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500+300 Years

1. Natural Centennial-Millennial oscillation in climate system?

WRSIBERERBEEEF-TERE S A FS?

2. Connection to the evolution of human civilization?

EMIRZS ARARURERRR?
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Background: Stable Holocene Climate
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Background: Timescales of Climate Variabilities

Spectrum of Earth’s Climate Variability
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1. Motivation
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Earlier in 2013, we confused ...
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Sea lce 9 AMOC ?

Excellent correlation, but causality?
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Confused ...So in 2018, We decided to decipher this mystery!
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2. Observations and Modeling Results
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Observation: Multicentennial Variability in Holocene

Holocene Proxy: Locations and timescale represented

Cyclicity in Holocene proxy records
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Thomas Gravgaard Askeer et al., 2022: Multi-centennial Holocene Climate Variability in Proxy Records and
Transient Model Simulations, QSR, 296 107801.
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Observation: Multicentennial Variability in Holocene

All Records
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Thomas Gravgaard Askeer et al., 2022: Multi-centennial Holocene Climate Variability in Proxy Records and Transient Model Simulations, QSR, submitted.
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Multicentennial Variability in Proxy and Coupled Models

Transient Holocene simulations
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Centennial Variability: 200-300 (?) Years
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Centennial Variability in Proxy Data
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Centennial Variability in Proxy Data
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Documentary records in China: 200-300 Years

Chinese Scientists’ contribution: Temperature evolution in eastern China

in wintertime of the past 2000 years
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MBE=ZE, 2010; BLHSE, 2014
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Documentary records in China: 200-300 or 600 (?) Years

Warm and Cold period during the past 5000 years in
the evolution of civilization over greater China
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Centennial-Millennial Variability: Human Civilization (?)
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500+300 Years

1. Natural Centennial-Millennial oscillation in climate system?

WIKSIXRRGREFEAF-TFEREEARZ? (Yes!)

!

What component of the Earth’s climate system can provide

multicentennial timescale ?
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Great Conveyor Belt: Thousands' Years

==  Surface flow © Wind-driven upwelling L Labrador Sea

=== Deep flow () Mixing-driven upwelling N Nordic Seas

=== Bottom flow i Salinity > 36 %o W  Weddell Sea
©  Deep Water Formation Salinity < 34 %o R Ross Sea

Advection timescale: Thousands’ years
=»=» Timescale for multicentennial variability
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AMO: 60-80 Years

Tons of studies on decadal (

yr) & multi-decadal (

yr) variabilities

No direct evidences of multicentennial variability

06 [ | [ | [ [ | [ |
5 5
Z 83
@ 01(1) -
£ 01-
O -0.2 -
< 0.3 -
< -0.4 4
0.5 -
-0.6 +——7——1—

186018701880 1890 190019101920 1930 1940 1950 1960 1970 1980 1990200020102020

Year

Kaplan SST (Kaplan et al., 1998; Drinkwater et al., 2014)
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Centennial Oscillation in EC-Earth3 Model

2000 Years period Pl control experiment
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Zhang et al. (2021)
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Exists also in Other Models ...

black: AMOC

s An example of topic of possibly broader
interest: Oscillations in Pl EC-Earth simulations
- Salinity anomaly
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< ’ T ;L ' - Abetter understanding of mechanisms associated with AMOC decrease
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Jost von Hardenberg (2021) Personal communication
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Exists also in Other Models

AMOC oscillations in the coupled PlaSim-LSG EMIC
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500+300 Years

1. Natural Centennial-Millennial oscillation in climate system?

WIKSIXRRGREFEAF-TFEREEARZ? (Yes!)

