
Multiple equilibria of the thermohaline circulation under anomalies in zonal and 
meridional moisture transport: early results with a new Earth System Model

1. Background
The future thermohaline circulation (THC) is potentially vulnerable to systematic 
changes in the global hydrological cycle. In particular, the Conveyor Belt mode of inter-
hemispheric Atlantic overturning is sensitive to zonal and meridional atmospheric 
transports of moisture. Under global warming, the hydrological cycle may intensify. It is 
possible that the THC may respond to such intensification in a non-linear fashion, 
associated with the existence of multiple THC equilibria. In this study we seek evidence 
for multiple equilibria under different moisture transports.

2. The Model
We use a new fast climate model, C-GOLDSTEIN, which features a reduced physics 
(frictional geostrophic) 3-D ocean model coupled to a 2-D energy-moisture balance 
model of the atmosphere and a thermodynamic sea ice model. C-GOLDSTEIN is the 
prototype climate component of a new UK Earth System Model of Intermediate 
Complexity, being developed under the “Grid-ENabled Integrated Earth system model”
(GENIE) project (see http://www.genie.ac.uk). A crucial part of GENIE is the 
implementation of the model within a Grid-based environment, allowing integration of 
large ensembles using Condor, a specialized workload management system for 
compute-intensive jobs (see http://www.cs.wisc.edu/condor). A significant portion of 
GENIE resources are directed towards realising these e-Science goals, bringing 
together scientific and computing communities. In a standard 2000-year spinup with C-
GOLDSTEIN, we obtain the global field of surface freshwater flux and the Conveyor 
Belt Atlantic overturning stream-function shown below. The model has a fairly realistic 
hydrological cycle, dominated by strong precipitation in equatorial latitudes, evaporation 
in the subtropics, and weaker precipitation at mid to high latitudes. Consequently the 
Atlantic is about 1 psu saltier than the Pacific, which leads to strong northern sinking
and inter-hemispheric overturning in the Atlantic sector.

3. Experimental design
We can vary atmospheric moisture transports implicitly, by adding/subtracting 
anomalies to the surface freshwater flux in selected ocean regions, DFWX and DFWY, 
implying variations in zonal and meridional transport respectively (see below left). We 
can also vary moisture transports explicitly, by changing the value of atmospheric 
moisture diffusivity, DIFF. We carry out THC equilibria experiments in both (DFWX, 
DFWY) and (DFWX, DIFF) parameter space.

4. Testing Condor pool resources in a (DFWX, DFWY) experiment
Although C-GOLDSTEIN is computationally fast, it still requires typically 2 hours cpu
time to complete integrations sufficiently long for THC equilibrium. To investigate THC 
equilibria in well resolved 2-parameter space, we therefore need to run many such 
integrations. In a test to fill our DFWX-DFWY parameter space with equilibrium 
solutions at high resolution, we exploited a Condor pool of about 230 workstations at 
the London e-Science Centre (http://www.lesc.ic.ac.uk) to run 961 model integrations 
in quasi parallel. It took about 3 days to complete the integrations. Contouring 
overturning strength in DFWX-DFWY space (see below right), two distinct regions are 
revealed: Conveyor ON and OFF modes. We note that the unperturbed solution 
(marked ‘+’) is close to the sharp transition between THC modes.

7. Future Plans
We now plan to use large Condor pools to more thoroughly investigate multiple 
THC equilibria in multi-parameter space, introducing variation of a third model 
parameter, diapycnal diffusivity (10-5 m2 s-1 throughout the present study).

5. Testing the  (DFWX, DIFF) THC equilibria experiment

While there is some physical justification for DFWX as an anomalous component of 
the well-recognized Atlantic-to-Pacific moisture flux, we regard the Atlantic-only 
DFWY anomalies as rather idealized. So having established that two clear modes 
exist in (DFWX, DFWY) space, we replace DFWY with DIFF, varied across the range 
5 x 104 to 5 x 106 m2s-1. We have so far carried out a more limited number of model 
runs using conventional computing, resolving the parameter space more coarsely, 
but then extending the experiment to search for multiple equilibria (see 6).

6. Experiments to identify multiple equilibria in (DFWX, DIFF) space

We repeat the (DFWX, DIFF) experiment four times, continuing model runs from one 
of four initial states taken from final states in the original experiment. These initial 
states correspond to top left, bottom left, top right and bottom right corners of the 
MOT(DFWX, DIFF) plot. The respective overturning stream-functions are shown 
below. Final states in top left and bottom right corners correspond to fully collapsed 
and strong Atlantic Conveyors respectively. Bottom left and top right final states are 
marginally collapsed (lying close in parameter space to the Conveyor ON mode).

It should be noted that in order to force substantial changes in meridional moisture 
flux, we vary DIFF over a very wide range of values (by logarithmic increments), many 
of which are unrealistically large. Together with a separate validation exercise 
(Edwards & Marsh - see CL8 PO872), we are further investigating the realism of 
individual  equilibrium climate states

From the first runs, we again contour the maximum Atlantic overturning rate (below 
left). As in the (DFWX, DFWY) experiment - but not so striking due to the lower 
resolution of parameter space - two equilibria can be identified: Conveyor ON 
(towards the bottom right corner) and OFF (towards to top left corner). The contrast 
between surface freshwater fluxes at these extreme points in parameter space is 
shown in the corresponding global fields associated with the Conveyor ON (upper 
right) and OFF (lower right). The effect of larger DIFF is to transport more moisture to 
high latitudes where precipitation rates are consequently high. Under smaller DIFF, 
little moisture is exported from the tropics/subtropics, which are dominated by larger 
evaporation and precipitation rates.

A standard deviation of maximum Atlantic 
MOT strength, based on the one original 
and four continued equilibrium solutions at 
each (FWF, DIFF) point (shown right) 
suggests regions of multiple THC equilibria, 
graphically equivalent to the overlapping of 
individual overturning strength surfaces in 
(FWF, DIFF) space. More detailed 
contouring of this region demands both 
better resolution of solutions in our 
parameter space and a larger ensemble of 
experiments (continued from other final 
states of the original experiment).
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