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Ch.5: The Buoyancy-Dr iven Circulation, I I : Thermohaline Dynamics  

��

¤5.1: Introduction  

It remains highly debated what drives the oceanic thermohaline circulation, 

although the ultimate forcing for the thermohaline circulation is related to the latitudinal 

differential buoyancy forcing.  The traditional school of thoughts {t he school of 

ÒpushingÓ} focuses on the Òupstream pushingÓ by the surface forcing; it proposes that the 

thermohaline circulation is driven mainly by the deep water formation at high latitudes, 

which produces a high bottom pressure at high latitudes that pushes the deep water 

towards lower latitudes, generating the thermohaline circulation. The other school of 

thoughts (the school of ÒpullingÓ) focuses on the Òdownstream pullingÓ. It proposes that 

the thermohaline is maintained by the diabatic mixing process that converts the cold deep 

ocean to the warm surface water, creating room for newly formed deepwater and thus 

pulling the thermohaline circulation. 

   

 

 

 

 

 

 

 

 

 

Traditionally, the surface forcing has received the greatest attention. This 

buoyancy-forcing consists of both the thermo forcing  and haline forcing The thermo 

forcing exhibits a cooling at pole and a warming on the equator. As a result, the thermo-

circulation tends to sink at high latitude and to upwell at low latitudes. The haline forcing 

tends to drive an opposite circulation with sinking at low latitudes and rising at high 

latitudes, because the surface salinity tends to be high in the subtropics due to the high 

evaporation/low precipitation there, but low at mid- to high latitudes due to the high 

cooling warming 

Eq. Pole 

(a) School of pushing 

cooling warming 
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(b) School of pulling 
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precpitation (storm track)/low evaporation (cold) there.   Therefore, the oceanic 

thermohaline circulation is determined by the competition between the thermo- and 

haline- forcing. This temperature-salinity competition could result in thermohaline 

instability as discussed later.  

Stommel (1961) first studied the competition between the thermo- and haline- 

forcing in a simple 2-box model for a pole-to-equator (or single hemisphere) 

thermohaline circulation model. He found that the thermohaline can reside in multiple 

states under the same forcing. StommelÕs work, however, went unnoticed for 20-years. In 

the 1980s, paleoclimate records show more and more evidences of dramatic change of the 

thermohaline circulation and multiple states of thermohaline circulation. These 

paleobservations renewed the interest on the dynamics of the thermohaline circulation. 

Rooth (1981) proposed a pole-to-pole (or two-hemisphere) thermoheline circulation 

model using a 3-box model and suggest that this model is more likely to represent the real 

world. Bryan (1986) proved the existence of multiple equilibrium states of pole-to-pole 

thermohaline circulation in an oceanic general circulation. This work stimulated a new 

wave of studies on thermohaline circulation.    
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An important difference between the oceanic thermo-circulation and the 

atmospheric thermo-circulation (Hadley circulation) is the position of the heat source. 

The atmosphere is heated from below at the equator and can be considered as an heat 

engine with an efficiency of 0.8% (=output mechanism energy/input thermal energy) 

(This is very inefficient compared with a car engine). The ocean, however, is heated from 

the above. It is unclear if the ocean is a heat engine.  Classical thermodynamics theory on 

Eq. Pole 

Thermo-circulation 

Eq. Pole 

Haline-circulation 
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Carnot cycle suggest that a heat engine does positive work on its environment if the 

heating occurs at high pressure and cooling at low pressure. (Carnot cycle as: stage i) heat 

induced expansion under a constant pressure, ii) adiabatic transition from the heating 

source to the cooling source, iii) cooling-induced contraction under a constant pressure 

and iv) adiabatic transition from the cooling source to heating source). Since the surface 

ocean is about 1 m higher than in the equator than in the polar region (due to thermal 

expansion of sea water), the equatorial heating/polar heating only forces a negative 

Carnot cycle and therefore is not a heat engine. In this case, at the final equilibrium, the 

ocean should be largely stagnant, with the surface heat flux balanced by a thin diffusive 

boundary mixing of upward cold flux (Sandstrom (1916) theorm. However, Jeffery 

(1926) pointed out that with pole-equator differential heating, and with horiozonal 

mixing, strong circulation can be driven. Therefore it is unclear if SandstromÕs theorm 

applies to the real ocean.  

