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Multi-Centennial Variability: 200-300 (?) Years

Warm and Cold period during the past 5000 years in
the evolution of civilization over greater China
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500+300 Years

1. Natural Centennial-Millennial oscillation in climate system?

Wk SIERGERBEFERF-TFREBAIKRZ?

2. Connection to the evolution of human civilization?
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1. Common Knowledge
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Great Conveyor Belt: Thousands' Years

oI

Surface flow © Wind-driven upwelling L Labrador Sea
Deep flow () Mixing-driven upwelling N Nordic Seas
Bottom flow = Salinity > 36 %o W  Weddell Sea
Deep Water Formation Salinity < 34 %o R Ross Sea
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AMO: 60-80 Years
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2. Motivation
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Earlier in 2013, we confused ...
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2500 years control run using NCAR-CESM1.0
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Sealce 9 AMOC ?

Excellent correlation, but causality?

Normalized Index
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3. Observation

ALISHAAINN NvAnd

11" International Workshop on Tropical MEC, 2021.11.22-23 10



Centennial Variability in Proxy Data
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Stocker and Mysak (1992): Climatic fluctuations on the century time scale: A review of high-resolution proxy data and
possible mechanisms. Climate Change.
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Centennial Variability: 200-300 (?) Years
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Centennial Variability: 200-300 (?) Years
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Centennial Variability in Proxy Data
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Siren et al. (1961), Lamb et al. (1977); Soutar and Issacs (1969); Johnsen and Dansgaard (1970)
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Centennial Variability in Proxy Data
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Moffa-Sanchez et al. (2019), Paleoceanography and Paleoclimatology
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Centennial Variability: 200-300 (?) Years
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4. 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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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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Climate transition between different stable regimes, with global and centennial-millennium timescale
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Energy Source: Atmosphere Perturbation

Circulation anomaly
E_!_r-—- . — g e = e ——rr—

€: Damped Oscillation b
Mode .u..:. :

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
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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
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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
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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

pled § Uncoupled
Lorenz (1984, 1990) introduced a low-order = a i
atmospheric “general circulation” model, defined 8.1 Bl
by three ordinary differential equations: =
: 8
dx £
= _Y’—Z’_aX+adF, 1 e
dr S il
et |
=P :
dy =
—=XY-bXZ-Y+G, 2) g
dr 577
=]
dzZ 6 7.6
S =bXY+XZ-Z. 3) ’
7 D 500 1000 1500 2000 2500 3000 3500 4000 4500 S000 "o 500 1000 1500 2000 2500 3000 3500 4000 4500 S000
Year Year
Tal Tal
Q %4 o o
L S I
1 I : ' ' 1000 oo B
I qu 4 800 m = z 2
} ‘q Iq .;é 5_ % z 40 - 60 yrs —|
E“U Troo: =
;8_:, &H:_;_ b-26-33 yrs o
10 10
- 4000 m ! 25 S50 75 100 125 150 175 200 235 250 ! 35 ETn == T00 13s 150 75 00 33s
70°N 45°N EQ Cycles per 5000 yecars Cycles per 5000 years
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3-Box Model for Bond Cycle

A 3-Box with only Salinity considered, internal Millennial oscillation
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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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Fi1G. 1. Schematic picture of the interhemispheric box model.
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Thermohaline Circulation Stability: Regime Shift

3-Box model, hysteresis behavior under freshwater forcing
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Lucarini & Stone (2005), Thermohaline circulation stability: a box model study. Part I: uncoupled model. JC



Thermohaline Circulation Centennial Oscillation

2-D with random forcing, 200-300 years oscillation
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Mysak et al., Climate Dynamics, 1993: Century-scale variability in a randomly forced, 2-D thermohaline ocean
circulation model.

; % 11 International Workshop on Tropical MEC, 2021.11.22-23 28




Energy Source: Ocean Convection

3-D OGCM with freshwater forcing, centennial-millennial oscillation
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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

n
c
9]
>
Z
c
z
<
m
A
Q

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
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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
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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 —

4B —Northward OHT 1!
—Cross Eq. ASST
— ITCZ Northward Rain !

, south north ITCZ south

warmer g, cosler o e TTOpical Salinity!

