Ch.5: The Buoyancy-Driven Circulation, I1: Thermohaline Dynamics

©5.1: Introduction

It remains highly debaed what drives the oceanic thermohdine circulation,
althoughthe ultimate forcing for the thermohdine circulation is related to the latitudind
differential buoyancy forcing. The traditiond school of thoughs {the school of
Qushing® focuses on the Qupgream pushingOby the surface forcing; it proposs that the
thermohdine circulation is driven mainly by the degp water formation at high latitudes,
which produces a high botom pressure at high latitudes tha pudes the degp water
towards lower latitudes, generating the thermohdine circulation. The other school of
thoughs (the school of Qoulling® focuses on the Qlowngtream pullingO It proposs tha
thethemohdineis maintained by the diabaic mixing process that converts the cold deep
ocean to the warm surface water, creating room for newly formed degpwater and thus
pulling thethermohdinecirculation.

(a) Schoolof pusing (b) Schoolof pulling
warming, /é\cooling warming\é/ /é\cooling
— X —
‘ 1
< <
Eq. Pole Eq. Pole

Traditiondly, the surface forcing has received the greatest attention. This
buoyancy-forcing congsts of both the theemo forcing and hdine forcing The thermo
forcing exhibits a cooling a pole and a warming on the equéor. As a result, the thermo-
circulation tendsto sink at high latitudeand to upwell at low latitudes. The hdineforcing
tends to drive an opposte circulation with sinking at low latitudes and rising at high
latitudes, because the surface salinity tends to be high in the subtropics dueto the high
evaporationfow precipitation there, but low at mid- to high latitudes due to the high
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precpitation (storm track)/low evaporation (cold) there. Therefore, the oceanic
themohdine circulation is determined by the compsition beween the theemo- and
hdine- forcing. This temperature-salinity compstition could result in thermohdine
ingability as discussed later.

Stommel (1961) first studied the competition between the theemo- and hdine
forcing in a smple 2-box modd for a poleto-equaor (or single hemispheae)
thermohdine circulation modd. He found tha the thermohdine can reside in multiple
states unde the same forcing. Stommel @ work, however, went unnotced for 20-years. In
the 1980s pdeodimate records show more and more evidences of dramatic changeof the
themohdine circulation and multiple states of themohdine circulation. These
pdeobservations renewed the interest on the dynamics of the theemohdine circulation.
Rooth (1981) proposd a pole-to-pole (or two-hemisphee) thermohdine circulation
modd usng a 3-boxmodd and suggest that this modd is more likely to represent thered
world. Bryan (1986) proved the existence of multiple equilibrium states of pole-to-pole
thermohdine circulation in an oceanic genera circulation. This work stimulated a new

wave of studies onthermohdinecirculation.

Thermo-circulation Haline-circulation

Eq. Pole Eq. Pole

An important difference beween the oceanic thermo-circulation and the
amogpheic thermo-circulation (Hadley circulation) is the postion of the heat source.
The atmosphee is hested from bdow at the equaor and can be conddered as an heat
engine with an efficiency of 0.8% (=output mechanism energy/input theema energy)
(Thisisvery ineficient compared with a car engine). The ocean, however, is heated from

theabove It isundear if theocean isaheat engine Classical thermodynanics theory on
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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. (Carnotcycle as. stagei) hest
indued expandon under a condant pressure, ii) adiabaic trangtion from the heating
source to the cooling source, iii) cooling-indued contraction unde a condant pressure
and iv) adiabatic trangtion from the cooling source to heating source). Since the surface
ocean is about 1 m highe than in the equaor than in the polar region (dueto themal
expandon of sea water), the equaorial heating/polar heating only forces a negaive
Carnot cycle and therefore is not a heat engine In this case, at thefind equilibrium, the
ocean should be largdy stagnant, with the surface heat flux badanced by a thin diffusve
bounday mixing of upward cold flux (Sanddrom (1916) theorm. However, Jeffery
(1926) pointed out that with pole-equaor differential heating, and with horozond
mixing, strong circulation can be driven. Therefore it is undear if Sandgrom@ theorm

appliesto thereal ocean.

p— > cooling heating
................................................. v
heating < coofing
Atmosphee case (heat engine) Ocean case?