 

 

 

 

 

 

 

 

The puzzle about the heat engine nature of the ocean encouraged the school of 

pulling, which believes that the thermohaline circulation is maintained by mixing which 

in turn is caused by mechanical energy (tidal mixing and wind mixing).  Without mixing 

in the downstream, the high latitude cold water pushed down by the surface cooling will 

eventually fill the entire subsurface ocean except for a thin boundary layer beneath the 

tropical ocean surface to mix the cold water to the surface. The overall uniform 

deepwater however creates deep water pressure gradient towards the equator and 

therefore generates little thermohaline circulation. Therefore, the downstream pulling due 

to mixing is critical in the maintenance of the thermohaline circulation. Recent\ 

laboratory experiments however indicate the Sandstrom theorem is inaccurate. With a 

heating 

cooling 

Ocean case? 

heating 

cooling 

Atmosphere case (heat engine) 
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differential heating source, even in the absence of mechanical stirring, there is always a 

convection cell. The flow is more concentrated near the driving source (heating from 

below or cooling from the surface). (Wang and Huang, 2005).  This seems to favor more 

the traditional school of thoughts. 

One should notice that the two schools of thoughts could also depend on the time 

scale. A high latitude pushing will definitely produce a thermohaline circulation initially. 

However, if there is no downstream mixing pulling, at the final equilibrium, the 

thermohaline may stop. Most theories so far have focused on the pushing effect, as will 

be discussed in the rest of this chapter. New theories are being developed to account for 

the pulling effect only recently and will not be discussed here.  
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¤5.2: Pole-to-Equator Thermohaline Circulation: The Stommel Model  

The present thermohaline is dominated by thermal effect, and therefore the 

sinking occurs in polar regions. The haline effect, which tends to drive a sinking at lower 

latitudes, is overwhelmed by the thermal effect. Stommel (1960) pioneered the study of 

thermohaline instability using a conceptual model. In this model, the upper ocean is 

considered as two boxes, one polar box (box 1) and one tropical box (box 2). The deep 

ocean, however, is simplified as a single ÒpipeÓ, which acts only to transport water 

passively. (see E5.3, E5.4 for a finite deep water model).   

 

 

 

 

 

 

 

 

 

  

 

 

The equatorial box has a higher temperature and salinity and the overall density is smaller 

than the polar box (i.e. temperature dominated). That is, T2>T1, S2>S1 and 
21

!! > . The 

density difference then drives an equatorward deep current and a poleward compensating 

flow in the upper ocean. Intuitively, it is assumed that the intensity of the thermohaline 

current is proportional to the difference of deep pressure or density, 21~ !! "V .  

Furthermore, we take into account of the different nature of air-sea interaction 

between the temperature and salinity: Ocean-atmosphere interaction has a stronger 

negative feedback on the surface temperature but has no local feedback for salinity. This 

is also intuitive. A SST anomaly will affect the atmosphere, which then generates 

disturbances that tend to diminish this initial SST anomaly. However, for a SSS anomaly 

H -H 

Polar T1, S1 Subtropics T2,S2 

heating cooling 

v 

StommelÕs Pole-to-equator model 
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will not affect the atmosphere directly at all. Therefore, the heat and salinity budget for 

the two boxes are: 

 

 

    (5.2.1a,b) 

 

                                                         (5.2.2a,b) 

 

 

where D is the volume of the two boxes, which have been assumed equal here; 
d
!  is the 

ocean atmosphere negative feedback time scale. For simplicity, here, we further adopt the 

limiting case of an strong air-sea interaction negative feedback on SST with the feedback 

time diminishing, such that the SST equals the overlying atmosphere temperature and 

remains unchanged. Therefore, the temperature equations degenerate to  

   T1 = T1a, T2 = T2a  

and we only need to discuss the change of the salinity as in   (5.2.2a,b). Clearly, (5.2.2a,b) 

satisfy the conservation of total salinity. The transport depends on the differences of deep 

pressures, and in turn, the densities here. Assuming a linear equation of 

state: ! = " #T + $S, we have: 

01
212121

>!=!+!!"!" S)(a€TB)S‰(S)T‡(TD–D–V          (5.2.3) 

where ! Ta=T2a-T1a==T2-T1 is the latitudinal difference of the atmosphere temperatures, 

which are taken as the driving force here, and S = ! (S2 " S1)/ #(T2 " T1) > 0  is the 

nondimensionlized salinity difference.  

