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Questions

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

https://earth.org/data_visualization/a-brief-history-of-co2/
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Background: Timescales of Climate Variabilities

Relative variance (arbitary units)

Spectrum of Earth’s Climate Variability

10% Planet Bio-diversity Regional National Social/Individual
Fate Civilization Development Activities
= . Y : Y A Y : Y A
1071 g _
& >
] 2 - -
3 <
10°{[s 4 R
%
w
5 -
[«}] >
10 (€ 8
<
=
o
—
100_
10-1 Tectonics Orbit Spheres Ocean  Air-Sea Atmosphere
1010 108 10° 10* 10° 10° 102 1074

Period {Year)
Based on multiply sources of “prewhitened” temperature records

Mitchell, 1976; Stocker and Mysak, 1992; Ghil, 2001; Heydt, 2021;
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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
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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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Observation: Multicentennial Variability in Holocene
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Multicentennial Variability in Proxy Data

Lapland Santa Barbara Basin sediment Camp Century
Tree rings width minimum population of hake Cores (RFEANLEK)
0,'2,_ 1.0 [rr71 Tol &R T T VT T 1T 1T 0.|2
ul 85§ 89-96 F 9% 1360 yr ] w [H180-185
N 218 - ] - i
. ol i
E |' E rgol | SRR S lic g \
3 O.OB 0.5 _959 |- ~ T I IOG")W: E O'DB ﬁ—‘10‘4'“4
— E_goo/ e A ik ;' n \ -69-73
& 004} b M e TG a rrss-ss
= 004 : ] @ 0-04
S : . 8
iailn B L
& - EL ) e LT
e R v | Tl ] 0 el = . .
30012060 40 30 20 T B 2t s T I 30012060 40 30 20
YE’QBS CYCLES PER 108 YEARS YEARS

Siren et al. (1961), Lamb et al. (1977); Soutar and Issacs (1969); Johnsen and Dansgaard (1970)

)
=
0
>
Z
S
z
<
m
b
Q

SBEXZFHEMHIBERRFOFARR, 2023.11.27



)
=
0
>
Z
S
z
<
m
b
Q

Multicentennial Variability in Proxy Data
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Moffa-Sanchez et al. (2019), Paleoceanography and Paleoclimatology
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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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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

Xia-Shang - A
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Records in China: 200-300 or 600 (?) Years

550-Year period during 6000-3500 BP on Yunnan-Guizhou Plateau

Corr. annual prep. (site) vs prep. everywhere
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Li et al. 550-Year Climate Periodicity in the Yunnan-Guizhou Plateau
During the Late Mid-Holocene: Insights and Implications. GRL, 2023,
10.1029/2023GL103523.
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Centennial-Millennial Variability: Human Civilization (?)
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Millennial Variability- Bond Cycle: ~1500 (?) Years
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Pacings of the Holocene events and of abrupt climate shifts during the last glaciation statistically the same;
The Holocene events the most recent manifestation of a pervasive millennial-scale climate cycle,
independent on the glacial-interglacial climate state. Amplification of the cycle during the last glaciation
linked to the North Atlantic’s thermohaline circulation.
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Millennial Variability- Bond Cycle: ~1500 (?) Years

Dansgaard-Oeschger interstadials = 1470-year climate cycle

Ice Volume “Interglacial” Small Intermediate Large “Glacial Maximum”
Warm Threshold
Ty >TI2 T2 <Ti2
JUUUUuUL Sy ST S L L J ULt

Time -

1470-y pacing cycle as function of continental ice volume.

Actual shape of the pacing cycle (bottom row) is unimportant because this signal acts only as trigger
(vertical arrowheads) for Dansgaard-Oeschger type temperature fluctuations (center row)
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Millennial Variability- Bond Cycle: ~1500 (?) Years
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Our Questions

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 ?

