
united nations
educational, scientific

and cultural
organization

international atomic
energy agency

the

international centre for theoretical physics

COURSE ON CLIMATE VARIABILITY
STUDIES IN THE OCEAN

'Tracing 81 Modelling the Ocean Variability"
16 - 27 June 2003

301/1507-2

Thermohaline Circulation
and Climate

Edward Sarachik
University of Washington

Seattle, USA

Please note: These are preliminary notes intended for internal distribution only.

strada costiera, I I - 34014 trieste italy - tel.+39 040 22401 I I fax+39 040 224163 - sci_info@ictp.trieste.it - www.ictp.trieste.it





THERMOHALINE CIRCULATION
AND CLIMATE

E.S. SARACHIK
UNIVERSITY OF WASHINGTON

sarachik@atmos.washington.edu



THERMOHALINE CIRCULATION
AND CLIMATE

1. Some Basics

Observations

Density

Mass and Heat Capacity of Ocean

Wind Driven and Thermohaiine
Circulations

NADW vs. AABW

Intermediate Waters

2. Atlantic THC

Role in Global Climate

Paleo Variability

Modern Variability



3. Modeling the Thermohaline
Circulation

NADW ON

NADW OFF

4. The Connection Between the
Northern and Southern
Branches of the THC

5. Thermohaline Variability

Multiple

Stochastic Forcing

Oscillatory Behavior

6. Thermohaline Circulation and
Global Warming



1. Ocean Basics

* Some Numbers

Mass of Water: 1 Tonne /m3

Mass of Atmospheric Column/m2 = 10 tonne/m2

Top 10 m of ocean = 10 tonne /m2

.-. Top 2.5 m of ocean has same heat capacity
as entire atmospheric column above it.

1 Sv. = 1,000,000 m3/sec of water

Rainfall Rate on Earth ~ 3 mm/day - 1 6 Sv.

Volume of Ocean = 1.37 x 1018 m3

*• Equation of State of Sea Water

Role of Salinity at Low Temperatures



TCKPERATUM DCWSfTY EOtnvAI^ r r OF ONE SALLNmr UNrT IN DEC-C

Figure 5.17: The number of °C that are the density equivalent of a single salinity unit as
a function of temperature at the surface (solid), 500 m depth (dashed), 1200 m depth
(dotted), and 2500 m depth (dash-dotted). The UNESCO formula for the equation of state
was used to make this plot.



The Observational Situation
Longitude

30E30E 60E 90E 120E 1 SQE ISO 1S0W 120W 9CW 6GW 3QW GU

3OE 12QE 150E 180 15QW 120W 90W SOW 30W

Fig. A1-1. Annual temperature observations at the surface.
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Fig. A1-19. Annual salinity observations at 1000 m. depth.
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Fig, L1-19, July salinity observations at 1000 m. depth.
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[A good place to look for data and
maps from the World Ocean Atlas 1998 is:
http://www.nodc.noaa.gov/OC5/ ]

Data can be downloaded and/or plotted at:
http://ferret.wrc.noaa.gov/Ferret/LAS/LAS
servers.html



Density at Ocean Surface
Difference Between Atlantic & Pacific
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Ocean Stratification

Temperature, Salinity, Density, and Other Properties of Seawater
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Figure 1.3. Typical temperature profiles in the open ocean.



Currents

V

Figure 8 .1 . Major surface currents of the world oceans.



Convection and Mean Sinking
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^ ) open ocean convection
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™ — - frontal zone sinking
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Southern Ocean
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Location of generation and transformation areas of the major water masses: North Atlantic
Deep Water (NADW), Antarctic Bottom Water (AABW), Subtropical Model Water
(SAMW), Subtropical Underwater (STUW), Subpolar Mode Water (SPMW) and North
Pacific Intermediate Water (NPIW); also indicated are interocean and intergyre
exchange/retroflection regimes. The dashed line in the southern ocean circumpolar belt
marks the polar front and the formation region for Antarctic Intermediate water {AAIW).
In the regions where STUW forms, it produces the sub-surface salinity maximum.



2. The Atlantic Thermohaline
Circulation

#- Role in the Global Climate:

Surface Temperature Gradients

Heat Flux to Atmosphere

Maintenance of Equatorial Thermocline

ENSO

Variability of All of Above



Heat fluxes to the ocean
LAS ©.I/Ferret 5.4J2

TIME : 16-JAN 05
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Fresh Water
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Figure 2.

cm/yr and the dashed lines indicate net precipilation.

Freshwater Transport
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Figure 4. Meridional transpon of water by the global ocean and atmosphere, in Sverdrups, The
oceanic estimate derives from the integration of the E-P value shown in Fig. 2, plus
river discharges into the ocean. The actual meridional transports by rivers alone is
small; an estimate for the Mississippi is shown. The atmospheric transport of water
vapor comes from Peixoto and Oort (1983).



