
Hiroyasu Hasumi 
Atmosphere and Ocean Research Institute 

The University of Tokyo 

Review: 
Resolution* dependence of climate 
biases, variability and sensitivity in 
comprehensive Earth System 
Models** 

*of ocean     **not really ESM but AOGCM 

07-09.04.2014 WGOMD Workshop on High Resolution 
Ocean Climate Modeling (Kiel, Germany) 



Models for CMIP3/AR4 and CMIP5/AR5 
Ocean horizontal resolution in AOGCMs 

Grid size* CMIP3/AR4 CMIP5/AR5 

> 1.5º 11 8 

0.5º-1.5º 11 40** 

< 0.5º 1 2 

Total 23 50 

* Nominal. 
Resolution is not 
uniform in most 
models. 
 
** 28 are 1º or finer 

- Horizontal resolution of IPCC-class ocean models has 
increased since CMIP3/AR4 

- Eddying resolution is not yet standard, and resolution 
dependence is hard to investigate between CMIP3/AR4 and 
CMIP5/AR5 

- Several AOGCMs with eddying ocean are currently in use …
and will be used for next CMIP/AR? 



AOGCMs with eddying ocean 

High resolution ver. Compared with… 

Ocean Atmos. Ocean Atmos. Reference 

CCSM 
(NCAR) 

0.1º (tripolar) 0.625ºx0.5º 
~1ºx0.5º 
(tripolar) 

0.625ºx0.5º 
Kirtman et al. 
(2012) Clim. 
Dyn. 

GFDL CM 
(GFDL) 

1/4º 
(tripolar) 

~50 km 
~1º 
(tripolar) 

~200 km Delworth et al. 
(2012) J. Clim. 

HiGEM 
(UK) 

1/3º 
(lon-lat) 

1.25ºx0.83º 
(N144) 

~1º 
(lon-lat) 

1.875ºx1.25º 
(N96) 

Shaffrey et al. 
(2009) J Clim. 

MPI-ESM* 
(MPI) 

0.4º 
(tripolar) 

1.875º 
 (T63) 

~1.5º 
(bipolar) 

1.875º  
(T63) 

Jungclaus et al. 
(2013) JAMES 

MIROC* 
(Japan) 

1/4ºx1/6º 
(rotated) 

0.5625º  
(T213)** 

~1.5º 
(lon-lat) 

2.8125º 
(T42) 

Sakamoto et al. 
(2012) JMSJ 

Bias reduction in control climate is documented for… 

* Used for CMIP5/AR5    ** T106 (with same ocean) ver. is also available 



AOGCMs with eddying ocean 

Spin-up Duration Eddy param. Tracer adv. 

CCSM 
(NCAR) 

Long control by 
low-res. ver. 

155 yr 
(present day) 

None 2nd order 

GFDL CM 
(GFDL) 

1 yr from 
climatology 

280 yr 
(1990 forcing) 

Submesoscale 
eddy PPM 

HiGEM 
(UK) 

Climatology 
70 yr 

(present day) 
Biharmonic 
thickness diff 4th order 

MPI-ESM 
(MPI) 

Long spin-up 
(> 1000 yr) 

1000 yr 
(pre-industrial) 

Thickness diff 
(grid-dep coeff) 2nd order TVD 

MIROC 
(Japan) 

100 yr spin-up 
by T106 ver. 

120 yr 
(1950 forcing) 

Thickness diff at 
high latitudes 

3rd order 
upstream 

Model setup for high-resolution versions 



Resolution dependence 
SST 
- Large scale patterns of SST biases are controlled mostly by 

atmospheric processes/parameters (e.g., cloud, radiation, …) 
- Some local aspects are significantly improved by eddying 

ocean, especially in the regions of 
ü Strong influence of WBCs (and ACC) 
ü Coastal upwelling 
ü Equatorial Pacific 

- Sea ice-related processes could heavily affect SST biases 
over large scales 



Resolution dependence 
SST biases associated with WBCs 

MIROC high SST error MIROC low SST error 

- Separation of the Kuroshio from the coast becomes realistic 
at Δx ~ 20 km 
 → The warm bias is reduced also in other models 

- Realistic separation of the Gulf Stream and the NAC path is 
difficult even at 0.1º resolution (Bryan et al., 2007, OM) 
 → The error dipole remains in most models 



Resolution dependence 
SST biases associated with WBCs 

CCSM 

Obs. 

