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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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Our Questions

1. Natural Centennial-Millennial oscillation in climate system?

地球气候系统是否存在百年-千年尺度自然振荡？

2. Connection to the evolution of human civilization?

这种振荡与人类文明演化是否有关系？

500300 Years
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3. Observation

4. Theory

5. Modeling
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Great Conveyor Belt: Thousands' Years
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AMO: 60-80 Years

Kaplan SST (Kaplan et al., 1998; Drinkwater et al., 2014)
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Motivation

2500 years control run using NCAR-CESM1.0

Earlier in 2013, we confused …

2100 2400

Year

AMOC index
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Sea Ice ➔ AMOC ?

Excellent correlation, but causality?

Confused …
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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.

Centennial Variability in Proxy Data
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Centennial Variability: 200-300 (?) Years

石佳琪，杨海军，2021：关于观测的百年到千年时间尺度气候振荡。科学通报，待投稿。
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Centennial Variability: 200-300 (?) Years

石佳琪，杨海军，2021：百年-千年气候变率：观测、理论与模拟。科学通报，待投稿。
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Lapland

Tree rings width

Camp Century

Cores (氧同位素)

Santa Barbara Basin sediment

minimum population of hake

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

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

(c) % N.pachyderma from 

Laurentian Fan (25MC‐A)

(b) alkenone records from RAPiD‐21‐3K; 

(d) foraminiferal Mg/Ca‐based 

temperature reconstructions from Rockal

Trough ENAM9606/M2003209

(f) 𝛿18𝑂𝑓𝑜𝑟𝑎𝑚from P1003MC/SC

Centennial Variability in Proxy Data
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Centennial Variability: 200-300 (?) Years

葛全胜，郑景云，满志敏，方修琦，张丕远，2002：过去2000a中国东部冬半年温度变化序列重建及初步分析。地学前沿，9(1)，169-181.
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2-Box Model and Multi-Equilibrium
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Pierre Welander (1982), A simple heat-salt oscillator. Dyn. Atmos. Oceans. 

Energy Source: Ocean Convection

• Flip-Flop model

• Self-sustained oscillation with 

increasing vertical turbulent mixing
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2D Model and 2-, 3-Box Model

Olivier Thual & James C. 

Mcwilliams (1992)

3-Box Model and Multi-Equilibrium

Claes Rooth (1982)

Pierre Welander (1986)

Climate transition between different stable regimes, with global and centennial-millennium timescale
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• 2-Box: Interdecadal variability of THC

• Linear interpretation

• Excited by atmospheric random forcing

Energy Source: Atmosphere Perturbation

Stephen Griffies and Eli Tziperman (1995): A linear thermohaline oscillator driven by stochastic atmospheric forcing. J. Climate 

: Damped Oscillation 

Mode 

Circulation under random 

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

Periodic oscillation with constant Temperature / Collapse under some parameters 

Energy Source: Ocean Advection Feedback

Jeffery Scott, Jochem Marotzke and Peter Stone (1999): Interhemispheric thermohaline circulation in a coupled box 

model. JPO.
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3-Box coupled model

Single Equilibrium: Self-Sustained Oscillation

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

Self-sustained oscillation with nonlinear close condition 



11th International Workshop on Tropical MEC，2021.11.22-23 24

F
U

D
A

N
U

n
iv

e
r

s
it

y

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

Multi-Equilibrium: Forced Regime Shift

Paola Cessi (1994), A simple box model of stochastically forced thermohaline flow. JPO

Stommel 2-Box model, no intrinsic variability, stochastic forced variability 
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Paul Roebber (1995), Climate variability in a low-order coupled atmosphere-ocean model. Tellus-A

Single Equilibrium: Forced Oscillation

Atmosphere Lorenz model and Ocean 3-Box model

UncoupledCoupled
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Sakai & Peltier (1999), A dynamical systems model of the Dansgaard-Oeschger oscillation and the origin of the

bond cycle. JC

3-Box Model for Bond Cycle

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

Bifurcation: from a stable solution to an unsteady bounded oscillation
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Lucarini & Stone (2005), Thermohaline circulation stability: a box model study. Part I: uncoupled model. JC

Thermohaline Circulation Stability: Regime Shift

3-Box model, hysteresis behavior under freshwater forcing
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Mysak et al., Climate Dynamics, 1993: Century-scale variability in a randomly forced, 2-D thermohaline ocean 

circulation model.

