
A Hierarchy of Ocean Models 
coupled to CESM1

Tien-Yiao Hsu (he/him)
 Francois Primeau, Gudrun Magnusdottir

tienyiao@ucsd.edu

https://meteorologytoday.github.io

2023/02/21 @ CESM CLIMATE VARIABILITY AND 
CHANGE WINTER WORKING GROUP MEETING

Dr. Yannick Peings @ UC Irvine

Dr. Young-Oh Kwon @ WHOI

Dr. Paul Kushner @ University of Toronto

Department of Energy

UCAR CISL (Cheyenne supercomputer cluster)

mailto:tienyiao@ucsd.edu


Slab Ocean Model (SOM)

Mixed 
Layer

Surface heat fluxes (F)

Flux correction (Q)
= missing processes

 

Ocean General Circulation Model (OGCM)
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Ocean processes modulates the tropical response 
towards Arctic sea-ice loss

Question: How do oceanic processes 
modulate the shift of the Intertropical 
Convergence Zone (ITCZ) forced with 

Arctic sea-ice loss?



Why does ITCZ shift? 

Northern 
Hemisphere

Southern 
Hemisphere

Equator
Sea Surface

e.g.
Kang (2008)

Schneider (2014)

 No damping (SOM) 
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Atlantic Meridional 
Overturning Circulation

(AMOC)

What damps the ITCZ 
shift? (1)

Northern 
Hemisphere

Southern 
Hemisphere

Equator
Sea Surface

1. AMOC : e.g. Yu & Pritchard (2019)
2. Mixed layer entrainment

Ocean heat 
uptake

Ocean heat uptake
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What damps the ITCZ 
shift? (2)

Northern 
Hemisphere

Southern 
Hemisphere

Equator
Sea Surface

Zonal wind anomaly

Zonal wind anomaly

e.g. 
Schneider (2017)

Green et al. (2019)

Ekman Flow
90 degrees to the right (NH) or left 

(SH) of the wind stress
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EMOM Model 
Hierarchy

POP2
(an OGCM)

Ekman mixed-layer 
ocean model

(EMOM)

Mixed-layer ocean 
model
(MLM)

Slab ocean model
(SOM)

Model
Complexity

Topic: Modulation of the dynamical air-sea 
coupling on global warming (Chapters 2 and 3)

Hsu et al. (2022)
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•    
Ekman Flow

Frictional Flow

Ekman flow 
parameterization
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Coriolis Friction Wind

 



Perturbation exp: Arctic sea-ice loss (SIL)
 

RCP8.5 2081-2100 years average of Arctic sea-ice 
thickness (SIT)
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Mean anomalous temperature of top 500m ocean

AMOC’s strength in OGCM



Sea-surface temperature 
(SST) response

Precipitation 
response

9



10

Analysis of the anomalous energy transport



Northern 
Hemisphere

Southern 
Hemisphere

Equator
Sea Surface

Zonal wind anomaly

Zonal wind anomaly

Meridional wind 
anomaly
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Anomalous zonal 
wind stress
Anomalous meridional 
wind stress

Frictional

Rotational

Strengthened 
trade wind

Weakened 
trade wind



Northern 
Hemisphere

Southern 
Hemisphere

Equator
Sea Surface

Zonal wind anomaly

Zonal wind anomaly

Meridional wind 
anomaly
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Anomalous zonal 
wind stress
Anomalous meridional 
wind stress

Frictional

Rotational

Strengthened 
trade wind

Weakened 
trade wind



Take home message.
• We construct a hierarchy of ocean models that can be used in CESM1. 

We applied Arctic sea-ice loss to study the ocean modulation on air-sea 
coupling.

• In OGCM, AMOC uptake the heat strongly that ITCZ shift is inhibited.

• In EMOM, the frictional Ekman flow amplifies the ITCZ shift. The heat 
transport is sensitive to the thickness of Ekman layer at the equator.
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Green & Marshall (2019) Figures 9b and 5c, 5f
Forced with surface albedo

(mitgcm fully coupled, idealized topography)
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Contour: Pre-industrial run

Shading: Response to 
Arctic sea-ice loss

Ocean heat uptake modulates the response of the Jet

Overall weakening

Southward shift 
and weakening

Southward shift 
and weakening

Southward shift



Ekman flow 
parameterization

Northern 
Hemisphere

Southern 
Hemisphere

Surface wind

Equator

 Rotational Ekman Flow (blue arrows)

Frictional Ekman Flow (red arrows)

Sea Surface
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Ekman flow 
parameterization

Northern 
Hemisphere

Southern 
Hemisphere

Equator
Sea Surface

Surface wind
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 Rotational Ekman Flow (blue arrows)

Frictional Ekman Flow (red arrows)



Governing equations of EMOM

Missing 
processes
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Advection
Vertical diffusion

(mixed layer) Horizontal diffusion
(mixed layer)

Surface fluxes  Latent heat release 
due to freezing

Temperature
Tendency



 
•  
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Estimation



Verification of 
mean states

(80 years,
CTL = pre-industrial)
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Verification of 
mean states

(80 years,
CTL = pre-industrial)
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Pacific 
Decadal 
Oscillation
in the 
Hierarchy
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Coupled mode involving 
Frictional Ekman Flow 

Solution: Enhanced horizontal diffusivity near the equator
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Deriving flux corrections (a.k.a. Q-flux)

•  
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Informative discussion with Dr. Young-Oh Kwon



Perturbation exp: Quadruple CO
2
 (287 ppm => 1148 ppm)
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Anomalous precipitation

Anomalous zonal wind

Anomalous meridional wind

Weakened 
trade wind

Anomalous Anomalous



Upper panel:
• Contour = anomalous vertical velocity 
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Lower panel:
• Black Contour = anomalous vertical velocity
• White contour = Mixed layer in CTL (solid) and 4xCO2 (dashed) 
• Shading = anomalous ocean temperature



Upper panel:
• Contour = anomalous vertical velocity 

29

Lower panel:
• Black Contour = anomalous vertical velocity
• White contour = Mixed layer in CTL (solid) and 4xCO2 (dashed) 
• Shading = anomalous ocean temperature



Why Enhanced Rainfall 
Response in Central 
Pacific? (1)

Northern 
Hemisphere

Southern 
Hemisphere

Equator
Sea Surface

Zonal wind anomalye.g. 
Chemke & Polvani (2018)

~ Rotational Ekman Flow ~
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Northern 
Hemisphere

Southern 
Hemisphere

Equator
Sea Surface

Why Enhanced Rainfall 
Response in Central 
Pacific? (2)

Meridional wind 
anomaly

~ Frictional Ekman Flow? ~
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Take home message

•  
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Architecture of CESM1
DOCN

Initialize

 

Mixed-layer depth

SST

Q-flux

Freezing 
“Q”

(docn_comp_mod.F90) Slab ocean model snippet (less than 40 lines)

Reading stream files (ex: q-flux)

Key: As long as we can provide Freezing “Q” and SST then CESM is happy.

Coupler

Atmosphere Sea-ice

Ocean-Wave

Land-Ice

River-Runoff

Land

Ocean
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(Fortran)



Coupler

Atmosphere Sea-ice

Ocean-Wave

Land-Ice

River-Runoff

Land

Ocean

Architecture of CESM1-EMOM

EMOM
(Julia)

Data Exchange
Through binary files

 

 

Zombie-oc
ean

https://github.com/meteorologytoday/EMOM
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(Fortran)


