The Ocean”

Indian Ocean

Degplh (|

Koltermann et al. (2005)

Latitucka Latitude

There are a number of good books dealing with the ocean. At a level appropriate to this
class: Bigg, G., 2003, The Oceans and Climate, 2nd Ed., Cambrige University Press, 273 pp.;
Pickard, G.L. and W.J. Emery, 1990, Descriptive Physical Oceanography, 5th Ed.,
Pergamon Press, Oxford, 320 pp.; Pond, S. and G.L. Pickard, 1983, Introductory Physical
Oceanography, Pergamon Press, Oxford, 329 pp. On a more mathematical level: Pedlosky,
J., 2004, Ocean Circulation Theory, Springer, 453 pp.

* These notes are partly based on material kindly provided by Christof Appenzeller,
MeteoSwiss. 1
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The world oceans

The global ocean is considered as consisting of the following basins (definition
of the boundaries may slightly vary):

» Arctic Ocean
Atlantic Ocean
Indian Ocean
Pacific Ocean
Southern Ocean

> 65° N;

30°S -65°N, 20° E - 70° W;

30°S -65°N, 20° E - 120° E;

30°S -65°N, 120° E - 70° W;
<30°S.

| Oceans I

|BO | 40° |00° " - - L

ANTARCI TR
1607 120° 80" 400 0°  40°  80° (207 1&0°

http://go.hrw.com/atlas/norm_htm/oceans.html
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Characteristics of the world oceans

From the gridded 0.5 x 0.37 WGHC climatology and the ETOPO3S data sets mean properties have been
calculated.

Chegan ! i) Salinity  Owxyeen  Silicate Nitrate Phosphate Area Volume
["C] [C] ml/1] wmolke] [umolke]  [umolke]  [ke'm®]  [km’] [k’
Gilobal 38142 36460 34,7229 3451949 88,1835 312087 21670 274865 36O80E032 1298060310
AFTAIRD  FATIIRD 300063 A5TI223  A564430 AA6I02T 3362054 Jaad7Ox  J7IT IATYIND
Arctic 1945 02642 347139 659427 077387 131146 0.9346 2T RR05 133409359 | 6630286
8303 T AL al7u6] ] 78A 6] 7048 i f 76l 67672 68403 23647 AiMIus
Atlantic 1.2636 0B8R2 34,9352 51149 14,3891 22 8536 1.5842 27.6002 92846458 322453728
SIOGARO [A0UIR0 [ 303008 JI07040  J 306020 1303442 03308 [20K8226 40626 RTLIARA
[nelian 3 9864 38270 347552 4.0027 88.9434 317037 22233 274795 68163250 247991233
DGUA00 G0N0 UASIN ol ix Q67062 6 T Ty 268333 27036 GRS
Pacific 3.6437 34733 Aelsd 32781 1096173 352450 2.4398 2TA283 186437385 TIO985063
2677109 2677109 2677109 2679132 2674309 2675225 2675223 2679834 76830 2677109
Southern 25894 24363 346382 47451 84 3408 307932 21298 275913 10796981 13406857
2003778 2003778 2003778 2050272 2001718 2000858 2000721 [992319 57823 2003778

*) The number of aftected grid-nodes 1s given m italics. Areas are calculated assuming a spherical earth
with the radius of 6371 km. The ETOPOS bathvmetry at the resolution of the climatology, that is (1,37 x
(.57, 15 used for these calculations of areas and volumes.

*Koltermann, K.-P., J. Meincke and V. Gouretski, 2005, Global Ocean and
Sea Ice. In: Hantel., M. (Ed.), Observed Global Climate, Landolt-
Bornstein, V/6 (Geophysics/Climatology), Springer.
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The ocean in the climate system

The world oceans:

 cover roughly 70 % of the earth’s surface;
 represent roughly 97 % of the water storages;

* represent therefore about 97 % of the mass contained in the
biosphere/atmosphere/cryosphere/hydrosphere.

Due to the high thermal capacity of water (specific heat of 4187 J kg1 K-!
for pure water as compared to 1004 J kg-! K-! for dry air), the world oceans
can store and transport a considerable amount of heat.