-
2. Coupled Model: AMOC has multicentennial variability

= Climate system

v
Why and How? Theory needed!
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3. Theory, Simple Model: Previously
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2-Box Model and Multi-Equilibrium

Thermohaline Convection with Two Stable Regimes of Flow
By HENRY STOMMEL, Pierce Hall, Harvard University, Massachusetts
{Manuscript received January 21, 1961)

Abstract

Free convection between two interconnected reservoirs, due to density differences main-
tained bv heat and salt transfer to the reservoirs, is shown to occur sometimes in two different
stable regimes, and may possibly be analogous to certain features of the oseanic circulation.
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Energy Source: Ocean Convection
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 Self-sustained oscillation with

increasing vertical turbulent mixing

Pierre Welander (1982), A simple heat-salt oscillator. Dyn. Atmos. Oceans.
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3-Box Model and Multi-Equilibrium
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Claes Rooth (1982) L ¥ ] X
< . 2D Model and 2-, 3-Box Model

Ty S T2 S T3 33 Olivier Thual & James C.
9, 9, Mcwilliams (1992)

Pierre Welander (1986)

Climate transition between different stable regimes, with global and centennial-millennium timescale
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Energy Source: Atmosphere Perturbation

Circulation anomalky
e e

€: Damped Oscillation N
Mode .u..:. _

& o0

Circulation under random

« 2-Box: Interdecadal variability of THC

* Linear interpretation

 Excited by atmospheric random forcing
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Energy Source: Ocean Advection Feedback

qJS o - ‘I)J\f
L4 I -

A :
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"" ,‘:( g
2 2 207 1 f
P warm, ] g cold, /
L very salty 1} salty /
South North

Pole = Pole

Fi1G. 1. Rooth’s conceptual three-box model of thermohaline circulation, showing equilibrium
conditions for Northern Hemisphere sinking. The separation between high- and low-latitude boxes
is assumed to occur near the peak in atmospheric transports due to baroclinic eddy fluxes, ie.

about 35° latitude.
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Tirme fmare 3]

Time (years)

3-Box model with asymmetrical freshwater forcing / Stability of the equilibrium

Periodic oscillation with constant Temperature / Collapse under some parameters

Jeffery Scott, Jochem Marotzke and Peter Stone (1999): Interhemispheric thermohaline circulation in a coupled box
model. JPO.
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Single Equilibrium: Self-Sustained Oscillation

Self-sustained oscillation with nonlinear close condition

atmosphere

Fo_
6. FTT 85 g
i A
land Pl T3 land
T 5, T. u_e_)
U .
I
T‘w : z Sz TIZ
T S, <_i_u
Fa. ocean N.P.

F1G. 1. The box model geome

Ty

3-Box coupled model

Nonlinear Function

1.0F

-1.0c

T T T PR
.

-02 0.1 00 .01 O

App: 105

w=u+u =u+ Hu, ApHAp, (2)
where
. - |k
foas k(H - 1) + 1| ifx>x,
x X,
HCx)y =4 C ifx, =x=x_
. . |1k
e k(H = 1) + 1| ifx <
X X_

(3

___ Ocean Circulation Anomaly

Time {years)

Rivin & Tziperman (1997): Linear versus self-sustained interdecadal thermohaline variability in a coupled box model. JPO
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Multi-Equilibrium: Forced Regime Shift

Stommel 2-Box model, no intrinsic variability, stochastic forced variability

rF(t)IZ l l F(t)/2 l
Qlap)/2
Ty=02 Ty=—62
Sy Sy
Q(apy2

ul

10

1o°:

INTTTT

[RETTT ] piond 1oy
10 10 W0 1

4}

Middle: Multi-equilibrium and forced oscillation; Right: Power spectrum

Paola Cessi (1994), A simple box model of stochastically forced thermohaline flow. JPO
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Single Equilibrium: Forced Oscillation

Atmosphere Lorenz model and Ocean 3-Box model
Coupled , Uncoupled

8.2
Lorenz (1984, 1990) introduced a low-order = a i
atmospheric “general circulation” model, defined 8.1 w1
by three ordinary differential equations: = 2 .
S =
s ] S
dx E =
= _ Y- Z’_aX+aF, (1) Sre B |
dt o [} |
| =
2 L E=rX
d Y E 7.8 =
—=XY—-bXZ-Y+G, (2) 2 5
dr 5 7.7 277
=
dz 7.6
ZLobxv+xz-Z (3) !
735 SO0 1000 1500 2000 32500 3000 3500 4000 4500 5000 % 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Year Year
Tal EZ 10000
Qs ? Qs k 1o
L S |
1 I T : ' ' 1000 oo B
| ! L) 800 m = . =
} ‘q Iq .;é 5_ % z 40 - 60 yrs —|
aee Troo: =
;g;_ r%_ b-26-33 yrs o
10 10
4000 m ! 25 S50 75 100 125 150 175 200 235 250 ! 35 == T00 13s 150 75 o0 235
70°N 45°N EQ Cycles per 5000 yecars Cycles per 5000 years

