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BJC: Out-of-phase changes in meridional OHT and AHT

 Fundamentals

* Questions
 Hypothesis and Theory
* CGCM results
 Aquaplanet

* Summary
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F Fundamentals

T =200

Heat Transport
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Winds and Currents

ALISHAAINN ONIMAd

FEA R K AW RAFRA201TFAFERF S, 20171214, T 3



ALISH3IAINN OSNIM3I

Heat Budget at the TOA
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(U +V* + W)
2

Energy =c,T +L,q+0z+

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

=

Kinetic energy transport is small
. In the ocean only sensible heat transport

N
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Fundamental Questions
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Energy Transport Mechanisms

Energy multiply by meridional mass tran

sport

F. =W C AE

R K

Hadley Cell o Monsoon Circulation  Eddies:
Ferrell Cell o Oceanic Gyres o Standing Waves
AMOC o Transient Storms
Wind-driven STC o Instability Waves
o Gulf Stream
Rings...

Fundamental Questions
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Ocean Heat Transport Calculation

Temperature equation

dT d(u+u*+u"YT Hv+v*+e"NT dw+w +whT a
S )7, A LI )T _ r(r) + (1) + 22
dt dx dy dz dz

l Zonal and Vertical Integration

mz_:dx‘i}’d”ﬂf“'“* Jiﬂ‘}dedF fﬂR{T}ixd}rdz+ﬂ qudf@,

Storage OHT,; OHTyis OHTy,

l

OHT,, + OHT, , + OHT,
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Ocean Heat Transport Calculation

No Submesoscale Eddies Equilibrium
OHT = OHT,;= OHT, ; + ONT, + ONT,r, =OHT, -+ ONT; - Stogage
No Mesoscale Eddies No Mixing

]
OHT,; ~ OHT, ~ OHT,,,
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Calculation in CGCM

+ Real heat transport by Atmosphere and Ocean
o OHT components:
o Basin contribution / Wind-driven / Thermohaline

» AHT components:

o Dry air VS. Water vapor / Mean VS. Eddies
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Meridional Heat Transport

Heat Transport (PW)
o
o
]

OHT,; = OHT,,
AHT,; = AHT,
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Dotted lines from Obs. Heat Flux (Trenberth and Caron, 2001)
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Decomposing OHT,;
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Yang and Li (2015)
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Decomposing AHT,;
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Divergence of Water Vapor Transport
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Fundamental Questions

1. Antisymmetric MHT?

N o N
o o O ©

Heat Transport (PW)
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—— AHT
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60S

Trenberth and Caron (2001)

30S

Aquaplanet = Real Earth
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Fundamental Questions

2. “Real” Oceanic Contribution?
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Younger Dryas

AMOC recovery

€0, and ice sheets

North Atlantic sea-surface temperature anomaly (°C)
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Earth Climate Stability Mechanism

e [2rian Margin temperature index = lberian Malw temperature, model results, L et ol
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AMOC overshoot

Time (thousand years before present)

Climate Change during Past 22 kyr

Timmermann (2009), Science
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Fundamental Questions

3. Relationship between OHT and AHT Changes?

Total

—AHT |
——OHT

60N

80N

MHT from CCSM3 simulation TraCE-
21K, From LGM to present

Liu et al. (2009); He (2011)




MHT Change Since LGM
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Yang et al. (2015)
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Compensation between AHT and OHT

Heat Transport (PW)
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Hypothesis: Bjerknes Compensation

Heat
. . flux
Jacob Aaal Bonnevie Bjerknes
1897-1975
Poleward
heat flux
Atm + Oum\
b e 102 10"
~ - . y
<
Alm, heot 3
flux X
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o
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Pac. + At ;o‘“"'e heat flux
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Fia. 48, Solid lines: flux data from Fig. 47 pertaining to present climatie conditions.
Dashod lines rofer to a sketchy model of the conditions around 1800 A.D. and show
qualitative estimate of curtailed Atlantic and total oceanic heat flux as well as inoreased
heat flux by low index atmospheric circulation. The anomalies of heat flux in oceans and
atmosphere are assumed to cancel, leaving total heat flux and eadiation budget un.
changed. Actually, some change in the radistion budget is also likely to have taken place,
but it could well have been quite small,

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

Question: How Climate Feedback Determines B]C?