% ALISMEAINA NYAand
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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

ALISY3IAINMN NvAan4
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AMO 60-80 Years

Tons of studies on decadal ( yr) & multi-decadal ( yr) variabilities

No direct evidences of multicentennial variability
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Multicentennial Variability in Coupled Models

Holocene model GMT spectra

Transient Holocene simulations
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Centennial Oscillation in EC-Earth3 Model

2000 Years period Pl control experiment
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Exists also in Other Models

black: AMOC
red: salinity

An example of topic of possibly broader
interest: Oscillations in PI EC-Earth simulations

sou Salinity anomaly
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;.VJ,’VQ;,HK . An understanding of these oscillations has implications for:
- better tuning and creation of equilibrated ICs of the model
- Interdecadal variability in EC-Earth

- Paleoclimate and tipping points

- Abetter understanding of mechanisms associated with AMOC decrease
in projections
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Jost von Hardenberg (2021) Personal communication
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Exists also in Other Models
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Multicentennial Oscillation in CESM Model

36.0

AMOC Index
) w w
J S D
o o o
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Earlier in 2013, we confused ...

AMOC index |

T
300

600 900 1200 1500 1800

Year

T
2100

T
2400

2500 years control run using NCAR-CESM1.0
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Normalized Index

3.0

2.0

1.0

0.0

-1.0
-2.0

-3.0

Excellent correlation, but causality?

Sea lce = AMOC ?

r= -|0.82

' !M “&t,lw |

1

ICE

| |
AMOC

T T

0

300 600

Confused ..

L
900 1200 1500
Year

T
1800

Variance

400 -
300
200 -

100 -

0

500 e by by by \'lw I
1 99%
= 95%
red noise -
— spectrum
: ‘u‘“lAA";‘A'F/’\V'?//\V LA L L B B B LB B |\/
0 100 200 300 400 500 600 700
Period(year)

.S01in 2018, We decided to decipher this mystery!
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Our Questions

500£300 Years
1. Natural Centennial-Millennial oscillation in climate system?

WIKSIERAZRESFERF-TFEREEZRKZ? (Yes!)

v
2. Coupled Model: AMOC has multicentennial variability

= Climate system

2
Why and How? Theory needed!

SBEXZFHEMHIBERRFOFARR, 2023.11.27
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Contents

2. 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.

b
717
Vessel | Vessal 2 e : /
v averflow - b ¢
T 3% i L %! | % (s
T T 7 L AR S
5 -§ 5| Ya
H 1 Sz g *
1] - : E
7 & 7 :3‘ T2 =
copillary o
= /
0 - K
Salinity

qQ
Henry Stommel (Tellus, 1961)
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Energy Source: Ocean Convection

Ta Sa % p>0 .2
//

k k e
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0 20
* Flip-Flop model Y

 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

Claes Rooth (1982)

Py - _ Ty
TS T S T S
s g e @ n n
T: S: — Teu S& — T: S:
|
E3 E &
e s
T 8| l T s T 8
% & %

— —p—
T1 54 T2 52 T3 53
—
q, q,

Pierre Welander (1986)

2D Model and 2-, 3-Box Model
Olivier Thual & James C.
Mcwilliams (1992)

Climate transition between different stable regimes, with global and centennial-millennium timescale

5 Bk SR TT AR, 2023.11.27 a1



Energy Source: Atmosphere Perturbation

Circulation anomalky
Circulation Anomaly B T e

JL I 1 €:Damped Oscillation o

oo 110 120 0 40 5 760 ) 180 M O d e

Circulation under random & °

« 2-Box: Interdecadal variability of THC

* Linear interpretation

 Excited by atmospheric random forcing

ALISY3IAINMN NvAan4
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Energy Source: Ocean Advection Feedback

(IJ S o - q)hf
L4 -

7 ////l l/ 7 y s g / ._4-_’/1 V »/. 7 ]

5 G- y
: 3 ~ 2 | 4
'Z; very cold, 7,;” warm, “ cold, /;’

Y g fresh // very salty 7] salty 5
’/ 7 -, - - 7 g - . & v 7 s
South North

Pole = Pole

F1G. 1. Rooth’s conceptual three-box model of thermohaline circulation, showing equlibrium
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.