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

Thermohaline Circulation Centennial Oscillation

2-D with random forcing, 200-300 years oscillation
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Huang (1994): Thermohaline circulation: Energetics and variability in a single-hemisphere basin model. JGR-ocean

Energy Source: Ocean Convection

• Periodic oscillation of saline mode

• DAPE provides energy to saline mode’s oscillation

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



11th International Workshop on Tropical MEC，2021.11.22-23 30

F
U

D
A

N
U

n
iv

e
r

s
it
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Multi-Equilibrium: Self-Sustained Oscillation

Late Permian, Equable climate and regime shift, Millennial oscillation

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
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Colin De Verdière, Jelloul and Sevellec (2006), Bifurcation structure of thermohaline millennial oscillations. JC

Multi-Equilibrium: Self-Sustained Oscillation

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

E-P increasing: stable thermal mode ➔ oscillation mode➔ steady haline mode.
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Sévellec et al. (2006), On the mechanism of centennial thermohaline oscillations. J. Marine Research

Beyond Box Model

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

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
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Sévellec & Fedorov (2014), Millennial variability in an idealized model: predicting the AMOC regime shifts

Beyond Box Model

1-D Howard-Malkus loop model, AMOC Millennial regime shifts

AMOC Millennial shift is predictable in this chaotic model

Two predictive indices are defined
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Vellinga and Wu (2004), Low-latitude freshwater influence on centennial variability of the Atlantic THC. JC

AMOC  →

→Northward OHT 

→Cross Eq. SST 

→ ITCZ Northward Rain 

→Tropical Salinity

→Northward S-advection 

→NADW Salinity 

→AMOC 

Centennial Oscillation in Coupled GCM
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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: -function-like

➢ Not particularly on Holocene
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1. Common Knowledge

2. Motivation

3. Observation

4. Theory: Our Paradigm

5. Modeling

Contents
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Climate Variability that Ocean Matters

Interannual Decadal Multi-decadal

ENSO

2-7y

PDO

10-30y

AMO

60-80y

Centennial-

Millennial

200-300y

BC: 1500y

Theory, Observation, Simulation

Comprehensive!

？？？
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ENSO Variability: 2-7 Years

• 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

https://www.psl.noaa.gov/enso/mei.old/
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Decadal Variability (PDO): 10-30 Years

• Eigen Mode: 

1. Planetary Wave Basin Mode, 

Extratropical Rossby + Coastal 

Kelvin waves. Yang and Liu (2003)

2. Subduction mode, 2nd Rossby wave. 

Gu and Philander (1997); Liu (1999a, 

b, 2003)

• Mixed Layer + Thermocline (500m)

• Liu (2012), JC: Dynamics of Interdecadal 

Climate Variability: A Historical Perspective

• Liu and Di Lorenzo (2018), Current Climate 

Change Reports: Mechanisms and Predictability 

of Pacific Decadal Variability 

https://www.daculaweather.com/4_pdo_index.php
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Multi-Decadal Variability (AMO): 60-80 Years

https://en.wikipedia.org/wiki/Atlantic_multidecadal_oscillation; UK Met Office; HadISST

https://climatedataguide.ucar.edu/climate-data/atlantic-multi-decadal-oscillation-amo

• 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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Climate Variability that Ocean Matters

Interannual Decadal Multi-decadal

ENSO

2-7y

PDO

10-30y

AMO

60-80y

Theory: Eigen mode excited by 

Air-sea coupling 

External (Random) forcing
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Climate Variability that Ocean Matters

We would like to 

Centennial-Millennial Timescale Climate Variability 

Searching for Eigen Mode

？？？
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One Hemisphere 4-Box Model