The puzle about the heat engine naure of the ocean encouraged the school of
pulling, which bdieves tha the thermohdine circulation is maintained by mixing which
in turn is caused by mechanica energy (tidd mixing and wind mixing). Withoutmixing
in the downgream, the high latitude cold water pushed down by the surface cooling will
eventudly fill the entire subsurface ocean except for a thin bounday layer beneath the
tropical ocean surface to mix the cold water to the surface. The oveal uniform
deepwater however creates deep water pressure gradient towards the equaor and
therefore generates little thermohdine circulation. Therefore, the downdream pulling due
to mixing is critica in the maintenance of the themohdine circulation. Recent\

laboratory experiments however indicate the Sanddrom theorem is inaccurate. With a
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differential hesting source, even in the absence of mechanical stirring, there is aways a
convection cell. The flow is more concentrated near the driving source (heating from
bdow or cooling from the surface). (Wang and Huang, 2005) This seems to favor more
thetraditiond school of thouglts.

One should natice tha the two schools of thoughs could aso depend on thetime
scale. A high latitudepushing will definitely produce a thermohdine circulation initialy.
However, if there is no downdream mixing pulling, a the find equilibrium, the
thermohdine may stop. Mog 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 accountfor
the pulling effect only recently and will notbe discussed here.
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©5.2: Pole-to-Equator Thermohaline Circulation: The Stommel Model

The present theemohdine is domnaed by themal effect, and therefore the
sinking occursin polar regions The hdine effect, which tendsto drive a sinking at lower
latitudes, is overwhdmed by the thermal effect. Stommel (1960) pioneered the study of
themohdine ingability usng a conceptud modd. In this modd, the uppe ocean is
congdered as two boxes, one polar box (box 1) and onetropical box (box 2). The degp
ocean, however, is simplified as a single QipeQ which acts only to transport water

passively. (see E5.3, E5.4 for afinite degp water modd).

§ s
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Stommel@ Pole-to-equator model

Theequéaorial box has a highe temperature and salinity and theoverall densty issmaller
than the polar box (i.e. temperature dominaed). Tha is, T.>T1, >S5 and p, > p,. The
dengty difference then drives an equaorward deep current and a poleward compensating
flow in the uppe ocean. Intuitively, it is assumed that the intendty of the thermohdine
current is propartiond to thedifference of deep pressure or densgty, V ~/," /.
Furthermore, we take into account of the different nature of air-sea interaction
between the tempeature and salinity: Ocean-atmosphae interaction has a stronge
negative feedback on the surface temperature but has no local feedback for salinity. This
is aso intuitive. A SST anomaly will affect the atmosphae, which then generates
disturbances tha tend to diminish thisinitial SST anomaly. However, for a SSS anomaly
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will not affect the atmogpheae directly at al. Therefore, the heat and sainity budge for

thetwo boxes are:

d v T T
DT =V(T, " T+ =2 —
©d
d Toa" T, (52.1ab)

DET2 =V(M,"T,)+=—+

/
*d

do_
D3 =V(E&I St H (5.2.2a0)

deo
DS =V(S! S)+H

where D is the volume of the two boxes, which have been assumed equd here; 7, isthe

ocean atmopheae negdive feedback time scale. For smplicity, here, we further adoptthe
[imiting case of an strong air-sea interaction negative feedback on SST with the feedback
time diminishing, such tha the SST equds the overlying aamophee temperature and
remainsunchangead. Therefore, thetemperature equaionsdegenerate to
=T, =T,
and we only need to discuss the changeof thesdinity asin (5.2.2ab). Clearly, (5.2.2ab)
satisfy the conservation of total salinity. Thetransport dependson the differences of deep
pressures, and in turn, the dendties here. Assuming a linear equation of
state: ! =" #T + $S, we have:
Vo Do =Dy o« =H(T; =T, ) + %S, - S,) =B €T{(1-9>0 (5.2.3)

whee ! To=To-T1a==T,-T1 is the latitudind difference of the atmophee temperatures,
which are taken as the driving force here, and S=!(S," S,)/#(T," T;)> 0 is the
nondmengonlized salinity difference.