Water Masses

Antarctica

6000

60° N 40° 20° 20° 40° 60° 80° S

FIGURE 1 Schematic of water-mass distribution in the Atlantic
(updated from Dietrich and Ulrich, 1968). AABW: Antarctic
Bottom Water; NADW: North Atlantic Deep Water; CDW: Cir-
cumpolar Deep Water; SIW: Sub-Arctic Intermediate Water;
AAIW: Antarctic Intermediate Water; MW: Mediterranean Water;
PF: Polar Front; SC: Subtropical Convergence.



Salinity of High Latitudes: Effect on
Ice

Strength of the Gulf Stream and Brazil
Current
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Figure 11-156; An update of the 3-layer global interbasin exchange summary by S9S, figure 9 there. Blue represents bottom water,
green deep, and red the upper ocean. Transports in Sverdrups in circles.



WARM TO COLD TRANSFORMATION

NORDIC RIDGE SUBPOLAR
SEAS GYRE GYRE GYRE

Figure 1-80: A meridional schematic section of the largest-scale overturning (themnohaline) cell in the
North Atlantic, including a possible mixing mechanism, according to M. McCartney and R. Curry
{personal communication, 1996). See text (especially Table I-1) for water mass nomenclature.

William J. Schmltz, Jr.

PACIFIC
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Fleure 3a. Sectioa of F l l (pmoWtg) versus distance from the boundary at Alwco {26.5°N) in 1992 [Abell et a/.,
1994].



Paleo Variability
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Figure 1.1: 18O records from several Greenland ice cores (reproduced from Johnson, et

al., 1992). Reprinted with permission from Nature (c) 1993 Macmillan Magazines Ltd.

D-O Oscillations



TOWARD PRESENT

WARM

COLD-'

RADIOCARBON AGE
THOUSANDS OF UBBY YEARS AGO

Schematic interpretation of temperature changes around the North Atlantic during
the deglaciation by Broecker (redrawn from Broecker, 1991) based upon 18O in ice
and lake sediments, oceanic planktonic foraminifera, pollen, and beetles. See
Broecker (1991) for references.

Figure 8: Upward surface heat flux (54°N to 70°N) over oscillarions induced in the three
dimensional model with 1.35 times the reference salt fluxes (W-nv2).

From: Winton, 1993.



DATA 2D- OCEAN MODEL
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Modern Variability
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3. Modeling the Thermohaline
Circulation

• The Mean Circulation

NADW ON

a)
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Fig. 2. Control experiment: (a) Meridional overturning streamfunction; contour interval is 5 Sv circulation.
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b) 80°N
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(b) Depth of convection from the surface; contours at 50, 250, 500, 1000, 2500, and 5000 m, with the 500-m and
2500-m contours darkened .. (c) Barotropic streamfunction; contour interval is 5 Sv, except in the ACC where it is
20 Sv.
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(d) Globally averaged temperature from the Control experiment (solid), No-NADW experiment (dashed),
and Levitus (1982) (dotted): (e) Globally averaged salinity from the control experiment (solid), No-NADW
experiment (dashed), and Levitus (1982) (dotted). Note that in (a) and (c) solid (dashed) contours denote clockwise
(counterclockwise)



Upper Waier {a<><27.5)

Deep Water (27.3 < a 0 < 27.6)

Boltom Water (a0 > 27.8)

Cartoon of the model's conveyor belt circulation for the control experiment. The colors describe flows in terms of
density ranges and location in the water column: red arrows indicate the combined surface and intermediate flows,
green arrows indicate deep flow, and blue arrows indicate bottom flow. Note that the flow depicted by the blue
arrows adjacent to Antarctica indicate an eastward surface flow of roughly the same density as the flow depicted by
the westward blue arrows next to them.



NADW OFF

FIGURE 10 : a) No-NADW Experiment, meridional overturning streamfunction for the
Atlantic Ocean only; b) Change in meridional overturning due to NADW production
(Nominal Experiment - No-NADW Experiment). Contour interval in both figures is 2 Sv,
with the -1 contour included in b). Solid (dashed) contours denote clockwise (counter-
clockwise) circulation. (The streamfunction is undefined south of 32 S.)
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FIGURE 11 : The change in age at 2687 meters due to the production of NADW (Control
Experiment - No-NADW Experiment). The contour interval is 100 years in the Atlantic
sector and 50 years in the Indian and Pacific sectors.

