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• Fundamentals

• Questions

• Hypothesis and Theory

• CGCM results

• Aquaplanet

• Summary

Outline

BJC:  Out-of-phase changes in meridional OHT and AHT
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Fundamentals
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Heat Budget at the TOA

Fundamental Questions



5

P
e

k
in

g
 U

n
iv

e
r

s
it

y

NZC Annual Meeting,  Beijing, China, Oct. 31–Nov. 01, 2017

Energy

2

)( 222 wvu
gzqLTcEnergy vp




• Sensible Heat   /   Latent heat
• Potential energy  /   Kinetic energy

1. Kinetic energy transport is small
2. In the ocean only sensible heat transport
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Fundamental Questions

Trenberth and Caron (2001)
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Fundamental Questions

Yang and Li (2015)

EMP(vq)

qLTcEnergy vp 
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Fundamental Questions

Climate Change during Past 22 kyr

Timmermann (2009), Science

MHT from CCSM3 simulation TraCE-

21K, From LGM to present 

Liu et al. (2009); He (2011)
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MHT Change Since LGM

LGM OD BA YD Holocene

30N-50N (-0.81)

20S-30N (-0.95)

70S-20S (-0.88)

Yang et al. (2015)
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Note: TC01 is from Trenberth and Caron (2001)

Compensation between AHT and OHT



11

P
e

k
in

g
 U

n
iv

e
r

s
it

y

NZC Annual Meeting,  Beijing, China, Oct. 31–Nov. 01, 2017

Bjerknes, 1964: Atlantic Air-Sea Interaction, Advances in Geophysics, Vol. 10, P77 

Hypothesis: Bjerknes Compensation
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？

？

Hypothesis: Bjerknes Compensation

Question: How Climate Feedback Determines BJC?

A = -B

Energy Conserved

Then A = -(B+C)
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1. Coupled Multi-Box Model

2. 1-D Energy Balance Model (EBM)

Theory for Equilibrium Change

Go to Final Equations
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Coupled Multi-Box Model

Stommel (1961); Nakamura et al. (1994); Marotzke and Stone (1995);

Tziperman et al. (1994); Tziperman and Ioannou (2002)

Yang, Zhao and Liu, 2016: Understanding Bjerknes compensation in atmosphere and ocean heat 
transports using a coupled box model. J. Climate

Atmosphere

Upper Ocean

Deep Ocean

Go to Final Equations
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Equations and Dynamics

Heat Flux  at TOA:   H1,2 = A1,2 – B1,2T1,2

Fresh Water Flux : Hfw =  (T2 – T1)

Thermohaline :  q =  [(T2 – T1) – (S2 – S1)]

AHT:  Hd ~ (T2 – T1) OHT:  Od ~ q*(T2 – T1)
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Negative Feedback: THC vs T

Willebrand (1993)

THC 

Temp Density 

T
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S

THC 

Salinity Density

Positive Feedback: THC vs S

Willebrand (1993)
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Positive Feedback: THC vs EMT

Nakamura et al. (1994)

EMT: Atmosphere Eddy Moisture Transport

OHT

SSTMoisture

SSS

THC
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Analytical Solution: BJC Rate

CR  Ha/Ho = (B1+B2)/[B1B2+(B1+B2)]

if B1=B2

CR = 1/[1+B/2] < 0 ~   Intrinsic Rate

Intrinsic parameters: 

• B1,2 ~  Local feedback between T and HF at TOA  

•  ~  Atmospheric heat transport efficiency.
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Intrinsic Rate

=1,    if B1B2 = 0,    Full Compensation|CR|

>1,    if either  B1 or  B2 > 0,    Overcompensation

<1,    if B1, B2 < 0,    Undercompensation

B1,2 ~  Local climate feedback VITAL!
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1-D Slab-Ocean Energy Balance Model

Stommel (1961); North, (1975)

Liu, Yang, He and Zhao, 2016: A theory for Bjerknes compensation: the role of climate feedback. J. Climate

Non-dimensional Equation

With Non-dimensional OHT and AHT
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CR  Ha/Ho = 1/[1+B/(n)2] < 0, n=1,2, …

Intrinsic Rate

• B ~  Intrinsic parameter, Local feedback between T and HF at TOA  

• n ~  Forcing scale.