Here, we are only interested in the thermal-dominated circulation with sinking in
thepolar region V>0. Thus (5.2.2b)-(5.2.28) andudng (5.2.3), we have a single equation

for thenondmensond salinity difference as:

j, S="(1" S)S+F (5.2.4)

where we have reddfined thetime and forcing as

#" 2B! T, t/D and F=H/(" #Ta)$2-
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Multiple Equilibrium States
Theequilibrium states can befoundby setting dSdt=0 as:

F=(!S)S (5.25)

Thisisaquadratic equaionfor S and can also belooked at asafundionof Fto S . This
isapaabola, with F=0 occurringat S=0and S=1. Thus the steady states are shown in
thefigure:

S=/1(S" SY#T."T) A

I o Unstable /&

0 P»F

Here, we are only interested in the solution of S'1 (sinking in the polar region). It is
interesting to notice tha for each freshwater forcing F, there are two possible steady
states, or multiple equilibria. A similar study can be carried out for the hdine-dominated
circulation (S>1) with. sinking in the equaor (E5.5). One will find another equilibrium
state. Therefore, thethermohdine 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 berealized physcally only if it is stable.

Thermohdine Ingability

The stability of the solution to an infinitesmal disturbance (linear stability) can be
andyzed by linearizing eqn. (5.2.4) aroundthe mean state (5.2.5). Set S=S+ 9 where

the perturbaion is much smaller than themean S! <<S . Eqn. (5.2.4) can belinearized as

theequation for the salinity anomely as:
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Now, it isclear tha the steady state are stable only if

S<1/2 (5.2.6)
Thus the lower branch (heavy solid) is stable, while the uppe branch (dashed) is
undable to a smal sainity anomaly. One can aso show similarly tha the hdine
dominaed modeis also stable.

Thethermohdineindability loopcan berepresented as follows:

Sidecreases ==> # 1 decreases ==> V decreases ==> V(S,-S;) decreases ==> S, further
decreases.

Notice here, we didn® mention the variation of temperature. This follows because the
ocean-atmophee interaction has a stronge negaive feedback on the surface for
temperature but not for salinity. Therefore, theemohdine ingability dependscritically on
thedifference of the surface ocean-atmospheae interaction.

The indability of the theemohdine circulation has been confirmed in oceanic
gened circulation modds first by F. Bryan (1986 and later by many others (Figs5.2.1-
4). These experiments are forced by the so called mixed surface bounday condition, with
arestoring forcingon SST, buta flux forcing on sainity.

The stability condition (5.2.6) aso suggest tha for thermo-dominated circulation
to be stable, the thermal indued dengty should be more than twice tha of the salinity
indued dengty. Thisis largdy congstent with the present observation. With stochastic
amopheic preciptation forcing, Stommel (1993)further suggest tha thisratio is nearly
2.

The possibly different states of the thermohdine circulation seems to be aso
congstent with pdeodimate proxy evidences. At present, the thermohdine circulation
sinks at high latitudes in the North Atlantic and Southern Ocean and arises elsewhere in
the world. This themohdine circulation, with an advective/mixing time scale of
thousndsof years, could changedramatically 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 reduacd compared with the present, while the NAIW is
enhanced. There are evidences in the remote past that the thermohdine circulation may
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be stoppel or even reversed. Coupled modd simulationsalso show tha thethermohdine
circulation may also bereduaed significantly with theincreased atmospheric CO2. These
change of theemohdine may further feedback on the climate, affecting globd climate.
There are a'so some observationd and modding evidences tha suggest abrupt changes of
thethermohdineat centennial or even decadd time scales.

One may think that it will be extremely difficult to disrupt the present thermal-
dominated circulation. However, the compeition effect of the salinity may destabilize the
thermal circulation dueto thermohdineingability. In that case, a small disturbance (such
as the fresh water input due to glacier ice melting) may trigge the collapse of the
themohdinecirculationif thethermohdineis near theingability threshold state.

Pulling vs Pushing:
The Stommel modd condructed here takes the QpushingOview, because the

current is propationd to thedengty difference by a congant factor asin (5.2.3)

V = CAi . (5.2.7)
This assumes tha no matter what hgppens the propottiondity condant C stays condant.
This may not be the best choice. In an OGCM, a similar assumpaion is that the mixing
coefficient stays the same regardless of thecirculation. In redlity, themixingis caused by
mechanica stirring, mainly wind and tides. Therefore, the energy available for mixing is
finite. Furthemore, mixing tends to be prohibited by the stratification. If the mixing

energy @Qis finite, we could have
e=C( )2,

In this choice, the codficient C varieswith the stratificationasc = e/(! —)2. Plugthisinto
Now we have the overturning trangoort isinversely propottiond to dendty difference as
V=ell-