As a result, seasonal variations in the sea surface temperature (SST) are
modest, not exceeding 8 °C. In contrast, seasonal excursion of the surface
temperature over the land masses can reach 50 °C.
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The energy balance of the surface waters

Consideration the energy balance of the surface layer is essential for
understanding how the oceans are heated. Note that we really look at a
volume, not just at the surface itself.

Q* =NR
Qu =H
QE = LVE
QG =G
AQg= AS

Figure 3.14 Schematic depiction of the fluxes involved in the energy balance of a
water volume.

Oke (1987)
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Energy fluxes

The energy budget of the
oceans is peculiar. An excess
of solar radiation during the
day, partly due to the low
albedo of water at moderate
solar zenith angles, leads to
heating of the underlying
water. During night, heat 1s
released to the atmosphere
through the fluxes of sensible
and latent heat.

Note that the average Bowen
ratio of the oceans is close to

0.1.

Oke (1987)

ENMERGY FLUX DENSITY (Wm™?)

EMERGY FLUX DENSITY {Wm“‘]
£§ 8 . 8 &8 8 8

TIME (h)

Figure 3.15 Diurnal variation of the energy balance components:
in and above (a) a shallow water layer on a clear September day
in Japan {after Yabuki, 1957}, and (b} the tropical Adantic Ocean
based on measurements from the ship Discoverer in the period 20
June o 2 July 1969 {after Holland, 1971).
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The albedo of water

I'ANHI [ 2 l [ I | I I  Surface albedo

o clEta 007 nad o 026 0.55 0.42 049 056 0.65

Fig. 4.3.4.13 Annual average of the effective values of the surface albedo of the carth for solar radianon during
the pertod 1991 to 1995 1m0 Wm ™, These fields result from varous assumptions on the real albedo and thew merease
with increasing zenith angle of the Sun, and on operational reports of snow and 1ce cover. Lowest values over the
ocean for Sun at zenith are 0.06 and laghest values over the polar snow and ee fields are 0.7, Highest and lowest
values: 080 and 0.07; global average: 0,13, The albedo of the water was modeled with some dependence on the solar
zenith angle, cloud amount and the wind speed.

Raschke and Ohmura (2005)
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The albedo of water for direct solar radiation

For solar zenith angles of less than about 70° (solar elevations of more than
20°), the albedo of a plane water surface is small, typically less than 0.15, but
increases very rapidly for zenith angles above this threshold.

100

90

010 26 80 46 55 85 75 8o Solar elevation
he

Kondratyev (1969)
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The albedo of water for direct solar radiation (2)

The dependence of the albedo of water on solar elevation can be explained with
the help of Fresnel’s formula (List, 1984). Namely, the reflectivity of a plane
water surface for unpolarized light is given by:

sin”(i—r) N tan”(i— r)}

a... = 0.5
e Linz(i+r) tan’(i+71)

where 1 denotes the angle of the incident beam (zenith angle of the sun), and r
is the angle of refraction given by Snell’s law as:

air

sin(r) =

sin(i)

wat

n, = 1.00 and n,, = 1.33 are the refractive indices of air and water,
respectively.
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The albedo of water revisited

26

|
70— . : - 8

sof- -
lo
l

Ay
40—..-_..-«'\ 2

A, %
e e

.. L2
v

20

FIG. 7.11 Dependence of the sea surface albedo upon solar height.
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FIG. 7.12 Water albedo at different solar heights z and cloudiness degrees for global

radiation.

Kondratyev (1969)
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Extinction of solar radiation

The extinction of solar radiation in water can be well approximated by the
Beer-Bouguer-Lambert law. The extinction coefficient depends on the
chemical make-up of the water (turbidity, that is the amount of suspended
material, plankton, ...) and increases with wavelength toward the infrared (red
light absorbed more rapidly than blue light).

In most water bodies shortwave radiation is restricted to the uppermost 10 m,

but in some very clear tropical waters it has been observed to reach 700 to
1000 m.