—Northward S-advection !
— —NADW Salinity

FIG. 16. Schematic of mechanism responsible for centennial THC fluctuation in HadCM3. When the THC —AMOC 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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Previous Theoretical Studies: Summary

THC.: stability, bifurcation and regime shift
Forcing: freshwater or/and stochastic

Transition: thermal mode to haline mode

Self-sustained oscillation: O-function-like

Not particularly on Holocene

11" International Workshop on Tropical MEC, 2021.11.22-23
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4. Theory: Our Paradigm
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r Climate Variability that Ocean Matters

Decadal_Js={ Multi-decadal Jmp oMM

ENSO PDO AMO 200-300y
2-1y 10-30y 60-80y BC: 1500y
\ J
v I
Theory, Observation, Simulation 2?77

Comprehensive!
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Standardized Departure

ENSO Variability: 2-7 Years

MULTIVARIATE ENSO INDEX

NOAA/ESRL/Physical Science Division — University of Coloradoe at Boulder/CIRES

1950 1955 1960 1065 1970 1075 1080 1985 1800 1995 2000 2005 2010 2015

https://www.psl.noaa.gov/enso/mei.old/

Eigen Mode : Equatorial Basin Mode,
Rossby + Kelvin waves. Cane and Moore
(1981)

Mixed Layer + Thermocline (200m)

Wang et al. (2018), NSR: A Review of
ENSO theories

o . . N
The unified oscillator for ENSO N
o @
Reflected K wave
-— (u<0, h<0)
T,\
e —— e e
-— Forced K
(u<0, h<0
10°859— - Disct
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Decadal Variability (PDO): 10-30 Years

Peclo Decadal Osclletin ey, Eigen Mode:
=S il =5 \“ 2 variance
.- ——— Qs - R

110°E-100°W o7 %

1. Planetary Wave Basin Mode,
Extratropical Rossby + Coastal
Kelvin waves. Yang and Liu (2003)

2. Subduction mode, 2" Rossby wave.
I i Gu and Philander (1997); Liu (1999a,
e o 00n o L 050 b, 2003)

N «  Mixed Layer + Thermocline (500m)

5 l * Liu (2012), JC: Dynamics of Interdecadal
OM; w J | ‘l | ll 1 : MWMW( uﬂw F% Climate Variability: A Historical Perspective

N w w w m | « Liu and Di Lorenzo (2018), Current Climate
=3 Change Reports: Mechanisms and Predictability
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Multi-Decadal Variability (AMQO): 60-80 Years

Atlantic Multidecadal Oscillation

AMO Index (*C)
©50665 cooooo

ONBWN=2O-=_NWh,OD
I T T T T

L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L]
186018701880 1890 1900 191019201930 1940 1950 1960 19701980 1990 200020102020
Year

Eigen Mode:

1. Planetary Wave Basin Mode,
Extratropical Rossby Waves

2. Advection mode of AMOC
Thermohaline dynamics (4000m)

Vecchi, Delworth and Booth (2018), Nature:

Origins of Atlantic Decadal Swings

Drinkwater et al. (2014), JMS: The Atlantic
Multidecadal Oscillation: Its manifestations and
impacts with special emphasis on the Atlantic
region north of 60N
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r Climate Variability that Ocean Matters

Decadal ]—r[ Multi-decadal ]

ENSO PDO AMO
2.7y 10-30y 60-80y
\ l
Y

Theory: Eigen mode excited by
Air-sea coupling
External (Random) forcing
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Climate Variability that Ocean Matters

We would like to

Searching for Eigen Mode

!

Centennial-Millennial Timescale Climate Variability

!

?7?77?
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One Hemisphere 4-Box Model

Convection
@ Ff) Fu ]
L 3 M
D, q —i—b /\/
_@___]_ ______ ;___l_@_
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Li and Yang (2021)
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Convection

Static instability (SLERER) Convective instability (Ski4 BI#k)

Adiabatic APE Diabatic APE

ALISHAAINN NvAnd

Li and Yang (2021)
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Convection Instability

Diabatic Available Potential Energy (DAPE)

During the transition from state 3 to 4, a large amount
of potential energy is released. The diabatic available
potential energy index (DAPEI) is defined as the en-
ergy released during the overturning minus the energy
required to push the slightly heavy water from the lower
box upward to initiate the whole process,

Potential
Energy
A

E,
A
‘\ A
‘V' \
A%

Cooling Overturning DAPEI = E, — E3 — (Ey — By) = pogh?a(T3 — T})

Flipping 4E4

H
T, «T «T, — DAPEI = /jf gpoa [T(z) — Tyur] (H — 2)6 dzdzdy
0

E\=E, 2 =
Time where 6 is a switch, § = 1 if T(2) > T, and S(z) > S,

0/0 19/ 10': T/S 0710 0/ and 6 = 0 otherwise. Thus the switch § is on only if the

10/10 0/0 0/0 0/10 stratification is in favor of convective overturning.

In comparison, the classic APE is defined as

2 -1
APE:/]]-% (g) dzdydz,

where Jdp/8z is the horizontal mean of the vertical den-
Huang (1994) sity gradient.