#+—- A+B=0—>A=-B

but A+B+C=0

C: climate
feedback

Then A =-(B+(C)

S Dipole Mode

Energy Conserved
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P EAE K AR RAT2017F A FRF R, 20171214, R 20



ALISHAAINN ONIMAd

Theory for Equilibrium Change

1. Coupled Multi-Box Model
2. 1-D Energy Balance Model (EBM)

Go to Final Equations
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Coupled Multi-Box Model

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

| Lo i

2 b F.. 1 Atmosphere
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— {}HZ Hll_l N
D, 2 o 1 Upper Ocean
_____ _l.____ .Fil_____l._____-
o4 F02
D, PR L 3 Deep Ocean
EQ L; 35°N L, 75°N NP

Stommel (1961); Nakamura et al. (1994); Marotzke and Stone (1995);
Tziperman et al. (1994); Tziperman and loannou (2002)

Go to Final Equations
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Equations and Dynamics

Fresh Water Flux: H;, = y(T,-T,)

Thermohaline: q =« [a(T,-T,) - B(S, - S,)]

AHT: H,~ (T,- T,) OHT: O,~ q*(T,-T,)
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Negative Feedback: THC vs T

T degC
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Willebrand (1993)
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Positive Feedback: THCvs S
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Willebrand (1993)
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Positive Feedback: THC vs EMT

EMT: Atmosphere Eddy Moisture Transport

/\V THCW \

VSSSA OHTWV

i l

Moisture/N VSSTA

) g

Nakamura et al. (1994)
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Analytical Solution: BJC Rate

C,=AH /AH = (B, +112) %/|B:B,+(B;+B,) ¥}
if B,=B,
\
Cy=-1/[1+B/2})] <0 ~ Intrinsic Rate

Intrinsic parameters:
B 12 ~ Local feedback between T and HF at TOA

®* Y ~ Atmospheric heat transport efficiency.
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Intrinsic Rate

<1, if -B,,—-B,<0, Undercompensation
=1, if B;B,=0, Full Compensation

>1, if either —B,or —B, >0, Overcompensation

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

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

Non-dimensional Equation
O,re [ M(X)T] — b(x)T + f(x) = 0, for 0<x<1
With Non-dimensional OHT and AHT

f(.X') — _axHﬂJ
H, = —0.[MGOT].

Stommel (1961); North, (1975)
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Analytical Solution: BJC Rate

Intrinsic Rate

C.=AH /AH, = -1/[1+B/(nx)?] <0, n=1,2, ...

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

® N ~ Forcing scale.
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Coupled Intrinsic Mode

Thermohaline-Climate Feedback-Energy Balance

TOA

: AF 1
Regetive (Bx0) CR = a < O
AF, 1-B

+  |€gl=1
”\\\\IRI

Atmos

Local climate feedback B(y)

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

Ocean

Climate Feedback + MHT = Earth Energy Balance
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Coupled Intrinsic Mode

e ZAMZE © RERKF

7 BRI
(&A% B A3)

29\l Cr = 1

Go to BJC for Climate Variability
Go to Outline
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Intrinsic Rate

Cr= _(BI+BZ)Z/ [B1Bz+(B1+Bﬂx]
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Mean Climate

Temperature Salinity Transport
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How BJC Occurs: Fresh Water

TOA

—_—_—

South North

ALISH3IAINN OSNIM3I

b E AP R X AY R RTI017TEEFERES, 20171214, ¥ 35



ALISHAAINN ONIMAd

Climate Change under Fresh Water

Salinity (psu)
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BJC under Negative Feedback

Compensation Rate: Constant!