11
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Seasonality of the surface temperature

© 90°N -+ 1 ! 1 1 Il 1 1 L 1 1 1 1 1 I i L 1 1 L 1 Il 1 1 1 1 | 1 1 1 1 L 1 1 1 1 Il 90°N
O -—
AT (°C) . JAN — JUL
-~
60° S o { 60°
8N —4
30° 300
N

0° ° “ ’ N ° > 120° 90° 60° 30°W 0°

After Peixoto and Oort (1992)

12
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Meridional transport of energy in the climate system

E T T T T T S N R B I | 1 )] 1 1
—— RT {ERBE)
" = = = HCEP OT
Py MCEP AT [RT — OT)
£,
t I |
E - 1
e O
]
s
—4
-5 | 1 | 1 1 1 1 1 1 '] 1 1 1 ] 1 |
g0 & 40 20 EQ i} 40 BO ao
'S Lotifude L

Fici. 7. The required total heat transport from the TOA radiation
BT 15 compared with the derived estimate of the adjusted ocean heat
transport OT (dashed) and imphed atmosphene transport AT from
NCEP reanalyses (PW).

Trenberth, K.E. and J.M. Caron, 2001: Estimates of meridional atmosphere and ocean 13
heat transports. J. Climate, 14, 3433-3443.
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Storage of carbon

Due to the high solubility of CO, in water, the deep water can store a

considerable amount of carbon.

Atmosphere 7
390 4161
1 A T
0.2 504 60 1.0 Land 17 Tand
el sink e 5.4
Weathering respiration 1|. < 706 70 21.9 20

iSRS
Veg tgéign : - Fossil fuels
fall etritus ) 37 L
2300 K65k R | TR
| ) i
1 T
Wioiol  Surface ocean e 5 tgel Marine biota
R 900 + 18 |t G iz 3

Tntermed Watém

& deep ocean

37100 4+ 100
T

sizes in PeC

rates in Pg

FIGURE 1. GLOBAL CARBON CYCLE. Arrows show the fluxes (in petagrams of carbon per
year) between the atmosphere and its two primary sinks, the land and the ocean, averaged over
the 1980s. Anthropogenic fluxes are in red; natural fluxes in black. The net flux between reser-
voirs is balanced for natural processes but not for the anthropogenic fluxes. Within the boxes,
black numbers give the preindustrial sizes of the reservoirs and red numbers denote the changes
resulting from human activities since preindustrial times. For the land sink, the first red num-
ber is an inferred terrestrial land sink whose origin is speculative; the second one is the decrease
due to deforestation." Numbers are slight modifications of those published by the Intergovern-
mental Panel on Climate Change.’ NPP is net primary production.

1 Pg (petagram) = 1015 g = 10?2 kg

Sarmiento and Gruber (2002)
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Carbon dioxide solubility

Carbon dioxide, like other gases, is soluble in water. Its solubility, 6,(S,T),
that is the saturation concentration divided by the atmospheric partial pressure,
is a function of salinity and temperature. For a given salinity, solubility
increases with decreasing temperature, as shown in the following picture.

Carbon dioxide solubility
0.07 ' . T . '
salinity = 35 psu

0.06

0.05

004

-1
Qoo [Mol kg ']

0032 r

DDE L ' 1 1 i L .
0 5 10 15 20 25 20

TI[C]
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Carbon dioxide in the ocean

Unlike many other gases (oxygen for instance), CO, reacts with water and
forms a balance of several 1onic and non-ionic species (collectively known as
dissolved inorganic carbon, or DIC). These are dissolved free carbon dioxide
(CO,), carbonic acid (H,CO,), bicarbonate (HCO;) and carbonate (CO,*), and
they interact with water as follows:

CO, + H,0 &> H,CO, <> HCO, + H* <> CO> + 2 H*

As pointed out by Bigg (2003), the component reactions are fast, but the
conversion of bicarbonate to carbonate proceeds at a speed roughly 1000 times
slower than the conversion of carbon dioxide into bicarbonate. The net effect is
therefore a summary reaction given by:

CO, + H,0 + CO,> «» 2HCO;-

The bicarbonate/carbonate species are not produced solely from the equilibrium
with CO,, but also have source from deposition (river or wind-blown dust) and
weathering. These background sources permits a greater absorption of
atmospheric CO, than would otherwise occur.