DAPEI =E;—E,~(Ey—E)

ALISHAAINN NvAnd
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AMOC, DAPE and Upper Salinity in CESM

Weak AMOC

Big DAPE

Convective Static
instability instability
DAPE ADAPE
] ﬁa) \ ‘HM \ I [ I |
L | 1 Ik T\ W III|
Ll WH\ imu Iy LM“‘ f!\up ||(r‘11 | | m‘ | ‘NJH w“ ”“‘ “ , “ “ * V ‘ l ““ ‘ Strong AMOC
TP iy ¥ Ol L 4
| D ||“f '“’J |
" ‘1 ’w ‘ ‘\ ' “ B|g ADAPE
1 it
A |4“
sss
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Li and Yang (2021)
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One Hemisphere Box Model

S, —S3>5S;, Static instability

S, =5 >S5, =
|S2 — 53 b {5’2 — 53 < S, , Convective instability

Convection

6) £ F

) ALISHAAINN NvAnd

Li and Yang (2021)
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One Hemisphere Box Model
= :

ViS; = q'(Sa— 51 +7(S; — S7) ViS; =q'(Sa —5) +q(S4 — S1)
VaSy = q'(Sy — §) + (51 — 53) — V255 =q'(5: — 5) +(S; — S5)
V3Sh = q'(S; — Sa) + q(S5 — S3) VaSi = q'(53 —5,) +q(S; — S)
VaSy = q'(S3 — Sa) + G(S5— S4) ViSi + V5S35 + V.S = constant

Ap" = pof[8(S; = S + (1= 8)(S5 =S, and § =~ = ==

q' = 2p' = ApoB[Ss — 65] — (1 — §)S})]. and § = —— =22

Vi+Va D
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Li and Yang (2021)
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Theorical Solution to 3-Box Model

w= %[(CzM — C3) £/ (C:M — €3)% — 4C,C,(1 — M)|

(b) Fuqb Fu ||
] — !
D ' =24t =1 =141 1 S
b o q —|-bl where C; = 3 + 5 (o PR Cs 7 + > + 5 and C, o
___________ 1
|
q : @ Based on (AS), the essential stability condition for the system is
D, |
q *I
® ! M < min(2, 1)
I Cz
EQ 45°N 70°N NP

and the oscillation condition of the system is

M, <M < min(M,, 1)
Li and Yang (2021)

where M, , = % + Ci\/Cll2 + Cy(Cy — C3). Thus, Ay, = GM, 5 /py.
2 2
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Stability Condition for 3-Box Model

(Vi+Va)(ViVa+ VoV +V1Vy)

E?-
T _
: G —r A< A o
| PoBFy ViVa (Vi +Vo+Vy)
___________ 1
r |
|
q . @
! Here, A is defined as the critical value to the linear closure parameter A, which is determined by
q _ 4 . ‘
| mean THC strength ¢, the atmosphere moisture flux F,, as well as the basin geometry V;. This
1
459N 70°N NP parameter implies the complexity of oscillation behaviors in reality: at the multi-centennial timescale,

whether an oscillation mode can be identified from paleoclimatic proxy data is full of uncertainty.

Li and Yang (2021)
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Unstable Oscillation without Convection

S

-10 0 1000 2000 3000 4000 5000

Year

Li and Yang (2021)
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Unstable Oscillation with One Convection

Convective Instability Static Instability

AR Cornannann AN
s vvaUUVVUVV\_ vvaVUVVUUUU\
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Li and Yang (2021)
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Self-Sustained Oscillation with Convection

0.47(c)

1 L 1 1 1}
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Li and Yang (2021)
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Self-Sustained Oscillation with Convection

Real Part

Imaginary Part

1.0
204 (a) (c) M=0.25
1 o3
0 — =i 0.0
_______ e 4Box: Unstable
-10{" -—- 4Box: Stable 05
2 — 3Box: Unstable ) 2 4 Box
—20 1 --- 3Box: Stable —— 3 Box
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(d)yM=0.35
ZIIJD 460 GfIJO SI’.I]O 1000
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Li and Yang (2021)
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Self-Sustained Oscillation in Depth Space

(a) Period (b) E-folding time
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Nonlinearity: Self-Sustained Oscillation
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Self-Sustained Oscillation under Stochastic Forcing
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6-Box Model for Two Hemispheres

Symmetric WDC and Global THC

2 3 2 1
=
=)
q s
s
= 6 5 4
S. Extra Tropics N. Extra

6 temperature + 6 salinity = 12 equations

-
c
O
>
Z
c
Z
<
m
X
)

Shi and Yang (2020)
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)

Two
oscillation
modes

M: 12x12 matrix =»
12 Eigen modes

Eigen Modes in a 6-Box Model
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Multi-Centennial Mode

Can be easily excited by random forcing!
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Millennial Mode in 6-Box Model

Can be only excited by deep SO perturbation (??)
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5. Modeling
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r Centennial Oscillation in CESM2.0

2500 Years period Pl control experiment
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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
a0s0 red: salinity

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

- Salinity anomaly

Phase 1 (AMOC min) , Phase 2 (AMOC going up)

o
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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

- A better understanding of mechanisms associated with AMOC decrease
in projections

. 3E |
Fioc hv Katinka Rellnmn
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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 ; T
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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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Centennial-Millennial Climate Variability

A 10-year long way ...

