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Overarching Goal  

Capability	  to	  execute	  fully	  coupled	  simula,ons	  
of	  the	  Earth	  System	  for	  up	  to	  mul,-‐decadal	  
predic,on	  where	  oceanic	  and	  atmospheric	  
mesoscale	  phenomena	  with	  scales	  of	  10s	  and	  
100s	  of	  kilometers,	  respec,vely,	  are	  largely	  
resolved.	  	  



of spin-up from climatology. At the coarse resolution that is typical
of the ocean components of CMIP5 coupled climate models (nom-
inally 1! resolution), an ocean model only resolves the deformation
radius in deep water in a narrow band within a few degrees of the
equator; any important extratropical eddy effects will need to be
parameterized. At a much higher resolution, such as a 1/8! Merca-
tor grid, the deformation radius is resolved in the deep ocean in the
tropics and mid-latitudes, but even in this case eddies are not re-
solved on the continental shelves or in weakly stratified polar lat-
itudes. An unstructured and adaptive grid ocean model could help
to address this issue, but such models are not yet in widespread
use for global ocean climate modeling, and even then computa-
tional speed may dictate the use of models that do not resolve
mesoscale eddies everywhere.

In this paper, a series of numerical simulations of a variant of
the Phillips (1954) model of baroclinic instability are used to
examine the effects of resolution on a numerical model’s ability
to exhibit the net overturning circulation driven by mesoscale ed-
dies. The effects of a commonly used parameterization of eddy ef-
fect, both on the models’ explicitly resolved eddies and on the net
overturning, are examined. Based on these results, a simple pre-
scription is offered for the typical situation in global ocean mod-
els, where eddies are resolved in only part of the domain and in
that portion it is desired that the model be allowed to explicitly
simulate their effects, but in the remainder of the domain that
eddies be entirely parameterized. Specifically, the eddy diffusivi-
ties should be multiplied by a ‘‘resolution function’’, ranging from
0 to 1, of the ratio of the baroclinic deformation radius to the
model’s effective grid spacing, eD !
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tion function that works best for the cases presented here rapidly
makes a transition from 1 when this ratio is greater than a value
of about 2 (the exact value is not very important and can be cho-
sen to be higher) to 0 for larger values. In the idealized case pre-
sented here, this prescription is found to give a reasonable
representation of the net eddy-driven overturning over a wide
range of resolutions.

2. The test configuration and model

Phillips (1954) analyzed the baroclinic instability that arises in
a simple two-layered quasigeostrophic model of a geostrophically
sheared flow in a reentrant channel. This problem has the advan-
tage that many of the properties of the eddies, including necessary
conditions for the growth of instabilities, the growth rate, energet-
ics and vertical structure of the exponentially growing linear
modes can be calculated analytically, as has been documented in
many textbooks on geophysical fluid dynamics (e.g. Pedlosky,
1987; Vallis, 2006).

This study examines instabilities of a stacked shallow water
variant of the Phillips problem, which is described by the momen-
tum and continuity equations:
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Here un is the horizontal velocity in layer n, where n = 1 for the
top layer and n = 2 for the bottom layer. hn ! gn'1=2 ' gn"1=2 is the
thickness of layer n, which is bounded above and below by inter-
faces at heights gn'1=2 and gn"1=2. These equations are solved in a
2000 m deep channel that is 1200 km long and reentrant in the
x-direction, and 1600 km wide in the y-direction with vertical
walls at the northern and southern boundaries. The Coriolis param-
eter, f, varies linearly in the y-direction between 6.49 & 10'5 s'1

and 9.69 & 10'5 s'1, following the common b-plane approxima-
tion. The horizontal stress tensor, T, is parameterized with a shear
and resolution dependent Smagorinsky biharmonic viscosity (Grif-
fies and Hallberg, 2000). The Montgomery potentials,
Mn ! p=q0 " gz, in the two layers are given by a vertical integration
of the hydrostatic equation, so that

Fig. 1. The horizontal resolution needed to resolve the first baroclinic deformation radius with two grid points, based on a 1/8!model on a Mercator grid (Adcroft et al., 2010)
on Jan. 1 after one year of spinup from climatology. (In the deep ocean the seasonal cycle of the deformation radius is weak, but it can be strong on continental shelves.) This
model uses a bipolar Arctic cap north of 65!N. The solid line shows the contour where the deformation radius is resolved with two grid points at 1! and 1/8! resolutions.
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Horizontal resolution needed to resolve the 1st baroclinic 
deformation radius with two grid points, based on a 1/8° ocean 
model on a Mercator grid. 	  
 