Here, we are only interested in the thermal-dominated circulation with sinking in 

the polar region V>0. Thus, (5.2.2b)-(5.2.2a) and using (5.2.3), we have a single equation 

for the nondimensional salinity difference as: 

   
d

d!
S = " (1" S)S +F       (5.2.4) 

where we have redefined the time and forcing as  
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Multiple Equilibrium States 

The equilibrium states can be found by setting dS/dt=0 as: 

  SSF )1( !=         (5.2.5) 

This is a quadratic equation for S  and can also be looked at as a function of F to S . This 

is a parabola, with F=0 occurring at S =0 and S =1. Thus, the steady states are shown in 

the figure: 

 

 

 

 

 

 

 

 

 

 

 

 

Here, we are only interested in the solution of S" 1 (sinking in the polar region). It is 

interesting to notice that for each freshwater forcing F, there are two possible steady 

states, or multiple equilibria.  A similar study can be carried out for the haline-dominated 

circulation (S>1) with. sinking in the equator (E5.5). One will find another equilibrium 

state. Therefore, the thermohaline circulation, under the same forcing, may have multiple 

equilibrium states. Next, it is important to study the stability of each equilibrium state, 

because an equilibrium state can be realized physically only if it is stable.  

Thermohaline Instability 

The stability of the solution to an infinitesimal disturbance (linear stability) can be 

analyzed by linearizing eqn. (5.2.4) around the mean state (5.2.5). Set   S = S + ! S  where 

the perturbation  is much smaller than the mean ! S <<S . Eqn. (5.2.4) can be linearized as 

the equation for the salinity anomaly as: 

S = ! (S2 " S1)/ #(T2 " T1)  

F 
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0 
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d
d!

" S = #(1# 2S ) " S  

Now, it is clear that the steady state are stable only if  

    S <1/2            (5.2.6) 

Thus, the lower branch (heavy solid) is stable, while the upper branch (dashed) is 

unstable to a small salinity anomaly. One can also show similarly that the haline-

dominated mode is also stable.  

The thermohaline instability loop can be represented as follows: 

S1decreases ==> # 1  decreases ==> V decreases ==> V(S2-S1) decreases ==> S1 further 

decreases.  

Notice here, we didnÕt mention the variation of temperature. This follows because the 

ocean-atmosphere interaction has a stronger negative feedback on the surface for 

temperature but not for salinity. Therefore, thermohaline instability depends critically on 

the difference of the surface ocean-atmosphere interaction.   

 The instability of the thermohaline circulation has been confirmed in oceanic 

general circulation models first by F. Bryan (1986) and later by many others (Figs.5.2.1-

4). These experiments are forced by the so called mixed surface boundary condition, with 

a restoring forcing on SST, but a  flux forcing on salinity. 

 The stability condition (5.2.6) also suggest that for thermo-dominated circulation 

to be stable, the thermal induced density should be more than twice that of the salinity 

induced density. This is largely consistent with the present observation. With stochastic 

atmospheric preciptation forcing, Stommel (1993) further suggest that this ratio is nearly 

2.    

The possibly different states of the thermohaline circulation seems to be also 

consistent with paleoclimate proxy evidences. At present, the thermohaline circulation 

sinks at high latitudes in the North Atlantic and Southern Ocean and arises elsewhere in 

the world. This thermohaline circulation, with an advective/mixing  time scale of 

thousands of years, could change dramatically from the present. For example, at the LGM 

(Last Glacier Maximum, 21K years ago), evidences from marine sediment core shows 

that the NADW is much reduced compared with the present, while the NAIW is 

enhanced. There are evidences in the remote past that the thermohaline circulation may 
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be stopped or even reversed.  Coupled model simulations also show that the thermohaline 

circulation may also be reduced significantly with the increased atmospheric CO2. These 

change of thermohaline may further feedback on the climate, affecting global climate.  

There are also some observational and modeling evidences that suggest abrupt changes of 

the thermohaline at  centennial or even decadal time scales.  

One may think that it will be extremely difficult to disrupt the present thermal-

dominated circulation. However, the competition effect of the salinity may destabilize the 

thermal circulation due to thermohaline instability. In that case, a small disturbance (such 

as the fresh water input due to glacier ice melting) may trigger the collapse of the 

thermohaline circulation if the thermohaline is near the instability threshold state. 