q(sv)

15.80
— Casel
== Case 1IT
1575 .
oo, Caselll
(Fixed T.)
15701 -
15.65
15.604f% -
1555} §
15,504
15.45 + - -
0 200 400 600 800

Time (years)

q 5V

HT

i

i 10,000 20,000 30,000 40,000 50,000
Thme fwsare)

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

model. JPO.
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Periodic oscillation with constant Temperature / Collapse under some parameters

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

Self-sustained oscillation with nonlinear close condition

atmosphere '
s
0.; Ja rq_i_> 0s; g
l:TI TFS | FTT IF5
land Vl T T Jiond
T S, T. u_e_)
U :
VT
T‘w : z Sz TIZ
Ts Ss <_5_u
Eg. ocean N.P.

F1G. 1. The box model geome

Ty

3-Box coupled model

1.0F

-1.0c

Nonlinear Function

T T T PR
.

-02 0.1 00 .01 O

App: 105

w=u+u =u+ Hu, ApHAp, (2)
where
. - |k
(“"'[k(l"l - 1) + 1| ifx>x,
x X,
HCx)y =4 C ifx, =x=x_
. . |1k
faa 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

F(t)/2 l

e I
Q(ap)/2
T1 = BT-—
S1
o

T2=—9/2

So

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

B.2
, s b
Lorenz (1984, 1990) introduced a low-order a
atmospheric “general circulation” model, defined 81 81
by three ordinary differential equations: = z .
s ° ] £
dX 2 72 _% ;':
—=—Y’—Z—aX +aF, (1) 2 7.9 g7
dr (=] | =
dr E 7.8 L %1
—=XY-bXZ-Y+G, (2) = g
dr S 7.7 D77
= =
dz 76
S =bXY+XZ-Z. (3) e
735 S00 1000 1500 2000 _2500 3000 3500 4000 4500 5000 % 500 1000 1500 2000 2500 3000 3500 4000 4500  S000
Year Year
Qs ?1 Qs %:l 10000, 10000,
[ S I
T VYTV o &
! 9 800 m o 1 E =
RZ ' z £ -
avo: Erioo =
V?_;L :% - 26-33 yrs -
10 10
- 4000 m o 25 S50 75 100 125 150 175 200 235 250 ! 35 ETn == T00 13s 150 75 00 235
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
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3-Box Model for Bond Cycle

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

North Atlantic
Low~Mid latitudes High latitudes

[
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1 i I

Tran:lipomla (v)
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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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Thermohaline Circulation Stability: Regime Shift

3-Box model, hysteresis behavior under freshwater forcing

~ ~
s ) Y
=~ Y = 3 5 e S B B
H: | H: | [E: HL 0 R AN NN AN A A e
- 2 [RTTIIH
q » i — . m:u;!-—_-yf
1
0
H .o
1 v 2
5 H E
=3 H r
g~ : o !
o .
- 3 H
.
. L . . X i 4 TTTRTTIRIIIATTIIIINII NI A
Fi1G. 1. Schematic picture of the interhemispheric box model. H -
5 P ] e,
3
| LR gaR = 0_3j AF, =58 E(O} }» ; P,
. i : — AFJAF = 0.3,AF, =62 F,(0) @ Initial equiliium state e
500 1000 1500 2000 2500 3000 b o 1 2 3 4 8
time (in y) F {eq}F (0)

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 [~ | -

1126 03 |

.745E 02

.373E @2

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

CYCLES / 100 YEARS

-5eeR
-8

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
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 - ey
e
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4 4 | el Y,
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Equator Pole o =
5

®

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

CONVECTION, FW=93.6 cm yr~' NO CONVECTION, FW=80 cm yr™' HEATING —— > ~<"--_ COOLING L
150 200 < - o ) 5 :
| | '
> > / N 1300 P
@ % 150 | / "\ SURFACE -
g 100 g ‘ PRECIP. v 1am0l .\ R
= = / ~ | I
Z z [ / S
100 A [ I [s]
g 5 b ‘é 1200 b
o 50 @« \ w 1150 : .
4 Y s0 1 \ ! E |
| \ [=
. . B T | DEEDE,  Fowp T
0% 0 . r)
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 1000G i 1 / "
TIME (vr) TIME (vr) e i _— : :
-t |
: SINUSOIDAL FRESHWATER FLUX PROFILE f20 !
_ __: LINEAR RESTORING TEMPERATURE PROFILE :

-0. 64 —‘S (0;‘12_51 )—063
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
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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

Two predictive indices are defined

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 —
—Northward OHT 1
—Cross Eq. ASST 1!