16
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Uptake of carbon dioxide by the ocean

It 1s usually assumed (Broecker and Peng, 1982) that the flux of CO, at the
sea/atmosphere interface is proportional to the difference in concentration
between a thin diffusive layer beneath the surface , [CO,], and the lower
boundary of the mixed layer, [CO,]_, the proportionality constant A being
essentially dependent on the surface wind speed. Defining the z-axis positive
upward we have:

FCO2 = _k(U)([CO2]sf _[COZ]ml)

The concentration in the surface layer can be expressed in terms of the
solubility, 6.,(T,S), and the partial pressure in the atmosphere, p.(,:

[CO2]sf = Oco2 "Pco2

Since the atmospheric concentrations as well the partial pressure of CO, are
roughly uniform over the globe, the above equations show that the direction of
the flux of CO, at the sea/atmosphere interface depends on whether the oceanic
concentration is above/below the equilibrium concentration. Due to the
temperature dependence of the solubility this occurs in the tropics/high
latitudes.

17
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Uptake of carbon dioxide by the ocean (2)

Thus, on an annual mean, the Arctic regions represent a sink of atmospheric
CO,, while the equatorial and sub-tropical regions are a source (Takahashi et

al, R 1 997) Annual Flux |Wanrnkhol Gas Exchangs)

TTOET AT AT TN T LA MR B BTN O BT Al 0t

BATA-A-AAF-IAFPT 1458 /BT

Bad Flys {107 grmes Cyr' inoaach 475 5 area)

Firo. 5. Mean annual nel CO5 Tox over the global oceans (in 101=
grams of U per vear Tor cach pixel arca) computed For T990 using Lhe
gas lransler cocllicient lTormulated by Wanninkhaol (700, The elTect of
full almospheric O inercase is assamed lor normaliving obscrved
ApUO; valoes in high latitode arcas o the relerence vear ol 1990,
Arcas covered with ice (e, the poleward ol the pink lines in Fias. 4
g oand B oare assumed Lo have wero sca—air OO0z o,

*Takahashi, T. et al., 1997, Global air-sea flux of CO2: An estimate based on measurements
of sea—air pCO2 difference, Proc. Natl. Acad. Sci. USA, Vol. 94, pp. 8292-8299. 18
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The ocean as a source of water vapor

The oceans also represent a major source of water vapor for the atmosphere.

LR L I I I I i EEEL TR
na dals T N R L
Snurca: ERAD Shatizher. masn = 3204, s = GTET, d= 800, min = 22008 mac= .73

Fig. 18.2b Annual mean disinbotion of latent heat Muxes, based on dain of the re-annlyas project ERA=400 This data

seb oowers the perod 19511955, 19

Ohmura and Raschke (2005)
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Salinity of seawater

Seawater contains a quantity of dissolved material (mostly ions) collectively
termed salinity (see Table below). The average salinity of the oceans is about
35 gkg! or 35 %o or 35 psu”.

Concentrations of the Major Components of Seawater

with a Salinity of 35%o
Component Grams per kilogr
Chloride 19.353
Sodium 10.76
Sulfate 2,712
Magnesium 1.294
Calcium 0413
Potassium 0.387
Bicarbonate 0.142
Bromide 0.067
Strontium 0.008
Boron 0.004
Fluoride 0.001 Hartmann (1994)

* Since 1982 a salinity scale based on the electrical conductivity of sea water has been

used. In this system, salinity 1s expressed in practical salinity units (psu). Salinity values

in psu units are essentially identical to a measure of parts per thousand (%) by weight
20
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Salinity of the world oceans

Ann 3000 T I I I I I 20 m salinity |psu)
rodsta N 3z = = =

aq = Bl aw
Souree WOCE Sraliclics: mean= 1474, rms= 2478, 210 =167, min= 662, mag= 3073

1] ! ! = = ! ! ! RIS

i ) T T T

Taw 1500 120w g B amn u} 0E EOE SOE 130E 150E 1B0E

Fig 14.16 Global distribution of salinite at 30 m depth m the global ocean based on the WGHC elimatalogy

Koltermann et al. (2005)
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Salinity of the world oceans (2)

Salinity can vary considerably with depth, as seen in the following cross-
sections taken across the Atlantic and Pacific Oceans.