Paul Roebber (1995), Climate variability in a low-order coupled atmosphere-ocean model. Tellus-A

n
(=
O
>
Z
c
Z
<
ul
A
a

o= B UG 2t R 2 2 B 2 R 22t , 2023.02.27 33




3-Box Model for Bond Cycle

A 3-Box with only Salinity considered, internal Millennial oscillation

North Atlantic o L A
Low~Mid latitudes High latitudes 100
EQe— X>0 Yi() - NP g 80
surface £ 60
| | E 40
v x ! < 20
Diffusion Diffusion Y Diffusion o L* e
0 10 20 30 40 50 60 ?0 80 90100
L i I Time
(c)
120 } S
100 {
Tran:lipomla (v) z P 80 i TINAEIT
- = | NHEATH |
Difhilsion Dif{u;sion Diﬂlusion -5 a0 | .‘ o 1
bottom 20 I *'”'.| |“| || gt
0 N 2& 40 ,,8"@@/
0 10 20 30 40 50 60 70 80 90100 B0-8010er
Time

Bifurcation: from a stable solution to an unsteady bounded oscillation

Sakai & Peltier (1999), A dynamical systems model of the Dansgaard-Oeschger oscillation and the origin of the
bond cycle. JC
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Fi1G. 1. Schematic picture of the interhemispheric box model.
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B UG 2t R 2 2 B 2 R 22t , 2023.02.27

Thermohaline Circulation Stability: Regime Shift

3-Box model, hysteresis behavior under freshwater forcing

~

— 2FsF =0
== aF {aF =01
== AFyinF =02
s aF JnF =03
@ Initial adquilibium stats

o 1

Lucarini & Stone (2005), Thermohaline circulation stability: a box model study. Part I: uncoupled model. JC
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Thermohaline Circulation Centennial Oscillation

2-D with random forcing, 200-300 years oscillation

a) BASIN | MAX STREAMFUNCTION

JIBBE B3 (rTTYTYTTTYY T IT TV

- 227 yr .
J149E 83 [~ | -

L112E @3

SeeCTIN i3 d) t, + 180 yr
T T T 1T T R

.745E 02

S I
,373E @2

|
T

-3Re

AG0E @a TR S T S 2 0 N [ O T 0 0 0 . A
0.08 ©.42 0.8¢ 1.2¢ 1.62 2.G0
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T PR i L Pirarai

-68 48 -16 16 I ae
Fig. 3a-e. Streamfunction contours at 60-yr intervals which span the 240-yr oscillation EE' in Fig. 2. a 1=6830yr=1,; b 1,460 yr;
e+ 120 y1; d 5+ 180 yr, and e ;+ 240 yr (end of oscillation)

Period: 200-300 years of AMOC, Salinity advection feedback

Mysak et al., Climate Dynamics, 1993: Century-scale variability in a randomly forced, 2-D thermohaline ocean
circulation model.
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Energy Source: Ocean Convection

3-D OGCM with freshwater forcing, centennial-millennial oscillation
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Periodic oscillation of saline mode

DAPE provides energy to saline mode’s oscillation

Huang (1994): Thermohaline circulation: Energetics and variability in a single-hemisphere basin model. JGR-ocean
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Multi-Equilibrium: Self-Sustained Oscillation

Late Permian, Equable climate and regime shift, Millennial oscillation
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Such oscillations do not appear to occur in the modern ocean, because, apparently, the surface freshwater forcing is not strong enough. Mode switching is more likely to
occur, perhaps, during glacial periods in which the freshwater forcing due to ice melting at polar regions is much stronger, or during warm equable paleoclimates such as

Cc

the late Permian, or mid-Cretaceous in which the buoyancy forcing due to freshwater flux may have been stronger than the air—sea heat flux

Zhang et al. (2002), Mechanism of thermohaline mode switching with application to warm equable climates. JC
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Multi-Equilibrium: Self-Sustained Oscillation

Lowest-order 3x2-Box and 2D model, internal Millennial oscillation

Evaporation Precipitation
T l ' T T Py
1 ™ 2 T8 "
4 4 | g
| | v _ ”
3
4 ad 5 <46 B
T 13
SPeeseca,,,, 20
B
Equator Pole i g =
A~ it
o 5
8 9 10 77711 12 13
ky

®

E-P increasing: stable thermal mode = oscillation mode = steady haline mode.