Analytical Solution: BJC Rate
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Thermohaline-Climate Feedback-Energy Balance

Local climate feedback 𝑩(𝒚)

𝑪𝑹 ≡
∆𝑭𝒂

∆𝑭𝒐
= −

𝟏

𝟏−𝑩
< 𝟎

Coupled Intrinsic Mode

Yang, Zhao and Liu (2016)
Zhao, Yang and Liu (2016)

Climate Feedback + MHT  Earth Energy Balance
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Energy Compensation  Weight Management

𝑪𝑹 = −
𝟏

𝟏−𝑩

Diet

Ocean

Motion 

Atmos

Metabolism

Climate 

Feedback

Coupled Intrinsic Mode

Go to Aqua
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Theory for Transient Climate Variability

 𝑻𝒔 =
1

𝜖𝑐𝜌0𝐷1
𝐴2 − 𝐴1 − 𝐵𝑻𝒔 − 2𝜒𝑻𝒔 − 2𝑞𝑻𝒔,

 𝑺𝒔 =
2𝑆0

𝜖𝑤𝐷1
𝛾𝑻𝒔 − 2𝑞𝑺𝒔 + 𝒉𝒇𝒘.

𝜕

𝜕𝑡

𝑻𝐬
′

𝑺𝐬
′ = 𝑴

𝑻𝐬
′

𝑺𝐬
′ +

𝟎
𝒉𝟎𝒆

𝒊𝝎𝒕

Linearization: 𝑇 =  𝑇 + 𝑇′ and 𝑆 =  𝑆 + 𝑆′

If  𝒉𝒇𝒘 = 𝑐𝑜𝑛𝑠𝑡. 𝐶𝑅0 = −
1

1+𝐵/2𝜒
(2)
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𝑪𝑹𝒑 ≡
𝑭𝒂
′

𝑭𝒐
′ = 𝑹𝒆 𝑪𝑹𝟎𝒆

𝒊𝜹 = 𝒓𝜹 ∗ 𝑪𝑹𝝎

𝑪𝑹𝛚 =
𝟐𝝌

𝝐𝒄𝝆𝟎𝑫𝟏 𝝎𝟐 + 𝑭𝟐

𝒓𝜹 ≡ 𝒄𝒐𝒔𝜹 = −
𝑭

𝝎𝟐 + 𝑭𝟐

𝑪𝑹 ≡ 𝒓
𝝈𝑭𝒂
𝝈𝑭𝒐

𝑪𝑹𝟎 = −
𝟏

𝟏 + 𝑩/𝟐𝝌

𝝎 → 𝟎

BJC for Climate Variability

Zhao, Yang and Liu, 2016: Assessing Bjerknes compensation for climate variability and its 
timescale dependence. J. Climate
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𝝎 → ∞ ⇒ 𝑟𝛿 → 𝟎; 𝐶𝑅0 → 𝟎; 𝐶𝑅𝒑 → 𝟎

No correlation and No BJC

𝝎 → 𝟎 ⇒ 𝑟𝛿 → −𝟏; 𝐶𝑅(𝟏) ≍ 𝐶𝑅𝟎(𝟐) ≍ 𝐶𝑅𝒑(𝟑)

Full correlation and equilibrium BJC

BJC for Climate Variability

Go to Climate Variability Validation
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Summary and Discussion

 Bjerknes compensation
 Intrinsic mode

 Atmospheric physics  Physical oceanography

 Climate feedback  Thermohaline circulation

 Self-constraint mechanism
 Climate didn’t drift too much

 If feedback  Reversibility of climate
 Invisible hand (?)

谢 谢