0 i3 a3l RN EET | i3 s aaaal
O -2 x/(B+2y)
014 * AHd/AOd -

10 10° 10
Year

Under-Compensation (-B1,2<0)
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Climate Change under Fresh Water

Full Compensation (-B1=0, Zero Feedback)
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Modeling MHT and OHT in Past 22ka
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Mechanism for Undercompensation

TOA

.
'i'o<AHd<|Aod| +

AHSZ — -AOd > O

Dipole Response
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Mechanism for Full compensation

A4H, =

TOA
-BZATZ - O AHOl = -B].AT]. - O

0<AH,= |40,

-AOd > O

Dipole Response
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Mechanism for Overcompensation

TOA

Ay = BoAT, >0  AHoy = B,AT, <0
AH > 40|
+ = )

’
A\

AHSZ — 'AOd > O AHSl :AOd < O

Global Cooling or Warming a

South North
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Will BJC Occur under Heating?

TOA
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Analytical Solution: BJC Rate under Heating

C,=A4H,/AH, = {1/[1+(B;-B,) AA/AT¢[B,B,+(B,+B;) 711} Cr

!

if B,=B, global uniform feedback

!

C,=Cr<0
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“BJC Rate” under Heating

No thermohaline dynamics = No Compensation!

18I 1 | | |

0 600 1200 1800 2400 3000
Year
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Why No BJC under Heating?
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Why No BJC under Heating?

q~ Ts 9 Od ~ q*Ts ~ Ts*Ts
v

C,=AH,/AH, =H,/2H,
v

No Compensation! (>0 & C ~Constant

!

No thermohaline dynamics

ALISHAAINN ONIMAd
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BJC Possible under + Heating?

Valid for weak heating

No BJC
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CO2 since the LGM

Since LGM: 1.5x10* W/m?/year (Shakun et al., 2012)
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Since 1770: 1x102W/m?/year (IPCC, 2007)
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Climate Variability and BJC in CESM

Corr(AMOC, OHT) = 0.81 Corr(OHT, AHT) =-0.71
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Theory for Transient Climate Variability

l Linearization: T=T+T' andS=S+ S’
9 (T’ T, 0
3t (s1) =M (s7) + (noeior)

1
If hg,, = const. — Cgry =

14B/2y (2)
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BJC for Climate Variability

Zhao, Yang and Liu, 2016: Assessing Bjerknes compensation for climate variability and its
timescale dependence. J. Climate

— ’ i a
CRP - F_? - Re(CROe“S) =7T5* Cpe — Cpr=r1 fa
o O'F
0
6 ! N
rs = C0S6 = —
Vw? + F? 1
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BJC for Climate Variability

w — OO $T5—>O, CRO_)O; CRp_)O

v

No correlation and No BJC

w-0 = rs — —1, CR(I) = CR()(Z) = CRP(B)

!

Full correlation and equilibrium BJC
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Go to Climate Variability Validation
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BJC for Climate Variability
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BJC for Climate Variability

Under stochastic forcing: ke, = hy [~ et dw
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BJC for Climate Variability
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BJC Theory Valid for Climate Variability

(a) Correlation
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Beyond decadal timescale, AHT and OHT out of phase, BJC established
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* CGCM results
 Aquaplanet

* Summary
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CESM Experiment and Mechanism

» Fresh-water experiments
® experiments
» Global warming experiments

» Internal variability from a long control run

Yang and Dai (2015), Yang et al. (2013, 2016, 2017)
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BJC under Freshwater in CESM

0.4 1(c)
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Atlantic OHT ¥ = AHT A\ = Pac-Ind. OHT A\
Atlantic OHT = AHT; Pac-Ind. OHT = Overcompensation
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Eresh AMQC Atl. _OHT SST COldEl_’ in NL—J
Water Shutdown Reduced Warmer in SH
| N SST and SAT Poleward
Compensation Gradient Enhanced

!