Colin De Verdiere, Jelloul and Sevellec (2006), Bifurcation structure of thermohaline millennial oscillations. JC
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Beyond Box Model

2-D model and 1-D Howard-Malkus loop model, internal Centennial oscillation

MALKUS OSCILLATOR
0 .

CONVECTION, FW=93.6 cm yr~' NO CONVECTION, FW=80 cm yr™' HEATING. — > ~<"--_ COOLING Mo
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— — ) I
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o) (yr“)

Left: 2-D model; Right: 1-D model of Howard-Malkus loop
Not self-sustained: either strong damped or runaway mode

Nonlinear or linear; convection or no convection

Sévellec et al. (2006), On the mechanism of centennial thermohaline oscillations. J. Marine Research

B UG 2t R 2 2 B 2 R 22t , 2023.02.27 40




Beyond Box Model

1-D Howard-Malkus loop model, AMOC Millennial regime shifts
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AMOC Millennial shift is predictable in this chaotic model

T . . . . .

5 ~PREc Two predictive indices are defined

é BOTTOM

Z

]

% Sévellec & Fedorov (2014), Millennial variability in an idealized model: predicting the AMOC regime shifts
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Centennial Oscillation in Coupled GCM

AMOC I —
B —Northward OHT !
—Cross Eq. ASST 1!
/\ — ITCZ Northward Rain !
ITCZ south

north 5 south north

———— o e TrOpical Salinity!
$ —Northward S-advection !
—NADW Salinity
F1G. 16. Schematic of mechanism responsible for centennial THC fluctuation in HadCM3. When the THC _)AM OC U
is (left) strong ITCZ shifts northward, in response to enhanced SST gradient across equator. Fresh anomalies

m
S in the upper-ocean propagate northward and weaken the overturning. This results in the (right) weak phase.

>

c

Z

g Vellinga and Wu (2004), Low-latitude freshwater influence on centennial variability of the Atlantic THC. JC
3

B UG 2t R 2 2 B 2 R 22t , 2023.02.27 42




ALISY3AINN NvAan4

v V. VWV VY V
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®

Previous Theoretical Studies: Summary

THC: stability, bifurcation and regime shift Il |
Forcing: freshwater or/and stochastic T
Transition: thermal mode to haline mode [
Self-sustained oscillation: O-function-like (1 |

Not particularly on Holocene N ,,,

T T T T T T T T
o 500 1000 1500 2000 2500 3000 3500 4000
Y

No theory on the multicentennial variability in Holocene!
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Climate Variability that Ocean Matters

(TDecadal Je=+( Multi-decadal Jus . MU

ENSO PDO AMO 200-300y
2-7y 10-30y 60-80y
\ J
|
Theory, Observation, Simulation 27?77

Comprehensive!
Air-sea coupling
External (Random) forcing
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Climate Variability that Ocean Matters

We would like to

Search Eigen Mode

!

Multicentennial Climate Variability in a Stable Climate

1

Self-Sustained? ? ?
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Self-Sustained Oscillation

@ Growing Stable

—= Avf\v’\v/\vf\/ﬂ\/\/\/\/\/\/\ Self-Sustained

(b)
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0
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0
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3. Our theory, Part I: Salinity

Part Il: Temperature
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One Hemisphere 4-Box Model

Only Salinity Considered
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Li and Yang (2022)
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One Hemisphere Box Model

Extreme Mixing or Convection
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Li and Yang (2022)
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One Hemisphere Box Model