14.3.2.1 The Atlantic Ocean (20 W)

[ ]

Koltermann et al. (2005)
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Density of sea water

The global circulation in the world oceans, the thermohaline circulation (see
later on), are driven by density gradients. The density of sea water, p(T,S,p),
depends on both temperature (T) and salinity (S) and, to a negligible degree, on
pressure (p).

7 7 | M\_ R g ;.--_ .l S - "“’ - "-4'
=3 t s = " PR W B _g_“_"’n i
-2 2 6 10 14 18 22 26 30 34 238
Temperature, degC

i

Density anomaly, p — 1000 [kg m™], as a function of temperature and
salinity. From Hartmann (1994).
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Density of sea water (2)

TABLE 2.1

Values of density in situ for fresh and sea water (kgm™3)
(International Equation of State 1980)

Average Red Sea
Fresh water sea water (winter)
Sea Approx. S=0 S=35 S =40
pressure depth temperature temperature temperature
102kPa m 0° 30°C 0° 30°C 18°C
0 0 999.8 995.7 1028.1 1021.7 1029.1
10 100 1000.4 996.1 1028.6 1022.2 1029.6
100 1000 1004.9 (1000.0) 1032.8 (1026.0) 10334
400 4000 (1019.3) (1012.7) 1046.4 (1038.1) 1045.8
1000 10000 (1045.3) (1035.9) 1071.0 (1060.4) (1068.7)
Pond and Pickard (1983)
24
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The thermocline

The most prominent feature in the vertical distribution of the temperature is
certainly the thermocline, a sharp decline in temperature over a very shallow
layer. We distinguish between the seasonal thermocline, usually found at a depth
of ~ 100 m (left panel), and the permanent thermocline, located at depths of ~

1 OOO m (I'lgh'[ panel). . Increasing Temperature (C) —»
0° 4° g° 120 160 200 24°
0 T T T T T
Temperature (°C)
02 4 6 8 10 12 14 16 r ]
I IHE 1 I I | :
Mar E :Ma Jul E Aug ool Thermocline i\
g 20+ ; _ Sept .
= 40L ) 1500 |- =
'g.‘ 27 Increasing
é.) 60 L : : Dﬁﬁ;h 2000 |- J
80L ' 'l' 2500 |- _
' Jan
100 L---- — 3000 |- il
. . sso0 | -
Evolution of the temperature in the upper 100 m !

of the Pacific Ocean (50°N, 145°W) (Hartmann, 1991).
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The thermocline and salinity
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Currents in the oceans

In dealing with the oceanic currents it is convenient to distinguish among the
following types of circulations:

* Wind-driven circulation. This takes place in the mixed layer, on scales
ranging from the local to the global, and consists of both a horizontal
as well as vertical component;

» The gyres. These are mainly horizontal currents on the large scale. The
so-called boundary currents on the western side of the gyres are part of
this type of circulation;

» The thermohaline circulation. It i1s driven by the large-scale density
gradients, which themselves depend of the distribution of temperature
(— thermo) and salinity (— haline). After Broecker (1987), the
thermohaline circulation is often associated to the global conveyor belt,
but the concept is controversial (see e.g. Rahmstorf, 1999).

Rahmstorf, S., 1999, Currents of Change, Investigating the Ocean’s Role in Climate.

Essay for the McDonnell Foundation Centennial Fellowship.
27
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Wind-driven circulation

Atmospheric winds exert a drag or stress on the sea surface, according to:

- o o]0

where p 1s the air density, U is the wind vector, and Cj a drag (bulk exchange)

coefficient that itself is a function of the wind speed and the surface roughness.

