protecting global hydroclimate and agricultural
stability.
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