/\ — ITCZ Northward Rain !
north ITCZ south

south
L

- e e e TTOPICA Salinity !

$ —Northward S-advection
—NADW Salinity U
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
in the upper-ocean propagate northward and weaken the overturning. This results in the (right) weak phase.

Vellinga and Wu (2004), Low-latitude freshwater influence on centennial variability of the Atlantic THC. JC
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v V. VWV VY V

Previous Theoretical Studies: Summary

Stabl¢ TM

THC: stability, bifurcation and regime shift Il

Forcing: freshwater or/and stochastic T

“><.2 | Stable HM

Transition: thermal mode to haline mode

Self-sustained oscillation: O-function-like (‘ |

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

. Multi-
[ Decadal ]—[Multl—decadal]—r Centl:ertllnial

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

Self-Sustained? ? ?

SBEXZFHEMHIBERRFOFARR, 2023.11.27
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Self-Sustained Oscillation

@ Growing Stable

YV VVVVUVVVV VU

/\/\/\/\/\/\

(b)

v\/\/\/\/\/\/\

JANIYAN
VvV Y
(d)

NNNNNNNNNNNNN

VVVVVVVVVVV VD

Self-Sustained

Unstable

Damped

Neutral
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Contents

2. Our theory, Part I: Salinity

Part II: Temperature

SBEXZFHEMHIBERRFOFARR, 2023.11.27
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One Hemisphere 4-Box Model

Only Salinity Considered

(@ F,, Fo [
| RS
() —
@ ]_ | l @
___________ L) -
|
q Lq
I
q ¢
@ : ©)
EQ 459N 70°N

Li and Yang (2022)
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One Hemisphere Box Model

Extreme Mixing or Convection

(@ F, F., b) F, F,
— "
D, q*‘ D, q*‘ //
® r ! l® @ } ! \/
__________ r==y -~ B
I |
q L q q : @
D, I D, I
q q ot
@ : €) @ |
EQ 45°N 70°N NP EQ 45°N 70°N NP

Li and Yang (2022)
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One Hemisphere Box Model

,,,,,,,,,,,,,,,,

ViS; = q'(Sy — S +q(S5— S7)
VoS3 =q'(51 = 5) + q(Si — S3)
VS5 = q'(S; — S3) + (S5 — S5
VoSt =q'(S3 — Sg) + (S5 — 54)

Ap" = poBl8(S; — S + (1 —8)(S3 —Sy)]. and § =

Vi Va Dy

Vi+V, VetV D

q'=24p" = Apof[S; —6S] — (1 = 6)S,)]. and & =

Li and Yang (2022)

ViSi = q'(Sa = 5D + (S5 — S1)
V2S3 = q'(51 — 53) + (51 = S3)
ViSi = q'(S; = 51) + (S5 — S5
V.S +V,5, +V,S, = constant

Vi
Vi+Va

SBEXZFHEMHIBERRFOFARR, 2023.11.27
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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

SBEXZFHEMHIBERRFOFARR, 2023.11.27
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Theorical Solution to 3-Box Model

(b) Fu} Fu[]
I —
D  —
O] ]
___________ 1
I
g | @
D, ]
q et
@ |
I
EQ 45°N 70°N

Li and Yang (2022)

w = %[(CZM — C3) £/ (C;M — C3)2 — 4C,C, (1 — M)]

Stability
Condition

_ C3—ZC4

M
1 Cz

. [ C3
M < min|—,1
C;

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

M =22 2 nondimensional form of A

q

SBEXZFHEMHIBERRFOFARR, 2023.11.27
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2 C3—2C, 2
SVCE+Ca(C = C3), My ==""+24/CF+ (G~ C3).
2 2 2

Oscillation
Condition
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Parameter for the Box Model and Eigenvalues

‘IIIIIII.

