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Module deals with ocean contribution to sea level change
As simulated by circulation models



Outline

• Computer simulations

• Regional simulations

• Global, regional, coastal projections 
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Computer Simulations
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The Earth System: Climate System plus humans



Numerical ocean circulation models

• Tools for conducting experimental science of the global ocean; 
we have no laboratory analog (similar to astrophysics).

• Test beds for theories of ocean physics, chemistry, and biology.
• Essential elements in the mechanistic rationalization of observed 

phenomenology. 
• Increasingly used to extrapolate into the future (e.g., the 

uncontrolled climate change “experiment”).

• Models are only as good as:
• Ocean observations used to evaluate the simulations; 
• Ocean theories needed to formulate the model equations (especially subgrid-

scale parameterizations);
• Numerical methods required to solve the equations; 
• Computational power for refined grid resolutions aiming to reduce reliance on 

subgrid-scale parameterizations.



Thermo-hydrodynamic equations for the ocean

Key dynamical speeds

Acoustic: Cs ~ 1500 m s-1  

External gravity: √gH ~ 150 m s-1

Internal gravity: NH ~ 3 m s-1

Advection: U ~ 1 m s-1

Momentum (Newton’s 2nd Law)
+  

Mass conservation (continuity)
+ 

Enthalpy (heat) conservation)
+ 

Salt conservation
+ 



Continuity 
equation

Momentum 
balance

Tracer
conservation 

Basic equations

approximation 

● Coriolis terms

Primitive Equations:
● Incompressibility
● Boussinesq approximation 
● Hydrostatic balance
● Coriolis terms





Finite Differences



N1 = N0 + F0 * t

Nt+1 = Nt + Ft * t

Ft = adv. + diff. + surface fluxes

Time Stepping
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●Bottom topograpy

etopo2

Ingredients



●Initial temperature and salinity fields
●Initial velocity field.
●Boundary conditions for all model variables.
●Surface boundary fluxes for momentum, 
heat, freshwater.

Initial and Bounary Conditions



Oceans -- Sea Ice Model

Atmosphere NCEP/NCAR reanalysis 

Wind Stress Precipitation
Solar 

Radiation

Atmospheric
Radiation

Air
Temperature

Sea
Surface

Temperature
Sensible Heat Flux Latent Heat Flux

Wind Stress Fresh Water Flux

Bulkformulae: 
(1) Interpolate from the 
atmospheric grid to
the ocean grid  
(2) Compute fluxes

Forcing FieldsForcing Fields



External Gravity Wave

Subgrid Scale modeling

Subgrid Scale modeling of
a Rossby Wave. 

Sub-grid Scale ProcessesSub-grid Scale Processes



Physical ocean processes impacting sea level

Mixing, air-sea interactions,
transport, etc. are important
for determining water mass properties 
(temp, salinity, density) and thus for 
details of regional and global sea level 
change. 

From Griffies and Treguier 2014



= mean + eddy



Classification of Ocean Models



The atmosphere 
and the ocean are 
divided in 
computational cells: 
(Temperature, Wind, 
Rain, Sea Ice, SST,
Salinity, … ) both 
horizontally and 
vertically.

Dimension of the cell
(resolution)
2-100 km

The dimensions of 
the cell are usually 
not the same in the 
atmosphere and 
ocean component 
because of the 
different dynamics.

Discretization Methods



Basic Grids



Arakawa C-grid

Basic Grids



Vertical Grids



Global Grids



Spatial Scales of Ocean Dynamics

HYDROSTATIC

NON-HYDROSTATIC

100 km

~10 km

~1 km

~20 m ~100 m

1000 km

Direct Numerical Simulation of World Ocean climate: 
1mm spacing requires roughlytimes Avogadro 
number of grid cells time stepped with roughly 
1sec for 1000 years. Far from practical! 

Huge problem requiring rational parameterizations.  Developing 
such parameterizations remains a research problem. 

Direct Numerical Simulation of World Ocean climate: 
1mm spacing requires roughlytimes Avogadro 
number of grid cells time stepped with roughly 
1sec for 1000 years. Far from practical! 

Huge problem requiring rational parameterizations.  Developing 
such parameterizations remains a research problem. 



●Initial Conditions
●External Forcing
●Boundary conditions
●Missing model physics
●Sub-grid scale parameterization
●Numerical Diffusion
●Bottom topography
●.
●.
●.

Model Errors 



<#>

Ocean circulation fluid dynamics

Geophysical fluid dynamics: fluid dynamics of the large-scale ocean and 
atmosphere: 
• motion of a thin layer of fluid (thin relative to earth’s radius)
• vertically stratified (heavy water below lighter water) 
• on a (rapidly) rotating sphere.

May 2016Griffies talk to UNSW and 
ANU

From Schmitz (1996)



Schematic of North Atlantic Circulation

From Srokosz et al 2012



US East coast sea level & Atlantic Overturning Circulation

Measured relations AMOC/sea level

Goddard, Yin, Griffies, Zhang (2015)

3s event 2009-2010

30% AMOC dip

US East coast sea level rises when AMOC reduces.
Models suggest AMOC will reduce in warming world!