AHT Hadley Cell and Eddy
Enhanced Activity Enhanced

Yang et al. (2013, 2017)
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BJC under Wind Perturbation in CESM

Heat Transport(PW)
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No Wind STC and AMOC OHT SST Colder in Extratro.

Shutdown Reduced Warmer in Tropics
| N SST and SAT Poleward
Compensation Gradient Enhanced

!

AHT Hadley Cell and Eddy
Enhanced Activity Enhanced

Yang and Dai (2015), Dai et al. (2017)
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BJC under Global Warming in CESM
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BJC

Heet Transport (FW)

in Natural Variability in CESM

2000-year CESM control run
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Heat Transport(PW)

Heat Transport(PW)
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1.5

1

Summary: BJC in CESM

Surface Reason: Out-of-phase changes in Atmos-Ocean MOC = BJC
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BJC Mechanism

Fundamental Reason: Climate feedback + Energy constrain = BJC
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BJC: Theory vs CGCM

CESM Wind Perturbation experiments
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BJC: Theory vs CGCM

CESM Freshwater experiments
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BJC: Coupled Intrinsic Mode

3. Relationship between OHT and AHT Changes? Answered!

All-in-One Simulation since LGM

C02(180-280ppm)
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BJC helps to maintain overall Earth climate stability
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* Questions
 Hypothesis and Theory
* CGCM results
 Aquaplanet

* Summary

ALISH3IAINN OSNIM3I

P EAE K AR RAT2017F A FRF R, 20171214, R 71



Aguaplanet = Real Earth

Why anti-symmetric MHT?

Try to answer this fundamental question
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Hard to Reach Equilibrium

2000-year Simulation using CESM
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SAT: Warmer Climate

Agqua ~ Ridge =~ 24 ~ 25°C
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Symmetric Zonal Surface Wind Stress

IAqualz RidgeI
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Zonal Wind Stress
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Symmetric Ocean Circulation

Barotropic Streamfunctio Zonal Current
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Symmetric Ocean Buoyancy
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Aqua Temperature / °C Ridge
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Heat Transport (PW)

Symmetric AHT and OHT
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Symmetric AHT and OHT
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Bjerknes Compensation
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Aquaplanet = Real Earth

Why anti-symmetric MHT? Answered

(

6.0 ~
. From Aqua to Real
s
= 00 1. OHT { and AHT !
>0 2. OHT = asymmetric, NH>SH,
o AMOC + Weaker baroclinic
1.5 +
10 3 3. AHT = asymmetric, SH>NH,
s . |~ Stronger baroclinic dT/dy 1!
T 05 - NN P _
1 ./ .. [ = Total MHT unchanged
e . -'---IRld'ge-'Rea;\I |

BJC maintains antisymmetric MHT!
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) AMOC OHT Meridional_SST Gradient
Strong Strong Weak

Compensation AHT Hadley Cell and Eddy
P Weak Activity Weak
AMOC QHT Meridional SST Gradient
Weak Weak Strong
AHT Hadley Cell and Eddy
Strong Activity Strong

BJC maintains antisymmetric MHT!
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Yang et al. (2018)
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Summary and Discussion

+ Bjerknes compensation Z
o Intrinsic mode ‘

» Atmospheric physics <& Physical oceanography

+ Climate feedback < Thermohaline circulation La COAS
. . ITEAS SRS E- =G
¢ Self-constraint mechanism
o Climate didn’t drift too much ‘igj’ igfl’

o If feedback =» Reversibility of climate

» Invisible hand (?)
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Aquaplanet =» Real Earth

ALISH3IAINN OSNIM3I

PR B K IR R HT2017THF A F R F L, 20171204, F 87



Weaker Baroclinic and More Moisture

(@T/°C Aqua - Ridge b)T/°C Ridge - Real
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Coupled Intrinsic Mode

Energy Compensation < Weight Management

Diet Metabolism
Ocean Climate
Feedback
. N C, = -
Motion N\ V\« R — 1—B
Atmos

Go to BJC for Climate Variability
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