where the mixing energy e is a constant. The theemohdine 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 tha the strength of the themohdine overturning
increases with the vertical diffugvity, confirming therole of pulling. However, it remains
undear how to parameterize thevertica diffugvity.
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Figure 2
2-D model without convective adjustment. Meridional stream function for
(a) initial and (b) final state. (aj: Maximum value corresponds to 11 Sv
in a basin of 6000 km width. contour interval to 0.6 Sv. (b): Minimum
—4.75 Sv, contour interval 0.3 Sv.
Fig.5.2.1:
2-D thermohaline
Instability
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Figure 4
GFDL model, meridional mass transport, 23 years after a —0.01 %o
anomaly has been added to the top layer (50m) of the northern half of the
basin. The range is from —1.7 Sv to 2.6 Sv. Dotted lines denote negative
values (inverse circulation). Contour interval 0.2 Sv.
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Figure 5
GFDL model, meridional mass transport after about 7000 years. The
range is from —1.6 Sv to 0.5 Sv, contour interval 0.1 Sv.

Fig.5.2.2:
3-D thermohaline I nstability
(Single hemisphere)
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u5.3: Pole-to-Pole Thermohaline Circulation: The Rooth M odel

In the pole-to-equaor modd of Stommel, the theemohdine circulation is driven by the
differentia forcing between the pde and the equator. This is a hugedifferential forcing
and usudly is hard to distort. In thereal world, thebottom ocean are mogly formed in the
polar regions and therefore the degp water is conceivably determined more by the
differential buoyancy forcing between the pole and pole. Since the pole-to-pole dendty
difference is much smaller than the pde-to-equéaor dendty difference, it is much easier to
perturb the pole-to-pole circulation.

To consder the pole-to-pole thermohdine circulation, Rooth condcutred a 3-box

modd, which congsts of two polar boxes and onetropical surface box

Hsl T Hn + Hs l Hn
Surface flow, V>0 Surface flow, V>0

T2,52
N ' Low lat >
T1,S1 T3,S3
HighS. lat. HighN. Lat.
<«
Bottom flow, V>0

Rooth@ pole-to-ploemodel

There are four posible circulations two symmetric ones (pole-to-equéor) 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 trangport now dependson
the pole-to-pole dengty difference as
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V" D! D" 1H(T5! T))+ %S;! S)>0. (5.3.1)
Here, we have adopted the limit of strong negative ocean-aimospheae thermal feedback
and assumed the ocean tempeature the same as the air

temperatureT; =T, T, =T,,,T3 = Tg, . For smplicity here, if we further assume that the
air temperatures are the same in both polar regions, T,, =T, , theoverturning strength is

now determined solely by the pole-pole salinity difference as

V=%S;!S)>0 (532
The salinity is now determined by
ds
DTtl:V(Ss! S)! Hy;
ds,
D, " =V(S,! S,)+H, +H, (5.3.33b,0)
ds
DT;‘:V(SZ I S)! H,;

Notice tha thetotal salinity is conserved
d _
E(DSI +D,S, +DS;) =0. (5.34)

At thefind equilibrium, we have
0=V(S,-S) - Hs;
0=V(S -S,)+Hs+H, (5.3.58b,C)
0=V(S, -S) -Hy;
With (5.3.59 and (5.3.2), it is immediately clear tha the equilibrium overturning
trangort is determined by thefreshwater forcing of the Antarcticonly !, tha is

V=1(8"8S)=Hs; (53.6)
This highlight the importance of the sdinity forcing in the southern ocean on the
thermohdine circulation. This occurs because the trangort now only depends on the
pole-to-pole densty difference. A stronge southern ocean freshwater forcing has to be
bdanced completely by a stronge botom flow from the more saline northern ocean. This
increased thermohdine transport on southern ocean freshwater forcing is in shap
confrast to the pole-to-equéor circulation in the last section. With (5.2.5), onecan show
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tha the overturning trangport for the pole-to-equéor circulationisV ~1- S= V1-4F. A
stronger freshwater flux F reduces the thermohdine circulation, because it increases the
hdinecirculation which counters thethermo-circulation.

Thegenea solution can berepresented in terms of the salinity differences as

S!S =H./V;
S!S =l (Hg+H)/V; (53.7)
Sz! 83 :HN/V;

The mean state theefore satisfies S, > S, > S, As for the present North Atlantic

themohdine, the sdlinity is the highe in the tropics than in both polar region, and is
highe in the North Atlantic than in the Southern Ocean. One can further show that this
pole-to-pole equilibrium is linearly stable. (With one eigenvdue zero and the other two
decaying). In contrast, the pole-to-equaor symmetric circulation is destabilized for
temperature/salinity dengty ratio lager than 2, as discussed in the last section in egn.
(5.2.6) (Walin, 1985) Therefore, the pole-to-pole circulation is more stable than the pole-
to-equaor circulation. Thethermohdine devel opment therefore occurs with

(a) apole-to-pole circulation with cross-equaorial flow, asin the present Atlantic and

Pacific,
(b) adengty ratio about?2.