1Sy = q'(Sa—S) +q(S; — Sp) ViS; =q'(Sa —5) +q(S4 —S1)
V2S5 = q'(S1 = $2) +q(S1 — S3) — VoS3 =q'(5: — 52) +q(S; — S3)
VaSy = q'(S; — 53) + (S5 — S3) VS =q' (S, —5)+7q(5; — S
ViSh = q' (S5 — Sa) + G(S5 — S4) V.S, + V.85 +V,S, = constant
8p' = poBI8(S; =S + (1= 8)(S5 = SP]. and § ==t = 2t = 2
q' = A4p" = ApoPISs = 55 — (L= )], and § = ==
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Li and Yang (2022)
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AMOC sensitivity to Density

A linear closure method:

AMOC r— ! Meridional
q AAP Density Gradient

A linear closure parameter, critical to the oscillatory behavior
Controlling the AMOC change in response to the meridional density
gradient change
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Parameter for the Box Model and Eigenvalues

4-hox

3-box

‘IIIIIII.

Growing Oscillatory mode (O.Slif‘S.BBi)
Damped Oscillatory mode (-0.295-7_‘5.78i)§

'.IIIIII‘

0

-37.4

Symbol Physical meaning Value
Vs Volume of upper subpolar Atlantic box 2.8 x 10" m’
Vi, Vi, V, Volumes of upper tropical Atlantic, lower subpolar Atlantic, and lower 5V5, 7V, 35V,
tropical Atlantic boxes, respectively
D, D>, D Depths of upper box, lower box, and total, respectively 500, 3500, 4000 m
5. 5.8.5, Reference salinity values of the four ocean boxes 36, 33.5, 33.5, 33.5 psu
q Equilibrium AMOC strength 10 Sv (10°m* s71)
L, Total virtual salt flux 2.50 x 107 psu m’s™!
B Haline contraction coefficient 7.61 x 107* psu™!
Po Reference density 1.00 x 10° kg m
/ Linear closure coefficient 12Svkg 'm™?

B UG 2t R 2 2 B 2 R 22t , 2023.02.27
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Theorical Solution to 3-Box Model

b 1
(b) Fu} Fu[]
| 0= (€M = C3) + /(M = €)% = 4C,C,(1 = M)
@ e Stability
7=+ Condition o (G Oscillation
a5eN 70°N NP M < min C_Z’ 1 Condition
Li and Yang (2022)

A

M; < M < min(M,, 1)

My =822 2 (021 C,(C—Cy), Mp=52%1 2 [C231C,(C,—Cy).
Cy Cy ) Cz

M = ‘%" A: nondimensional form of 4
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Stability Condition for 3-Box Model

Li and Yang (2022)
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/1</1(;E—1+ ]

PoBFw 6(1_6)

Ac : the critical linear closure parameter when Re[w] = 0, determined by g, F,, and basin

geometry. A stronger F,, and a weaker g give a smaller A, implying higher possibility for an
unstable oscillation, since the background meridional salinity gradient in this situation will be
stronger. In addition, salinity anomalies also spend more time at the surface with a weaker g. This
will also make the system more unstable, and this is why we have a quadratic term of q. A bigger
volume of the subpolar ocean (8,) gives a larger A, implying a higher probability for a stable
oscillation. In this situation, the salinity difference anomaly between subpolar and tropical upper
oceans is larger under the same g’, and thus the mean advection of salinity anomaly is stronger,

which would result in a stronger stabilizing effect.
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Oscillatory Modes with A

Self-Sustained Regime

—10 d)" 1 ~—— 4Box: Unstable
Z . . . ~~~ 4Box: Stable
—— 3Box: Unstable
10 (b) |m(0)) --- 3Box: Stable
A \
\\*\1‘“‘:‘%—- EA:'. 1) / \
_ 10 | paa e L L T E T M2 ( /12)
01 00 01 02 03 04 05 06
Li and Yang (2022)
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How to Realize a Self-Sustained Oscillation?

An Enhanced Mixing or Convection l
al / , c r —rc! / / /
/@ VoS3 = q'(81 — S2) +q(S1 — S3) — km (S5 — S3)

VsS85 = G(Sy — S3) + ke (Sy — S3)

®
k= Kkq'” : Proportional to AMOC anomaly
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Eulerian-mean

Eddy-induced
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What Enhanced Mixing or Convection?