4-box Growing Oscillatory mode (O.31i?5.83i)

3-box Damped Oscillatory mode (-0.295-7_‘5.78i)5

’.IIIIII"

0 -37.4

sssmumnnn?®

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
Dy, 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 % 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™?
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Stability Condition for 3-Box Model

—2

b) £, Fu || q 6
T ] 1 —_— 2
D, U G —t— A<Ae =—— 1+m
@ I —_
----- fooneo poBFu
q | @
D, ] —
q et Ac : thecritical linear closure parameter when Re[w] = 0, determined by ¢, F,, and basin
@ ! _
ca 45],N er—— geometry. A stronger F,, and a weaker g give a smaller 4., implying higher possibility for an
unstable oscillation, since the background meridional salinity gradient in this situation will be
Li and Yang (2022) 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 g. 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

—101 ) 1 = 4Box: Unstable
e ‘ . r | | -~~~ 4Box: Stable

—— 3Box: Unstable
10 (b) |m((,0) --- 3Box: Stable

\h‘:@%@ 1 )_ ’_’/ \
S M, (75)

T T T - T T T

-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6

—101

Li and Yang (2022)

1.0

1.0

0.5 1

0.0

—0.51

-1.0

SBEXZFHEMHIBERRFOFARR, 2023.11.27

(c) M=0.25

(d) M=0.35
Unstable
3
200 400 600 800 1000
Year



ALISY3IAINMN NvAan4

How to Realize a Self-Sustained Oscillation?

An Enhanced Mixing or Convection

V,Sy =q'(S1—52) + (51 — S3) — k(S5 — S3)

V385 = G(Sy — S3) + ke (Sy — S3)

. Proportional to AMOC anomaly
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59



What Enhanced Mixing or Convection?

(a) AMOC
26 |
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What Enhanced Mixing or Convection?

AMOC ~¢’~ S’ ~-T

Stratification in Subpolar Atlantic

(a) AS’
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- 4

What Enhanced Mixing or Convection?

Mixing ~ AS’

1 A

0.
-1
0.8
0.4
0.0
—-0.4
_1- (b) by T 4 N ; L L —0.8
-0.1 00 0.1 70°W  40°W  10°W
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—_ / 3 _ ! 2 4 _ 7
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Self-Sustained Oscillation

Without k,
o st

%Y
NtV ALY

—0.44 — S — 55 — 55

0.41 (b) 2

—1.0 — £%  — asi-S)s,  — gBi-5)S;

0 1000 2000 3000 4000
Year

)

0 1000 2000

3000 4000 5000 6000 7000 8000
Year

Can be only realized in 4-Box model

Li and Yang (2022)
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q'(S3)~+

Self-Sustained Oscillation: Physics

— / Advection Term
q(Sl _ 52) Negative Feedback

- ! __ ¢!’ Enhanced Mixing
\ km(SZ S3) Negative Feedback

Li and Yang (2022); Yang et al. (2022)
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Damped
Regime

Self-Sustained Oscillation in Ocean Space

Self-Sustained Regime

(a) Period (b)EJoMW@thne\\
0.30 177 \ v 0.30 R e o
$ 3 \ '/ )///
025 \ ? 0.25 Pl
N Unstable
. _
~ 0.201 0.20 .
S Regime
+
E‘,N 0.15 0.15+
0.10 0.10
0.05 T T T 0.05 T : .
0.05 . . B . . 0.05 0.10 0.15 0.20 0.25 0.30

Wy + Vo)V

Li and Yang (2022)

5 Bk SR TT AR, 2023.11.27 -



)
=
0
>
Z
S
z
<
m
b
Q

q' (51— S3)