Surface current speed SST 

- 0.1º CCSM is significantly improved in terms of the NAC path 
and speed, and thus of the dipole SST error 



Resolution dependence 
SST biases associated with WBCs and ACC 

MPI-EMS low SST error MPI-EMS high SST error 

- Lack of the Agulhas retroflection leads to a subtropical 
“supergyre” and a bias in the subtropical front position 

- The ACC at low resolution tends to flow more zonally, which 
affect the Brazil current separation 
→ Associated SST biases are reduced by eddying ocean 
resolution (similar improvement is seen also in other models) 



Resolution dependence 
SST biases associated with coastal upwelling 

High res. Low res. 
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SST error 

- High SST biases over the coastal upwelling zones west of 
America are corrected in some models but not in others 



Resolution dependence 
SST biases associated with coastal upwelling 

SST error in high resolution AOGCMs 

- High SST biases over the coastal upwelling zones west of 
America are corrected in some models but not in others 

- Most models have a problem in reproducing the Benguela 
upwelling system (west of Africa) 



Resolution dependence 
SST biases associated with coastal upwelling 
 
- The orographic effect of high mountains strongly controls the 

along-coast winds west of America and Africa 
 → High atmospheric resolution helps 

- Stratocumulus clouds over the upwelling region and their 
influence on radiation also affect the SST bias 

- A feedback exists among winds, clouds, radiation, and SST, 
which enhances the SST bias 
 → Current (high resolution) AOGCMs still suffers from this 
vicious cycle, especially in the case of west of Africa (e.g., 
Grodsky et al., 2012, JC) 
 → Equatorial Atlantic SST is also influenced 



Resolution dependence 
SST biases in the Equatorial Pacific 

HadGEM (low) SST error HiGEM (high) SST error 

- A cold bias in the equatorial Pacific (common among low 
ocean resolution models) is corrected 
ü Meridional heat transport due to TIWs 
ü Weaker SEC (also due to TIWs) 



Resolution dependence 
SST biases in the Equatorial Pacific 

El Nino DJF SSTA composite 

HadGEM (low) HiGEM (high) 

Obs. 

- ENSO-related SST anomaly pattern is also improved, but still 
extends too westward (commonly among most models) 



Resolution dependence 
SST biases in the Equatorial Pacific 

MIROC Nino3 SSTA power spectra and PDF 

- ENSO amplitude is reduced in some models but enhanced in 
others 
 → Atmospheric model setup may have a stronger impact 

- ENSO skewness increases in some models (due to 
asymmetry of TIWs) but not in others 



Resolution dependence 
Equatorial Pacific subsurface 

- The equatorial thermocline is still a bit diffuse in most high 
ocean resolution models ← numerical diffusion 

MIROC low 

MIROC high Obs. 

26ºC 
24ºC 
22ºC 

T along the equator (contour) and its regression to Nino3 (color) 



Resolution dependence 
Sea ice cover (NH) 

- Some models exhibit drastic changes, but they are not 
necessarily due to ocean resolution (e.g., albedo tuning) 

- Sea ice edge on the Atlantic side of the Arctic retreats in most 
models 

CCSM winter concentration GFDL CM annual-mean thickness 

High Low 
High Low 



Resolution dependence 
Sea ice cover (NH) 

- The associated ice-albedo feedback could induce a 
significant rise of SST over a large scale 

- Control climate must be (re-)tuned under the “better” sea 
ice distribution of high ocean resolution 

CCSM low SST error CCSM high SST error 



Resolution dependence 
Sea ice cover (SH) 

- Large open ocean polynyas persistently exist around 
Antarctica in some models (especially in Ross and Weddell 
Seas) → Deep water is formed there 

- Even if it is not the case, Antarctic deep water formation 
process may be erroneous → No fundamental improvement 
relative to low resolution models 

HiGEM/HadGEM 
winter concentration 

MPI-ESM 
winter thickness 

High Low High Low 



Resolution dependence 
Deep water formation and MOC 

- Greenland-Labrador deep water formation sites are better 
reproduced in high resolution models due to better 
representation of boundary currents 

-  Intensity of deep water formation (mixed layer depth) in these 
regions is influenced by many other factors (e.g., freshwater 
from the Arctic) 

Winter mixed layer depth 
MIROC low MIROC high 



Resolution dependence 
Deep water formation and MOC 

- Eddying ocean models tend to simulate weaker AMOC, but 
reasons may differ 

- Dense water overflow and mixing processes may not be 
properly captured even at eddying resolution 

Atlantic meridional overturning circulation 

High 

Low 

GFDL MPI HadGEM/HiGEM MIROC 



Resolution dependence 
Mode and intermediate waters 

- Mode and intermediate waters are better captured (?) 
 ← SST, surface current front, eddy-induced subduction, … 

- May play a role in climate variability but not discussed well 

MIROC low 

MIROC high Obs. 

T along 150ºE 

North Pacific 
Subtropical 
Mode Water 



Summary 
- Eddying ocean resolution leads to correction of some climate 

biases commonly among different AOGCMs 
- Some biases (associated with ocean resolution/processes) 

are still remain to be improved commonly 
- There are, of course, disagreements among different 

AOGCMs in terms of bias correction due to ocean resolution 
-  It is difficult to obtain definite conclusions on resolution 

dependence based only on existing material (papers) 
ü Different experimental designs (initialization, duration, …) 
ü Changes caused by non-ocean components 
ü Different metrics and focuses 

- Rigorous MIP is necessary? 
ü Of uncoupled eddying ocean models 
ü Of coupled models with eddying and non-eddying 

oceans (without changing non-ocean components) 