Solid lines: where the deformation is 
resolved with 2 grid points at 1° & 1/8° 
resolutions.  



Why High Resolution for Climate Prediction?   

•  Mesoscale air-sea interactions: western boundary 
currents (WBCs) & their extensions, ACC, & 
Agulhas eddies. Modify atm/ocean surface 
circulations through feedbacks. 

•  Eddy-mean flow interactions: jet stream/storm 
tracks, WBCs, ACC. Acceleration/de-acceleration 
of mean flow due to mesoscale eddy forcing. 

 
•  Mesoscale mixing processes: Cross-stream mixing 

of properties i.e. in the ACC and WBC extensions.  



 
•  Strength and pathways of WBCs, ACC, open-ocean zonal 

jets. 
 
•  Positioning of frontal structures i.e. air-sea interactions. 

Large SST errors result from path errors. 

•  Tropical cyclones and mid-latitude storms 
 
•  Energy in ocean circulation: majority of energy is due to 

mesoscale processes. 
 
•  Mesoscale eddy growth and decay time scales. 

•  Ocean-bottom bathymetry and coastal geometry. 

 

 

Fine resolution grids will also encourage more 
realistic representation of:  



Prototype High-Resolution Fully-Coupled Models   

•  Ocean/sea ice and atmosphere/land  components ~ 5-10 and 
2-4 times those in standard climate models. 

•  Present-day controls i.e. 1990 and 2000.  

•  CCSM3.5: Bryan et al. (2010), McClean et al. (2011), Kirtman 
et al. (2012). Models not “tuned”. Initial conditions differ. 

   
•  GFDL CM2-O suite: Delworth et al. (2012), Griffies et al. 

(2015).  
  
•  MIROC4h: Sakamoto et al. (2012) 
 
•  HadGEM3: Hewitt et al. (2011)   



CCSM4 Typhoon Track 07/08 of Yr 19 of CCSM3.5 (0.1° 
POP2 & 0.25° CAM3.5)  “ATLAS” simulation.  

Category 4 (Saffir-Simpson) 
Max. wind speeds  of 66.5 m/s 
(239 km/hr) 

McClean et al. 2011 

Temperature	  °C	  

Vertical profiles of temperature 
(°C) at station 9 (133°E, 26°N) that 
correspond to pre-storm 
conditions (07/29/19), a day after 
the passage of the storm’s center 
(08/04/19), and the water column 
2 weeks later (08/18/19). 



Agulhas Eddy 
Tracks from  
ATLAS CCSM3.5 
Simulation   

Global	  Coupled	  0.1°	  POP/CICE	  on	  tripole	  
grid	  with	  par,al	  bo[om	  cells.	  Eddies	  
follow	  a	  too	  northwesterly	  path	  across	  
the	  en,re	  South	  Atlan,c.	  	  

AVISO:	  
Satellite	  
al,metry	  

CCSM3.5:	  Eddy	  signatures	  disappear	  
between	  20°	  and	  30°	  W	  and	  ~	  25°S.	  	  

McClean et al. 2011 



FIG. 1. Temporal correlation of high-pass filtered surface wind speed with SST. Locations where ice appeared have been masked and stippling indicates statistical significance at the
95% level calculated using a two-sided t-test. (a) 1.08 ocean and 0.58 atmosphere (expt 1) (b) 0.18 ocean and 0.58 atmosphere (expt 2) (c) 0.18 ocean and 0.258 atmosphere (expt 3). (d)
Satellite observations.Model analysis computed using four years of monthly averaged output (48months), observational analysis usingAMSR andQuikSCATdata for 2002–2006.Green
boxes delineate the regions used for the statistics presented in Table 2.
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Bryan	  et	  al	  2010,	  J.	  Climate	  