Eigen Mode: likely (J

Physics: can be disclosed LaCOAS
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Southern ocean matters for millennial 5:]- %
Salinity change (freshwater) matters L

Advection-feedback process dominates

n
c
9]
>
Z
c
z
<
m
A
Q




Millennial Variability- Bond Cycle: ~1500 (?) Years

Bond and Lotti (1995), Science; Bond et al. (1997), Science; Bond et al. (1999) ...
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Pacings of the Holocene events and of abrupt climate shifts during the last glaciation statistically the same;
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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

T0°N

Legend Contents lists available at ScienceDirect . AR
W Lake Sayram
A central Asia
.mvillrrn rope

M corthera Europe

Quaternary Science Reviews

journal homepage: www.elsevier.com/locate/quascirev

60°N

Late Holocene hydroclimatic variation in central Asia and its response | @)
to mid-latitude Westerlies and solar irradiance =

Jianghu Lan ™", Jin Zhang &, Peng Cheng *°, Xiaolin Ma * ", Li Ai *?,

Sakonvan Chawchai ¢, Kang'en Zhou * ¢, Tianli Wang * ¢, Keke Yu ', Enguo Sheng &,
Shugang Kang *®, Jingjie Zang %, Dongna Yan * ¢, Yaqin Wang *, Liangcheng Tan ",
Hai Xu ©°
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Fig. 7. Evolutive spectral analysis of hydroclimatic variations recorded by 3'>Cc,, from
Lan et al. (2020)

Lake Sayram over the past 4000 years. Black lines indicate >90% significance levels.
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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
Cold _ . - -— -
Ty >T/2 T2 <Ti2
JUUuUuULr Sy Sy S 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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Centennial-Millennial Variability: Human Civilization (?)

« EBR (2005a) : RITAIZ.2-2FFRBANE. MHmEARINE I AESRATEREATHEES R
TRISIEE RS, REMHENKERLKR—GRSEMH

« EBR (2005b) : HKDFEDhEEBARGIED 2 TTRI2070FE RV
- TERMEEE (2006) @ EHEUAEM "XEiSK" |, SIETEATREXS aK" BRIFEETHN
- ERHEZF (2011) : ES6-ATFRAFHN: BEDTE, UseSAEINRRISAREEHEX
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Bjerknes Compensation (BJC)

A Eigen Mode of Coupled Ocean-Atmosphere System

Heat Transport (PW)
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Yang et al. (2015, 2016, 2017, 2018); Liu et al. (2016, 2019)
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Bjerknes Compensation (BJC)

A Eigen Mode of Coupled Ocean-Atmosphere System

Robust and theoretically derived!

: : F, 1
Climate Shift: Cro = 771 = ~ 10572,

i ‘ : e _Fy ] . _ F
Climate Variability:  Cry =77 = 15 * Cro; 75 = €056 = — ==

w—>0 = 1rs—>—1; Cgyp = Cpo

Yang et al. (2015, 2016, 2017, 2018); Liu et al. (2016, 2019)
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Self-Sustained Oscillation in CESM?

THC in 4-box model

AMOC in CESM
0.4
0.100—(3] A 0.100 4 (b) M (e)
Z 0,075 20,075 / 0.2
= S o
5 0,050 0,050 A 3 00
[} o
* 0.025- & 0,025 - —0.2
0.000 T T 0.000 . - - ; —0.4 — T T
22 24 26 22 23 24 25 26 0 1000 2000 3000
AMOC index (Sv) AMOC index (Sv) Year
1.0 —_ 1.0
(©) @ 60 {(d) )
s = 5 05
2 054 2 54
B E 40 =
o b= []
= 0.0 9 E 00
: :
El 5 S5 -05
270 g o 2
—1.0 T T T T & ! . -1.0 T T T
0 200 400 o600 800 1000 1073 1072 107t 0 250 500 750 1000
Lag (yrs) Frequency (yr—1) Lag (yrs})

Li and Yang (2021)
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Multi-Centennial Mode

Can be easily excited by random forcing!
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Shi and Yang (2021)
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Multi-Centennial Mode

Features:

« Significant signal in upper ocean, Northern Hemisphere
 Also in Tropics

« Self-sustained / Random forcing

Shi and Yang (2021); Li and Yang (2021)
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Millennial Mode in 6-Box Model

Determined by the lower ocean depth
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