Li and Yang (2021)

Convection
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Convection

Li and Yang (2021)

Static instability (头重脚轻) Convective instability (头冷脚热)

Adiabatic APE Diabatic APE

High Saline ➔Denser

Fresh

Fresh

High Saline

➔Denser
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Convection Instability

Huang (1994)

Diabatic Available Potential Energy (DAPE)
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AMOC, DAPE and Upper Salinity in CESM

Li and Yang (2021)

Convective

instability

DAPE

Static

instability

ADAPE

Weak AMOC

Big DAPE

SSS 

Strong AMOC

Big ADAPE

SSS 
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One Hemisphere Box Model

Li and Yang (2021)

Convection
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One Hemisphere Box Model

Li and Yang (2021)
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Theorical Solution to 3-Box Model

Li and Yang (2021)
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Stability Condition for 3-Box Model

Li and Yang (2021)
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Unstable Oscillation without Convection

Li and Yang (2021)
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Unstable Oscillation with One Convection

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

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

Li and Yang (2021)

2

31

22

3
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Self-Sustained Oscillation in Depth Space

Li and Yang (2021)
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Nonlinearity: Self-Sustained Oscillation

Li and Yang (2021)
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Self-Sustained Oscillation under Stochastic Forcing

Li and Yang (2021)
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6-Box Model for Two Hemispheres

Symmetric WDC and Global THC

Shi and Yang (2020)

6 temperature + 6 salinity = 12 equations
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Eigen Modes in a 6-Box Model

Two 

oscillation 

modes 

Shi and Yang (2021)

𝝏

𝝏𝒕
𝑻
𝑺

= 𝑴
𝑻
𝑺

M: 12x12 matrix ➔

12 Eigen modes

CTRL B1=0.5 B1=0 B1=-0.3

0.6530 0.8406 1.0160 1.1994

183年 193年 205年 221年

-6.5

-14.3

-35.1

-131.4+202.0i

-131.4-202.0i

-261.9

-3281.3

Nan

-1187+7341i

-1187-7341i

-1044+1543i

-1044-1543i

-8

-14

-42

-187+224i

-187-224i

-376

-4522

Nan

-1685+11791i

-1685-11791i

-1473+2183i

-1473-2183i

-10

-13

-46

-246+242i

-246-242i

-508

-5819

Nan

-2242+18925i

-2242-18925i

-1948+2892i

-1948-2892i

-12+92i

-12-92i

-50

-310+258i

-310-258i

-674

Nan

-7353

-2916+31770i

-2916-31770i

-2522+3745i

-2522-3745i

0.6789 0.6756 0.6754 0.6722
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Multi-Centennial Mode

Can be easily excited by random forcing! 

Shi and Yang (2021)

N. Extratropical T1 N. Extratropical S1
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Millennial Mode in 6-Box Model

Can be only excited by deep SO perturbation (??)

Shi and Yang (2021)

Perturbation 

here

Response 

here

T6 ➔ S4; S6➔T4
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1. Common Knowledge

2. Motivation

3. Observation

4. Theory

5. Modeling

Contents
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Centennial Oscillation in CESM2.0

2500 Years period PI control experiment

AMOC



11th International Workshop on Tropical MEC，2021.11.22-23 64

F
U

D
A

N
U

n
iv

e
r

s
it

y

Centennial Oscillation in EC-Earth3 Model 

200-Y period

2000 Years period PI control experiment

Zhang et al. (2021)
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Exists also in Other Models …

Jost von Hardenberg (2021) Personal communication
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Exists also in Other Models …

Angeloni et al. (2021)
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Centennial-Millennial Variabilities 

Observations Theory Modeling

Confirmed Internal 

Eigen Mode

200-1000y

Ocean-alone

Or Coupled 
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谢谢

Centennial-Millennial Climate Variability

• Eigen Mode: likely

• Physics: can be disclosed

• Southern ocean matters for millennial

• Salinity change (freshwater) matters

• Advection-feedback process dominates

A 10-year long way …
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Millennial Variability- Bond Cycle: ~1500 (?) Years

Bond and Lotti (1995), Science; Bond et al. (1997), Science; Bond et al. (1999) …

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.