Temporal Correlations of High-pass Filtered Surface 
Wind Speed with SST 

Observa,ons	  (AMSR/QuikSCAT)	  	  0.1°Ocean/0.25°	  Atm	  

1°Ocean/0.5°	  Atm	   0.1°Ocean/0.5°	  Atm	  



below, part of this initial cooling appears to be related to
a model bias in which heat is pumped from the near-
surface ocean layers into the interior ocean. The move-
ment of heat away from the ocean surface leads to surface
cooling, which is then amplified by cloud feedback; the
cooler surface waters increase low-level cloudiness, re-
sulting in the increased reflection of shortwave radiation
to space and further cooling. On somewhat longer time
scales there is a slow warming trend, related to the posi-
tive radiative imbalance and the overall warming of the
ocean.
Shown in Fig. 2 are the maps of SST bias, computed as

the annual mean simulated SST over years 101–200 of
the 1990 control simulations minus that observed [pos-
itive values indicate that the simulated SST is larger than
that observed; the observed data are described in Smith
et al. (2008)]. The overall pattern of bias is similar be-
tween the two models, although the global mean tem-
perature in CM2.5 is lower than in CM2.1, and this is
reflected in Fig. 2 aswell. A prominent bias remains in the
simulation of the North Atlantic Current east of New-
foundland, with a large cold bias in both models, but
the larger bias in CM2.5. This is a region of very sharp

gradients in SST, so that small biases in the paths of
ocean currents can lead to large SST biases. The warm
bias in the Southern Ocean is reduced in CM2.5. One
notable improvement in CM2.5 relative to CM2.1 is the
near elimination of the positive SST biases off the west
coast of South America and the southwest coast of North
America. However, the overall root-mean-square error
(RMSE) of simulated SST is similar between the two
models (1.17 K in CM2.1 and 1.25 K in CM2.5).
Drifts in the ocean interior are shown in Fig. 3. In both

models a cold bias develops in the upper 200 m, with a
warm bias below that and a maximumwarm bias around
the 500–900-m depth. The overall warming signal is con-
sistent with a positive radiative imbalance at the top of
the atmosphere, with the net heat gained in the climate
system being stored in the ocean interior. An important
difference is that both the subsurface warming and the
near-surface cooling are much larger in CM2.5 than in
CM2.1; this aspect is discussed below.
The pattern of subsurface warming has maxima in the

regions of the subtropical gyres (not shown), at depths from
500 to 900 m. This suggests that the warming drift may be
related to subduction associated with the subtropical gyres.

FIG. 2. Maps of errors in simulation of annual mean SST for (top) CM2.1 and (bottom)
CM2.5. Units are K. The errors are computed as model minus observations, where the ob-
servations are from the Reynolds SST data (provided by the NOAA Cooperative Institute for
Research in Environmental Sciences Climate Diagnostics Center; http://www.cdc.noaa.gov/).
For themodels, the annualmean, time-mean over years 101–200 of the 1990 control simulations
are used. Note the nonlinear contour interval, and that there is no shading for values between
21 and 11 K. Positive values indicate the model is warmer than observations.
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SST biases for annual mean: CM2.1 (top) and CM2.5 (lower). 
Model (yrs 101-200) – observations (Reynolds). Units in K. 
From Delworth et al. (2012, Fig. 2) 

CM2.1	  	  
1°	  ocean	  	  

CM2.5	  
0.25°	  
ocean	  	  



FIG. 4. Global- and basin-averaged drift of the annual mean potential temperature (8C) as a function of depth (meters on the
vertical axis) and time (years onhorizontal axis). This drift is definedasudrift(z, t)5!xy dx dy dz(umodel 2 uanninitial)/!!xy dx dy dz",
whereuanninitial is theannualmean fromthefirst yearof the simulationand!xy is ahorizontal sum.Note that thegrid cell thicknessdz
is a function of space and time, given the useof general level coordinates (seeappendixA).The upper 1500m is expanded relative
to the deeper ocean to highlight the larger drifts in the upper ocean. From top to bottom, we show results for theWorld Ocean,
Arctic (poleward of 668N), Atlantic (Cape of Good Hope at’ 338S, north to 668N, excluding Hudson Bay and Mediterranean
Sea), Indian (north of’ 338S and east to PapuaNewGuinea), Pacific (south to’ 338S), and SouthernOceans (south of’ 338S),
with (left) CM2-1deg, (middle) CM2.5 in the middle, and (right) CM2.6.

Fig(s). 4 live 4/C
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Global- and  basin-
averaged drift of the 
volume-weighted annual 
mean potential 
temperature as a 
function of depth, 
relative to the annual 
mean from the first  year 
of the simulation. 