Nonlinear Advection Effect

10

Without k..

| =—— Linear
——— Nonlinear

-10
0.4

(b)
0.2

0.0 With k.

_0.2 -

—0.4 T T T
0 2000 4000 6000 8000

Li and Yang (2022)
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5000

0.01
Frequency (cpy)

Li and Yang (2022)

0.02

Self-Sustained Oscillation Excited by Stochastic Forcing

0.01 0.02
Frequency (cpy)

1 (d)

—— 1 month
— 1 year
—— 10 year
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Frequency (cpy)
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Contents

3. Out theory, Part I: Salinity

Part |II: Temperature
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One Hemisphere 4-Box Model

Both Temperature and Salinity Considered

(a) Ty T,
F, F,
H——
Dl q *‘
0] @)
q e — - — 1 ——————— : —— i— -——
|
q : q
D, :
( <——
© : ®
EQ 45:’N 70°N NP
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Yang et al. (2022)
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One Hemisphere 4-Box Model

Extreme Mixing or Convection

E, E, Ey Ey
H—H] —
D; q — D, q m—
®1 _______ | 1@ ®_I _______ | Vv
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q : q q : )
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q 4mimmm q i
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Li and Yang (2022)
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One Hemisphere 4-Box Model

: B q—‘:V_"
@.-.!.-----.1...!__@_
Ty = q(T, = Ty) + Vio(Ty = Ty) T =T -2, T =tiifi=T =T,
V2T2 =q(T, —Ty) + Vo1(T; = T,) S,=F,/q+S5,, S,=85,=5,
VaTs = q(T, — T) 1= pwcAzA _ pwcdz
: KoA Ko
VaTy = q(T3 = T,) _ )
q=q+q

ViS1 = q(Ss —S1) + F,
VoS, = q(85, — S;) — F,
V3S3 = q(S, — S3)
V454 =q(S3 —S,)

q' = qr +qs = AMpr + A4ps = A4p’
Apr = —poal8(T, = T{) + (1 — 6) (T3 — T,)]
Apg = poBLS(S; — S + (1 —8)(S3 — S4)]

Vy Vo _ Dy

T V,+V,  Vo+Vy D
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Yang et al. (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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Eigenvalues: 4TS vs 4S

AS-box Growing Oscillatory mode (0.3145.831)

$ 3

4TS-box Damped Oscillatory mode (-0.5546.59i)
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Oscillatory Modes with 4

Temperature Bigger
makes
system requires
more bigger
damped! sensitivity!

108 114 12 2.6 132

Yang et al. (2022)
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Oscillation with T and S

Temperature turn

unstable into damped!

Positive
restoring feedbac

I | i
3 = g —Ty) g (Ti—T2) — —VarT, ]

—q51=5) —qE-5) |

L 1 L A 1 L
-2 0 a2 x - /2 0 a2
Lag Lag

Yang et al. (2022)
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Role of Restoring Temperature

71 172 13 74 75
(a) Im
7’.

) 6F N .
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EETRIETE 02 1 412 00107 107
T

Yang et al. (2022)
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Self-sustained Oscillation With Enhanced Mixing
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Yang et al. (2022)
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Self-sustained Oscillation With Nonlinear Closure

(@ ' ' '
0.8} ] . . .
/\ /\ /\ A tiny nonlinearity
O-J/\\//\\//\\/ \/ \/ makes the system
O8I gt=1) — ¢ (k=1.05) \ 1
0 500 T000 1500 2000
Year
: : : r .
0.04f o3k © / oo [k ([ﬁpl B 1) w1l i
w0 > of i . q' =14 4p’ Uf =peri <Ap' < peri
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Yang et al. (2022)
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Self-Sustained Oscillation in Ocean Space

0.3

5

Jo
o
\. 1=
s
(b}
() —t
m El 1
S, E
o) =i | P
O = =
x =
=
d (] M o m S M
) A7 (EA+20)
c
@©
-
n — S
> ()
ﬁ\—u ../Qc% QQQ\ *.w
r_l/
Q Jo
HEERE -
o
r 1=
r 1=
g 1S
= <
&
=
=3 N =] - = <
= [==] (=]
A (EA+TA)