~1.5cm/Sv



Ocean mass redistribution in N. Atlantic: climate change 
scenario with GFDL CM2.1 model

• Mass moves from ocean interior to the shelf due to warming ocean.

• Ocean bottom pressure increases on the shelf, especially east of North America.

• Ocean bottom pressure decreases in ocean interior.

• Redistribution directly related to reductions in Atlantic overturning circulation.

Based on Yin, Griffies, Stouffer (2010)



Temp anomaly at ice shelves induced by wind shifts

• Warm waters shoal around 
Antarctica when shift 
winds south, thus 
weakening easterlies.

• Largest changes near 
Antarctic peninsula.

• Direct result of reduced 
Ekman pumping.  



Mechanism and 
implications 

Poleward wind shift at the latitudes of the Antarctic Peninsula leads to an intense advective warming of 
subsurface Antarctic coastal waters. 

Warming is associated with a weakened Antarctic Slope Front, weakened  coastal currents, and upward 
vertical velocity anomalies on the continental shelf.

Highlights need for ocean model grid resolution sufficiently fine to represent Antarctic coastal current, and 
for winds of sufficient resolution to affect coastal Ekman dynamics

Spence et al (2014)
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Dynamical instabilities result from thinning
of ice shelves by coastal warm waters 



Strong Pattern of  Altimetric
Sea Level Trend (mm/yr)

1993-2010

Schwarzkopf 
& Böning (2011)

altimeter

model
hindcast

cm



Observed vs Modeled Sea Level Rise: 1993-2009  

Qiu & Chen 
(2012)Merrifield and 

Maltrud



HYCOM, tide gauge SSH changes 1961 - - 2008   (Han et al., 2010) 





Observed and simulated sea level anomalies along 12°-14°N

Qiu & Chen (2010).



Millennium Sea surface height anomaly time series 
(M. Carson) 



The Future
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CMIP5 Anthropogenic Radiative
Forcing Scenarios



We will be faced 
with 

substantial climate 
change over the 

next decades and 
centuries. 



paleo, tide gauge, altim., CMIP5

Global mean sea level is projected to rise



Semi-empirical 
Methods. 
Rahmstorf (2007),
Jevrejeva et al.(2010)

CMIP3 Projections
using process based
models

IPCC (2007) AR4

Pegeldaten Altimeterdaten

Evolution from AR4



dH/dt = a(T(t) – T0) + b dT/dt + ....

What are semi-empirical Sea Level Projections?

(Rahmstorf et al., 2012)



dH/dt = a(T(t) – T0) + b dT/dt + ....

Semi-empirical Sea Level Projections

The gap between
climate model and
empirical projections
reduced but remains!





CMIP5 Projections of Regional Sea Level (in m)

CMIP5 Ensemble mean 
(RCP4.5; 21 models)
2081-2100 minus 1986-
2005 shows clear signs of 
changing ocean dynamics.

Ensemble Spread

(M. Carson)



CMIP5 Projections of Regional Sea Level (in m)



 

M. Carson



„Locale“ immediate Reactions to Ice Mass Loss

1.Uplift of sea floor.

2.Reduction of gravitational
attraction.

3.Leads to fingerprints in sea
level.

1

2



GIA

Glaciers

Ice Sheets

2081-2100 
minus 1986-
2005

Volume 
conserving 
“Finger 
prints” 



Net Projections of Regional Sea Level (in mm)

2081-2100 minus 1986-2005  (M. Carson)

 

 
 



Delta SSH

Lower

Upper error
bound;

Includes
RCP8.5!!

Uncertainties
are large!!



Vulnerable Coastal and Island Regions

Nicholls et al. (2007)



Percentage deviation of
regional sea level from a global 
mean. 



Highest projected increase, 
globally!



 
 



Increase in occurrence of extremes

IPCC WG1 AR5 Fig 1.8



This is primarily the result of an increase in local mean sea level. For instance, for 
a rise of 0.5 m, there are large increases in the frequency of extreme events.

It is very likely that there will be a significant increase in the 
occurrence of future sea level extremes

Multiplication factor for the frequency of a given sea level extreme.

IPCC WG1 AR5 Fig 13.25a



Source: Klein et al., 1999; 2000

Dealing with this information in support of coastal 
communities requires the implementation of complex 
adaptation plans. 



Vulnerable Coastal and Island Regions

Nicholls et al. (2007)



Risk for damage loss



The 100th Thames Barrier Closure

Source: Environment Agency



What is missing in Climate Models?

Ice sheet dynamics (melt water).

Dynamical ocean adjustment to melt water.

Ocean-ice sheet interaction.

Atmospheric loading.

Land hydrology.

Uncertainties (not missing but unknown!)

Resolution and details in coastal regions!



Ocean-only SSH 
Response to 
meltwater 
injection:

Has a fast 
barotropic 
component
(e.g. Lorbacher et 
al., 2012)

But has certainly 
also a baroclinic 
long-term 
component
(Stammer, 2008)



Ensemble mean of annual averaged SSH anomalies (cm)

Yr 1

Yr 10Yr 6

Yr 3
Coupled SSH Response to melt water injection 

-15                                                                            15 cm



Seite  69