CM2-O Suite:  
Griffies et al. 2015 

•  CM2.5:	  0.25°	  ocean	  	  
•  CM2.6:	  0.1°	  ocean	  
•  Present-‐day	  1990s	  
controls	  



FIG. 12. Global ocean vertical heat transport for the CM2-O suite of simula-
tions (in petawatts). Positive values arise from upward heat transport (upward
arrows) and negative values arise from downward transport (downward arrows).
These transports are derived from the vertical cumulative sum of the convergences
shown in Fig. 10, starting from the ocean floor where the heat flux vanishes in the
CM2-O suite (no geothermal heating). The sum of the dashed lines equals the solid
black line. See Fig. 7 for the analogous transport in the meridional direction.

Fig(s). 12 live 4/C
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Global ocean vertical heat 
transport from CM2-O Suite  
(Griffies et al. 2015) 

•  Positive values: upward 
heat transport (upward 
arrows). 

•  Negative values from 
downward heat transport. 

•  Mesoscale eddies act to 
transport heat upward 
such that they partially 
compensate the 
downward heat transport 
from the time-mean 
currents.	  

Strongest eddy 
compensation 



(B) PetaApps SST – Reynolds 
SST (Yrs 13-19). 
Initialized from multi-century 
CCSM3 Pre-industrial control 
interpolated to high resolution grid. 
(Kirtman et al., 2012, Clim. Dyn.) 

(A)  ATLAS SST – Reynolds SST  
(Yrs 13-19) 
Initialized from 2 yr CCSM4 using 
0.1° POP/CICE and 0.5° CAM/
CLM. (McClean et al., 2011, OM) 

Sensitivity to Initial Conditions: CCSM3.5 1990 Controls 
ATLAS: 0.1POP/CICE & 0.5° CAM/CLM 

PetaApps: 0.1° POP/CICE & 0.5° CAM/CLM 

PetaApps output courtesy, B. 
Kirtman (U. Miami) 

(C) PetaApps SST – Reynolds SST 
(Yr 155) 



Moving Forward  
•  100-year 2000 control using fully coupled CESM5 for direct 

comparisons with recent observations (Small et al. 2014). 
Uses CAM5-SE (spectral element) as atmospheric dycore. 

 
•  Initialized from a 1-year 0.1° POP/CICE simulations forced 

with Coordinated Ocean Reference Experiment (CORE) 
atmospheric fluxes. 

 
•  Adjustment of model parameters “tuning” based on atm-only 

simulations at the same resolution or from low-resolution 
coupled runs for PI conditions, with minimal new tuning. 

•  Improvements, among others, in the representation of 
ENSO. 



ACME V0 
  

•  1850 Pre-industrial Control using CESM5: CAM5-SE/
CLM5 and POP2.0/CICE4.0 

 
•  Run for 95+ years 

•  Initial Conditions: 0.1° POP/CICE restarts from 1 January 
of 1973 to allow for the adjustment of the initial transients 
but avoiding drift due to reanalysis forcing. POP/CICE was 
initialized from rest & WOCE climatology in January 1970 
and was forced with CORE-II interannually-varying fluxes 
(IAF). 

•  “Tuned” in coupled mode to achieve an acceptable top of 
atmosphere (TOA) radiation balance.  

 
 



ACME V0.1: 1850 Pre-Industrial Control  

TOA net radiation 
(Wm-2) 

Annual time series of global, 
Southern Ocean, & Atlantic 
Ocean heat content (J) 
relative to year 1 annual 
average. 

Global 

SO 

Atlantic 

Black: total depth, red: 0=700 m 
Green: 700-2000m; blue: 2000-bottom 



Conclusions 
•  Fine resolution coupled models have been run for a century or more 

using constant present day or preindustrial climate forcing. 

•  Mesoscale air-sea interaction processes are realistically depicted as 
well as tropical cyclones and winter storms. 

•  Mesoscale ocean eddies have been shown to partially compensate 
the downward heat transport by time-mean currents. The 
compensation is strongest in highest resolution (0.1°) ocean 
components. This compensation explains the significantly smaller 
temperature drift in a strongly eddy active ocean model relative to an 
eddy-permitting ocean model.  

 

	  