Time Dependence

[ The Overturning time scale due to NADW is

T =
Vol. of Ocean

NADW Sinking (SV)

1.37x1018m3

14 x 106 m3/sec

1011 sec = 3000 yr]



•F. Bryan's Experiments (1987)
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Right: SH Salted a. 12yr, b. 44yr c.68 yr
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Fig. 5 Stream-function for the zonally integrated meridional over-
turning circulation for experiment 4 at the end of the integration.
Positive vaJues indicate a clockwise circulation; contour interval,

6 3 1

Fig. 6 Northward heat transport for experiment 4 (solid line) at
the end of the integration, and for the symmetric solution obtained
with newtonian-cooling-type boundary conditions on both tem-

perature and salinity (dashed line).
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•Turning On NADW
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FIG. 5. The thickness anomaly between 0 and 2000 db (in mm, shaded} and the average velocity

anomalies below 2000 m (vectored, vectors over 0.15 cm s~', and those north of 60°N have been omitted
for clarity) after (a) year 8, (b) year 12, and (o) year 20, and (d) year 40.
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4. The Connection Between the
Northern and Southern

Branches of the THC

a. Using Gent-McWilliams
GMC
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CMC

ddJC-HDC

Toggweiler and McDermott and showed
that increasing the winds on the ACC
increases the NADW production.



5. Thermohaline Variability

Multiple Equilibria

The Manabe-Stouffer Case

EXPERIMENTAL PROCEDURE

R.S.-Exp.

Preliminory a
Experiment

Uniform
System
a I

-1000 u.c.y.-

•24000 d o * -

Surfac* Salinity )

Exp, / /

\ Surface Water Supply

7

1000 u.rj.y.-

-24000 d.

Exp,/

Water Supply /

TIME

— 1 a.y.

1000 u.

•24000 dj&y,-

Ro. 3- Diagram which illustrate* the succession of experiments conducted irt ttic preurnt study, ^or the
description of the cupcnmcnts^ we the ftiftin tent, Ttig abbreviation* 8-Ai u^.y,, and J.o.y, in itie bottam of the
fieure represeni atmospheric ycar«, upper ocean yean, and deep ocean y t in ,

1. Preliminary Coupled Experiment: NO THC

2. R-S Experiment (Restore Ocean to observed
Salinity): Has a THC

3. Calculate water flux needed to restore to
observed.

4. Exp I has a THC, Exp II does not.



PDN

* 0 •

SOS

Fuj. 7. (a) Sea Surface leiBpcnturf (Je^jees Celsius) Ihsm experiment I. (hi Sea
surface Icmpcritur: (degrees Tclsiusl from experiment I I , ^c) The difference

ituB) between the two sea surfa-oc temperBturics {i.e., (a) minus (b)).



13OT Q flQE IMI

Fir,, fi- (a) Sea iurfact saliniiy (pfrtj from cKpcrimcni I. (b) S*a surface salinity (ppt]
from ciperiinenl I In U) The daflcicnce (ppO tslwseri the iwo sea unlace sjlinitv [i.e.,
[&) minus (b)].



-4,447

FW. 13. Vector* ofsurfart oceart «urtefll4 in th* Atl*Hti* S«lftr, (a) Experiment I. (b) Expxjmenl 11.
- See tbe Icwer left m m r n of each, map for scaling in units of centiitKtets per sctund.
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Rc. 22. UifienenDC in surface air tcrapcralune (degrees < VIRIUK)
e*pcrimcnt!i I and I I .



90N

45N

Change in surface air temperature
after a collapse of the thermohaline circulation

in the North Atlantic
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Note: the water flux adjustment is huge

FIG. A l . The map of die ^cLJmtmcnt of surface walcr flux in the Atlantic Octan.
Units an; in melen per ycnC.



#- Stochastic Forcing

*• Oscillatory Behavior

The basic idea:

As the Strength of Freshwater to
Thermal forcing Increases, the THC becomes
progressively more non-linear

Forcing
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FIG. 3. (a) ZoiuJly ^vtrspod surface Fnei1)*8ittf sain ( m y r 'Jasobiained hoifl tfes- 2(a)-(C). A, p
to Ihc restorina salinity prafilei A - C UiiL WCK UWO (O obtain Rgs. 2a-c. (b) flJ in (4) bui for profiLes D and E.

TABU: I, Summary <sf[hi resuJts nfeiperimcnlB tor varying SUfface Tncsliiwattr flux felds: column Irwpenmem nymhfff!); column 2:
dJ»Erios«l rrcshwilcr ntmcs used La mLKd boundary randiliun imfsralion (reftr ta Figi. 2 and 3). Thr E.HT- 3.:J"C tmry iUmiFi for P

H pioliJc "Ji," high-Latitude 5ST increased by 3.25"^". Column >: Was (li( 5pinup steady j ia l i stable on the snilth. [o tonsisfeni itiiied
buunda^y COndiLiOfii (V or N)?: Column 4: number of sleady stales found untie* mi*«! houndarj candittniK and (]nar tubility WOpertits;
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A m

Rio. 4. Meridional sineamfuncTioti [Sv^ j Sv —
m's" 1 ) ] for ihe single subk eqJilihriurn obtained in Enpti. 1 and
2. Comour in-icr*i.aJ is 1 Sv.