Stratification in Subpolar Atlantic
(a) AS’

AMOC ~ ¢’ ~ S’ ~-T’

101 | -
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What Enhanced Mixing or Convection?

Mixing ~ AS’

1 A

0.
-1
0.8
0.4
0.0
—0.4
T —-14 (b). . o
S -0.1 0.0 0.1
> s
(z: 7\3 2 / 7
2 o o o
g Fmixing (AS) (C] ) AS kmAS
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Self-Sustained Oscillation

Without k.. With k.,

PE —asi-ss, — o&-5s; —0.4+ . : : : ‘ ‘ ‘
1000 000 3600 2000 0 1000 2000 3000 4000 5000 6000 7000 8000
Year Year

Can be only realized in 4-Box model

Li and Yang (2022)
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Self-Sustained Oscillation: Physics

CI’(S’z)~< 5(5'1 _ 5’2) Advection Term

Negative Feedback

- ! ¢!\ Enhanced Mixing
\ ki (S2 — $3) Negative Feedback

- -77,:/2 71'}2 T

Li and Yang (2022); Yang et al. (2022)
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Self-Sustained Oscillation in Ocean Space

Self-Sustained Regime

0.30
0,251 0.25
R Unstable
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0.05 T T T 0.05 - T : .
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Li and Yang (2022)
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Nonlinear Advection Effect

Without k.,
-5 — Linear
——— Nonlinear
0.4
(b)
0.2-
0.0 With k..
a —0.2-
]
z
[ —0.4 T T T
Z 0 2000 4000 6000 8000
3

Li and Yang (2022)
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Self-Sustained Oscillation Excited by Stochastic Forcing

3001 4000 5000 0.00 0.01 0.02
Frequency (cpy)
—— 1 month
20 — 1 year
—— 10 year
101
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> \ T
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Li and Yang (2022)
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3. Out theory, Part I: Salinity

Part Il: Temperature
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One Hemisphere 4-Box Model

Both Temperature and Salinity Considered

(a) Ty T,
F, F,
H——
Dl q *‘
0] @)
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q : q
D, :
( <——
© : ®
EQ 45:’N 70°N NP

Yang et al. (2022)
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One Hemisphere 4-Box Model

Extreme Mixing or Convection
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One Hemisphere 4-Box Model
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AMOC sensitivity to Density

A linear closure method:

AMOC r— ! Meridional
q AAP Density Gradient

A linear closure parameter, critical to the oscillatory behavior
Controlling the AMOC change in response to the meridional density
gradient change
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Eigenvalues: 4TS vs 4S

4S-box Growing Oscillatory mode (0.3145.831)) 0 -37.4

@ @ -37.4, -366

ATS-box Damped Oscillatory mode (-0.55#6.59i)) O -366, -324
-5.28, -0.78
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Oscillatory Modes with A4
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Oscillation with T and S
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Salinity
dominates AMOC
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Self-sustained Oscillation With Enhanced Mixing
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Self-sustained Oscillation With Nonlinear Closure
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A tiny nonlinearity
makes the system

if Apr > Peri

if —Peri < Ap’ < Peri
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Self-Sustained Oscillation in Ocean Space

Self-Sustained Regime
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4. Modeling — CGCM or OGCM
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Centennial-Millennial Variabilities

ObservationsH Theory H Modeling ]

! ! !

Confirmed Internal Ocean-alone
Eigen Mode| ¥ | Or Coupled
200-1000y
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meridional overturning circulation. GRL, submitted.
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Multicentennial Climate Variability

A 10-year journey to decipher the mystery

- Eigen Mode: Identified ! (J

« Physics: Disclosed! LaCOAS

IRAZSESE-SSES

Thanks

« Self-sustained: Realized!
- Salinity change matters

 Advection-feedback process dominates

Li and Yang, 2022: A theory of self-sustained multicentennial oscillation of the AMOC. , J. Climate
Yang et al., 2023: A theory for self-sustained multicentennial oscillation of the AMOC. Part Il: Role
of Temperature. J. Climate. Accepted
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