In the real world with multiple connected basins thermohdine circulation can be
even more complicated (Marotzke, 1989) One schematic paadigm proposed by
Broecker (1987)is the globd conveyor bdt. In this paradigm, the water sinks in the
North Atlantic, where it upwells and flow into the Indian and in turn Pacific, where it
snks and returning back to the North Atlantic. This picture, however, remans
schematic.
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around a | It heat transport; solid: total, long-dashed:
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34°N, contour interval 5 X 103 cm s~! scaled by 10% (the numbers
shown correspond roughly to cm/day). Areas of downwelling are
marked by dashed contours and shading.

Fig.5-2-4: Thermohaline
Sensitivity Experiments



05.4: Thermohaline Variability

Thermohdine circulation also exhibits temporal variability of decadd (Weaver et d.,
1991)to millennia (Marotzke, 1989)time scales. The variability has been thoughtto be
important for the generation of the climate variability and abrupt climate changeobserved
in pdeodimate records
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©5.5: Global Thermohaline Circulation and Abyssal Stratification
scaling law

internd theemodine
abyssal circulation
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a thin. meridionally oriented topographic ridge in the Southern
circulation in a single hemisphere with
The hatched region in the lower left indicates the topographic ridge.
region, and &5 and
subpolar gyre boun:

Hemisphere. Upper parnel:
panel: two-hemisphere circulation.
@, is the boundary of the pericdic

a wall at the equator. Lower

&, are the latitudes where the wind stress curl changes sign, i.e., the subtropical~
daries. The wind forcing is indicated by the double arrows,

and the temperature

the surface buoyancy decreases poleward, with, in the two-hemisphere case, a colder
Southern Hemisphere. The colored (shaded) regions indicate the differcnt thermocline regimes—the
amber (uppermost shaded) advective ventilated thermocline, the diffusive internal thermocline (blue,
middle shaded) and diffusive abyssal thermocline (green, lower shaded). Mode water lies at the base
of (and is part of) the ventilated thermocline and above the internal thermocline. The maximum of the
abyssal thermocline lies near the level of the top of the topography. The thick (red) line is a temperature

the surface meridional temperature gradient
case ATye, AT, and AT are

Fig.4-4-1
Vallis, 2000,JPO
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Exercisesfor Chapter 5

E5.1: With aninitial redudion of North Atlantic theemohdinecirculation, how would the
temperature changein the North Atlantic? Would this change of temperature cancel the

changeof sainity?

E5.2: (2-box themohdine modd) The high latitude and low latitude uppe ocean are
represented as two boxes similar to in Sec.5.2. The two boxes, however, have different
volume D; and D,. Agan, assume the temperatures remain fixed in each box. We are
only interested in the circulation tha sinks at high latitude (@) Derive the sainity
equdion for each box. (b) find the steady states of the system, and (c) find the ingability
criterion of each steady states.

H -H
hreatig— YV~ ¢O i
Subtropics T2, S, PdarT,, S; g

D> ::% D,

1 v

<

E5.3: (3-box modd single-hemispheae thermohdine modd |) The equé&or to pole ocean

isdivided as 3 boxes as shown bdow.

T3a, H Tla, -H

Equéor Pole
13,3, D3 = T1,5,D:

N\ [
H U
<
T2,$, D2
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Thesurface are forced by a sdinity flux H and the temperature in each box remainsfixed
as T1=T1=T1a T3=Tsz. We are only interested in the circulation tha sinks at high
latitudes. (a) Write down the equaionsfor the 3-box modd. (b) Find the steady states. (c)

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

E5.4: (3-Box single-hemisphae modd I1): If the ocean is divided into 3-boxes as
follows:

T3a, H Tla, -H
Equéor Pole
T31831 D3 |:$
AN
T1,S
—

T2,$, Do ﬂ

3-boxthermohdinemodd |1

(a) met E5-3- (b) T UIvIVAaUIL IV UC UITTGdudILtniTviI uniea 111 L2 ae V\/hy?

E5.5: (Hainedominaed circulation) Derive the equéions for the hdine-domnant
circulation. Find the equilibrium states and study ther stability.
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