Pulling vs Pushing: 

The Stommel model constructed here takes the ÒpushingÓ view, because the 

current is proportional to the density difference by a constant factor as in (5.2.3) 

ñCV != .     (5.2.7) 

This assumes that no matter what happens, the proportionality constant C stays constant. 

This may not be the best choice. In an OGCM, a similar assumpation is that the mixing 

coefficient stays the same regardless of the circulation. In reality, the mixing is caused by 

mechanical stirring, mainly wind and tides. Therefore, the energy available for mixing is 

finite. Furthermore, mixing tends to be prohibited by the stratification. If the mixing 

energy ÒeÓ is finite, we could have  

2
)( –Ce != . 

In this choice, the coefficient  C varies with the stratification as 2)/( –eC != . Plug this into 

Now we have the overturning transport is inversely proportional to density difference as 

–eV != /  

where the mixing energy e is a constant. The thermohaline circulation obtained and its 

stability represents the one from the pulling view, and it differs dramatically from the 

Stommel solution discussed above.  

 OGCM studies have shown that the strength of the themohaline overturning 

increases with the vertical diffusivity, confirming the role of pulling. However, it remains 

unclear how to parameterize the vertical diffusivity.  



Copyright 2005, Zhengyu Liu 

 

 

 

 

Fig.5.2.1: 
2-D thermohaline 
Instability 
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Fig.5.2.2: 
3-D thermohaline Instability 
(Single hemisphere) 
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¤5.3: Pole-to-Pole Thermohaline Circulation: The Rooth Model  

 

In the pole-to-equator model of Stommel, the thermohaline circulation is driven by the 

differential forcing between the pole and the equator. This is a huge differential forcing 

and usually is hard to distort. In the real world, the bottom ocean are mostly formed in the 

polar regions and therefore the deep water is conceivably determined more by the 

differential buoyancy forcing between the pole and pole. Since the pole-to-pole density 

difference is much smaller than the pole-to-equator density difference, it is much easier to 

perturb the pole-to-pole circulation.  

 To consider the pole-to-pole thermohaline circulation, Rooth constcutred a 3-box 

model, which consists of two polar boxes and one tropical surface box 

 

 

 

 

 

 

 

 

 

   

 

 

 

  

 

There are four possible circulations, two symmetric ones (pole-to-equator) and two 

asymmetric ones (pole-to-pole). For the present day, the circulation sink at northern high 

latitude and upwell at southern high latitudes, the overturning transport now depends on 

the pole-to-pole density difference as 

 

HN HS 

T3, S3 
High N. Lat. 

Surface flow,  V>0 Surface flow,  V>0 

T1, S1 
High S. lat. 

T2, S2 
Low lat 

Bottom flow,  V>0 

RoothÕs pole-to-ploe model 

HN + HS 
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0131313 >!+!!"!" )S‰(S)T‡(TD–D–V .    (5.3.1) 

Here, we have adopted the limit of strong negative ocean-atmosphere thermal feedback 

and  assumed the ocean temperature the same as the air 

temperature aTTaTTaTT 33,22,11 === . For simplicity here, if we further assume that the 

air temperatures are the same in both polar regions, aTaT 31 = , the overturning strength is 

now determined solely by the pole-pole salinity difference as 

0
13

>!= )S‰(SV        (5.3.2) 

The salinity is now determined by  
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    (5.3.3a,b,c) 

Notice that the total salinity is conserved 

 

   (5.3.4) 

 

At the final equilibrium, we have  
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   (5.3.5a,b,c) 

With (5.3.5a) and (5.3.2), it is immediately clear that the equilibrium overturning 

transport is determined by the freshwater forcing of the Antarctic only !, that is 

;)( 13 SHSSV !! ="=    (5.3.6) 

This highlight the importance of the salinity forcing in the southern ocean on the 

thermohaline circulation. This occurs because the transport now only depends on the 

pole-to-pole density difference. A stronger southern ocean freshwater forcing has to be 

balanced completely by a stronger bottom flow from the more saline northern ocean. This 

increased thermohaline transport on southern ocean freshwater forcing is in sharp 

contrast to the pole-to-equator circulation in the last section. With (5.2.5), one can show 

.0)( 321 =++ DSSDDS
dt
d

L
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that the overturning transport for the pole-to-equator circulation is .411~ FSV !=!  A 

stronger freshwater flux F reduces the thermohaline circulation, because it increases the 

haline circulation which counters the thermo-circulation.  