T

Rivin and Tziperman (1997)

(Vi+V)/V

79

Yang et al. (2022)

N
o
Q
i
D_A
gy
-
i®
=
3
2
)
_H/../
1"
|_A
m]
w

Griffies and Tziperman (1995)




n
c
)
>
Z
c
z
<
m
A
4]

Contents

3. Modeling — CGCM or OGCM
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Centennial-Millennial Variabilities

Observations ]—r Theory
Confirmed Internal
Eigen Mode

200-1000y

Ocean-alone
¥ lor Coupled?
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MCO in EC-Earth3.0: 200 Years
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Corr. Coef.

1

o

-0.2

1 1 | 1
200 400 600 800 1000

——SST_NADW
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s L
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1
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(d)
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Cao et al., 2023: On the mechanisms in sustaining multi-centennial variability of the Atlantic
meridional overturning circulation in EC-Earth3-LR simulation. ERL, accepted.
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MCO in EC-Earth3.0: 200 Years

Salinity regression on AMOC
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Cao et al., 2023: The role of internal feedbacks in sustaining multi-centennial variability of the Atlantic
Meridional Overturning Circulation revealed by EC-Earth3-LR simulations. EPSL, 621, 118372
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MCO in EC-Earth3.0: 200 Years

Salinity regression on AMOC
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Cao et al., 2023: On the mechanisms in sustaining multi-centennial variability of the Atlantic
meridional overturning circulation in EC-Earth3-LR simulation. ERL, accepted.
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Depth (m)

MCO in CESM1.0: 360 Years
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2023: North Atlantic Ocean-originated multicentennial oscillation of the AMOC: a coupled model study. J. Climate. Submitted.
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Depth(m)

MCO in CESM1.0: 360 Years

Salinity regression on AMOC
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MCO in CESM1.0: 360 Years
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MCO in CESM1.0: 360 Years

Validated by theoretical model
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q'(S3)~+

Self-Sustained Oscillation: Physics

— / Advection Term
q(Sl _ 52) Negative Feedback

- ! __ ¢!’ Enhanced Mixing
\ km(SZ S3) Negative Feedback

Li and Yang (2022); Yang et al. (2022)
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2 ALISYIAINM NvAnd

A Schematic Diagram: MCO of AMOC in CESM1.0

Originated in the North Atlantic
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Summary

https://corp.fudan.edu.cn/

« Eigen Mode: Identified !
 Physics: Disclosed!
+ Self-sustained: Realized! LaCOAS

IRAZSESE-SSES

. Salinity change matters Thanks

 Advection-feedback process dominates

A 10-year journey to decipher the MCO

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 II: Role of
Temperature. J. Climate. In press

Yang, K., H. Yang, Y. Li, and Q. Zhang, 2023: North Atlantic Ocean-originated multicentennial oscillation of the
AMOC: a coupled model study. J. Climate. Submitted.




Holocene transient simulation from 8000 BP

Simulated Holocene GMT since 8K BP
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Mayan Civilization
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Mayan Civilization
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Mayan Civilization
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Mayan Civilization: Hypothesis of Collapse
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Mayan Civilization: Proposed Drought Factors
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et

7B $IEE (Done)

IR SRR IS IERLIS X 5000FE LK S(REE (Ongoing)
pEREXI%E S SURIRIVIRII K PEXIERHEXSSSHE (Planing)
REFRIdA50004E A XA Zi%3E: How to make stories?
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Reacquainting Evolution of Human Civilization

Warm and Cold period during the past 5000 years

Xia-Shang Y-
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Great China Civilization: \What Can We Do?

o Establishing theories (Done)

o Coupled modeling of global climate evolution duing the past

5000 years to obtian the background state (Ongoing)

o Downscale modeling of climate and whether in great China

region to obtained high-resolution data (Planing)

o Explaining the evolution of human civilization: How to make

stories?
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