Profile B has two stable states:

ITXXJrfl

PiG. 3, Mendioital O^r tuwing SlreainfliiKi]™ (SvJ for (a) [tie
stable steady stale of £ ip[ . J . i hj ttif stable steady dale c iFxpt . 4.
Both these stable equilibria ruisC under (he same forcing. Canltwr

I Sv.

Profile C has one stable, one unstable state with
variability in reaching the stale state:
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UraJihta Xipi^f t r a II-JV I M.irH II : ; j

4&00FT

. 6. Meridional overturning strcamFunction ($v) for (a) (he
steady ilalc ot'E)[[rt. ^ under mined hontdary COmJitujni.

i b j 1 he siable E4cady Eiatccf Expt. 5 under the same mixed boundary
i E . Conlour Ltiten'il E I S<-\

with considerable variability in reaching the
stable state:



RQ. 7. Net basi n-avrraged surface heal gain (Win ! } for Ihe four cupcrimcnti uiing Uic Irrahwatcr nun pmofik C ( j « Figs. 2c and 3fi).
;a)Expcrimi:ni ifiransition fiom Ihc unstable equilibrium of Fij. ia tntlu: iiabb equilibrium nf Fi£_ 6b)_ (Vi E»perimcnt f>(spinup fnom
a homogtneoiis resting o«an). f t } Eipcrimcnt 1 [is In fh) bul using ctnuJhlc prrcLuon]. (d^ Ejtp îimene R fas in (c) bm uir.fi J I

Profile D gives suppression of THC punctuated
by "flushes":
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Fig. 15.3 Schematic bifurcation diagram for North Atlantic Deep Water (NADW) flow, as
derived from GCM results and theoretical models. Solid lines show stable equilibrium
states; unstable states are dotted. The upper two solid lines correspond to equilibria with
different NADW formation sites, the bottom one to an equilibrium without NADW
formation. The uppermost stable branch is not drawn out to its saddle-node bifurcation,
indicating that it becomes convectively unstable before reaching the advective stability limit.
Examples of the four basic transition mechanisms are shown by dashed lines: (a) local
convective instability, a rapid shutdown or startup of a convection site, (b) polar nalocline
catastrophe, a total rapid shutdown of North Atlantic convection, (c) advective spindown, a
slow spindown process triggered when the large-scale freshwater forcing exceeds the critical
value at Stommel's saddle-node bifurcation S while convection initially continues, (d)
startup of convection in the North Atlantic from a "NADW off' state. The convective
transitions a, b, d can be triggered either when a gradual forcing change pushes the system to
the end of a stable branch or by a brief but sufficiently strong anomaly in the forcing.



5. Thermohaline Circulation
Under Global Warming

Manabe and Stouffer:

flX

'ivt

I DO •:i4C-i 300 SflO

Fft. f i Ttmpora] varialioiu of: (aHofiarilhm cffllnvosphtrie CO j te> not ndration; I h> .gjohal i ..-.M. i j r fact air ttmper-
atunc (Kf;(cf Lhe inlcnsJLy of LhtTIK: in Lhe norlh Allanlic; oblainsdfrom4 - C, 1 - Cand S (from M594h-
Lhc in It nsi ly of lhe T l i C i j defined as Lbe maiiinuin value (R^ of Lhe sLreanrfuncLion reprcunling Lhe i
o^erturning in Lhe Norlh ALbnLic Ocean.
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. t3. T ime scries of the lOO-year j iwan intensity o f
11..- I 1U ->. .-I-I .lii.-.-.. f i .u : : I I.. I I. i i .1 _i^ I .il i. • i. •! 11 ._
coupled model over the period of /KXSJ years (from.
M594 r - Here, the inLensiLy of H K T IK7 is defined as the
max imum ^alue of sLrtamfuncl ion rtprcsenlinc. Lhc nueri-

over lurninc. in Lhe N i i i i h A.LIanUc Ocean.

Greenhouse soenarias with coupled GCMs: NADW overturning

1850 190O 1950 2000
Yeara

£100

PIK: CLIMBEH2 (Potsdam)

QFDL: R15 (Princeton)

CSIRO: GM version (Melbourrw)

CCCma; GCM2/MOM1.1 (Victoria)

MPI: ECHAM4/0PVC (Hamburg;

Hartley: HADCM2<Brackne)l)

(Compled by Stefan Rahmstod)
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