The general solution can be represented in terms of the salinity differences as 
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    (5.3.7) 

The mean state therefore satisfies .132 SSS >>  As for the present North Atlantic 

thermohaline, the salinity is the higher in the tropics than in both polar region, and is 

higher in the North Atlantic than in the Southern Ocean. One can further show that this 

pole-to-pole equilibrium is linearly stable. (With one eigenvalue zero and the other two 

decaying). In contrast, the pole-to-equator symmetric circulation is destabilized for 

temperature/salinity density ratio lager than 2, as discussed in the last section in eqn. 

(5.2.6) (Walin, 1985). Therefore, the pole-to-pole circulation is more stable than the pole-

to-equator circulation. The thermohaline development therefore occurs with  

(a) a pole-to-pole circulation with cross-equatorial flow, as in the present Atlantic and 

Pacific, 

(b) a density ratio about 2. 

 

In the real world with multiple connected basins, thermohaline circulation can be 

even more complicated (Marotzke, 1989). One schematic paradigm proposed by 

Broecker (1987) is the global conveyor belt. In this paradigm, the water sinks in the 

North Atlantic, where it upwells and flow into the Indian and in turn Pacific, where it 

sinks and returning back  to the North Atlantic. This picture, however, remains 

schematic.  

 

 

 



Copyright 2005, Zhengyu Liu 

Fig.5.2.3: 3-D  
thermohaline Instability 
(Interhemisphere) 
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Fig.5-2-4: Thermohaline 
Sensitivity Exper iments 
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¤5.4: Thermohaline Variability  

Thermohaline circulation also exhibits temporal variability of decadal (Weaver et al., 

1991) to millennia  (Marotzke, 1989) time scales. The variability has been thought to be 

important for the generation of the climate variability and abrupt climate change observed 

in paleoclimate records. 
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¤5.5: Global Thermohaline Circulation and Abyssal Stratification 

 

¥ scaling law 

¥ internal thermocline 

¥ abyssal circulation 

 



Copyright 2005, Zhengyu Liu 

 
Fig.4-4-1 
Vallis, 2000, JPO 
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Exercises for Chapter  5 

 

E5.1: With an initial reduction of North Atlantic thermohaline circulation, how would the 

temperature change in the North Atlantic? Would this change of temperature cancel the 

change of salinity? 

 

E5.2: (2-box thermohaline model) The high latitude and low latitude upper ocean are 

represented as two boxes similar to in Sec.5.2. The two boxes, however, have different 

volume D1 and D2. Again, assume the temperatures remain fixed in each box. We are 

only interested in the circulation that sinks at high latitude. (a) Derive the salinity 

equation for each box. (b) find the steady states of the system, and (c) find the instability 

criterion of each steady states. 

 

 

 

 

 

 

 

 

E5.3: (3-box model single-hemisphere thermohaline model I) The equator to pole ocean 

is divided as 3 boxes as shown below. 

 

 

 

 

 

 

 

 

 

Pole Equator 
T3,S3, D3 T1,S1, D1 

T2,S2, D2 

T1a, -H T3a, H 

3-box thermohaline model I 

H -H 

Polar T1, S1 Subtropics T2, S2 

heating cooling 

v 
D2 D1 



Copyright 2005, Zhengyu Liu 

 

 

The surface are forced by a salinity flux H and the temperature in each box remains fixed 

as T1=T1=T1a, T3=T3a. We are only interested in the circulation that sinks at high 

latitudes. (a) Write down the equations for the 3-box model. (b) Find the steady states. (c) 

Discuss the stability of the state steady states. (d) Is the result similar to that in E4.3? 

Why? 

 

E5.4: (3-Box single-hemisphere model II): If the ocean is divided into 3-boxes as 

follows: 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Repeat E5.3. (b) Is the result here different from that in E4.4? Why? 

 

E5.5: (Haline-dominated circulation) Derive the equations for the haline-dominant 

circulation. Find the equilibrium states and study their stability.   

 

  

 

 

Pole Equator 

T3,S3, D3 
T1,S1  
D1 

T2,S2, D2 

T1a, -H T3a, H 

3-box thermohaline model II 