1470500 years
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Millennial Variability- Bond Cycle: ~1500 (?) Years

Lan et al. (2020)
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Michael Schulz (2002), GRL

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)

Dansgaard-Oeschger interstadials ➔ 1470-year climate cycle

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

• 王绍武（2005a）：公元前2.2-2千年尼罗河文明、两河流域文明及印度河文明等等突然衰落发生在中纬度普遍

变冷的气候背景中，是全新世进入大暖期以来的一次强冷事件

• 王绍武（2005b）：洪水➔干旱➔中华文明的诞生➔公元前2070年夏朝建立

• 王绍武和黄建斌（2006）：夏朝建立的基础“大禹治水”，气候干旱可能对“治水”成功产生了影响

• 王绍武等（2011）：距今6-4千年的五帝时代：湿润➔干旱；可能与热盐环流的突然减弱有关

人类文明的兴衰史也与百年-千年的气候振荡有密切关系

诺
亚
方
舟

大
禹
治
水
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Bjerknes Compensation (BJC)

A Eigen Mode of Coupled Ocean-Atmosphere System

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

Yang et al. (2015, 2016, 2017, 2018); Liu et al. (2016, 2019)

Robust and theoretically derived!

𝐶𝑅0 ≡
𝐹𝑎
′

𝐹𝑜
′ = −

1

1+𝐵/2𝜒

𝐶𝑅𝑝 ≡
𝐹𝑎
′

𝐹𝑜
′ = 𝑟𝛿 ∗ 𝐶𝑅0;  𝑟𝛿 ≡ 𝑐𝑜𝑠𝛿 = −

𝐹

𝜔2+𝐹2

Climate Shift:

Climate Variability:

𝝎 → 𝟎 ⇒ 𝑟𝛿 → −𝟏; 𝐶𝑅𝒑 ≍ 𝐶𝑅𝟎
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Self-Sustained Oscillation in CESM?

Li and Yang (2021)
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Multi-Centennial Mode

Can be easily excited by random forcing! 

Shi and Yang (2021)

Tropical T2

Tropical S2

S. Extratro. T3

S. Extratro. S3
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Multi-Centennial Mode

Shi and Yang (2021); Li and Yang (2021)

Features:

• Significant signal in upper ocean, Northern Hemisphere

• Also in Tropics

• Self-sustained / Random forcing
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Millennial Mode in 6-Box Model

Determined by the lower ocean depth

Shi and Yang (2021)

D2=5000 CTRL D2=3000 D2=2000 D2=1000

0.65 0.65 0.65 0.65 0.70

-6.53

-14.26

-35.07

-131.39+ 202.08i

-131.39- 202.08i

-264.70

-4101.71

nan

-1484.22 + 9179.53i

-1484.22 - 9179.53i

-1283.99+ 2027.32i

-1283.99 - 2027.32i

-6.5

-14.3

-35.1

-131.4+202.0i

-131.4-202.0i

-261.9

-3281.3

Nan

-1187+7341i

-1187-7341i

-1044+1543i

-1044-1543i

-6.53

-14.26

-35.07

-131.45+ 201.87i

-131.45 - 201.87i

-253.28

-2461.00

Nan

-890.56 + 5500.67i

-890.56 - 5500.67i

-814.87 + 1075.65i

-814.87 - 1075.65i

-6.53

-14.2

-35.07

-131.59 + 201.06i

-131.59 - 201.06i

-223.25

-1640.72

nan

-593.74 + 3656.27i

-593.74- 3656.27i

-612.35 + 658.49i

-612.35 - 658.49i

-6.53

-14.26

-35.07

-131.27+ 190.70i

-131.27 - 190.70i

-140.48

-820.67

nan

-296.93 + 1797.81i

-296.93 - 1797.81i

-437.72+ 335.90i

-437.72- 335.90i

0.6333 0.6789 0.7568 0.9299 1.3031