The equation shows that the stress is parallel to the surface wind, which leads
to the following picture of

FEHEET Tar. 5.22
Moy 14 Z001 143400
DEPTH (m) : 0
TIME : 16-JAN-10%D 05:14 to L5—JAN-1064 20:22 {averaged)

ERA-menthly—mean—7901-9212
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Wind-driven circulation (2)

In a steady state, the conservation of horizontal momentum in the surface layer,
(ug, Vi), can be simplified to a balance between the Coriolis accelaration and
the acceleration due to stress:

Loy and fu, =

1 o,
Py 0z Py 0z

—fv, =

where =2 Q sin(¢) is the Coriolis parameter. Integrating from a depth h,
where the stress becomes negligibly small, to the surface results in the
following equation for the vertical mean, horizontal mass transport:

~ 1 1
M, =|+=7,, =T,
hor ( f y f j

which shows that the mass transport is perpendicular to the surface stress, to
the right of © in the northern hemisphere, to the left in the sourthern
hemisphere.

Because momentum i1s dissipated through internal friction, the wind-induced
stress can penetrate only to a finite depth into the ocean. This depth defines the
Ekman layer. The associated mass transport is therefore also called Ekman

transport. 29
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Wind-driven circulation (3)

A depiction of the various mechanisms acting in the Ekman layer is provided
with the following picture.

Direction of
Ekman Transport

Depth

Ekman Spiral ﬁﬁfﬁ,,,!ﬁ,;;,,,f;;ff

Adapted from Thurman, Harold ¥. Essentials of Oceanography, Sth ed.
Prentice-Hall, Inc., 1996,
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Ekman up- and downwelling

Depending on whether the Ekman transport in a given area is convergent or
divergent, there 1s an associated vertical transport which is directed downward
or upward. Associated vertical velocities are generally less than 0.5 m s!, but
they nevertheless significantly contribute to the vertical motion in the upper
ocean.

A well known example of vertical motion driven by the surface stress is the
upwelling of cold water along the coast of Peru. This is an important
component of the El Nifio / La Nifia phenomenon.

surface convergence

/ wrfac e
rad

—

/\WMOCHHG
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Equatorial upwelling

In the equatorial regions the divergence of the Ekman transport leads to a
steady upwelling, that is apparent in the distribution of the water temperature.

LATITUDE

DEPTH
TR ¢ LB AN~ 1079 08514 ta 15-IAN-1090 20:82 ( {nvoraged) DATA SET: ERA o 001,917
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220

e 100°E 100°W w“rw
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Enst-West Surface Stress (N/mtm) , North-Sonth Surface Steess [N/ mbn)

DEPTH (meters)

—_— 0130

Hartmann (1991)
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The gyres

Rotational structures in the surface currents are apparent in many areas of the
world oceans. These rotational structures are called gyres.
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The gyres (2)

Schematically the gyre circulation can be represented as follows.

ZT f=f0+ﬁy L

ﬁﬁ

34
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The gyres (3)

The dynamics of the gyres can be understood in terms of the conservation of
potential vorticity in a basin of limited size:

C+f
H

where f 1s the Coriolis parameter, H the depth of the layer and C is the relative
vorticity defined in terms of the east- and northward components of the current,
u and v, as:

_v_
C_ﬁx oy

A derivation of the relevant equations can be found in e.g. Pond and Pickard
(1983). We note that the relative vorticity can be changed by moving in the
meridional direction (change in f), varying the depth H of the water layer, but
also due to frictional effects, in particular at the eastern and western boundaries
of the oceanic basins.
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The gyres (4)

For a symmetric circulation across the oceanic basins (intensity of the
meridional current on the western side equal to the intensity of the current on
the eastern side), the forcing terms would not balance, leading to a steady
acceleration of the gyre.

However, a steady state is possible by allowing a strong western boundary

current trapped in a narrow zone near the coast. The Gulf Stream in the North
Atlantic and the Kuroshio Current in the North Pacific are examples of such a
current.
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The thermohaline circulation

The global circulation of the world oceans 1s known as the thermohaline
circulation. It is driven by density gradients that are due to variations in
temperature and salinity. A schematic of the thermohaline circulation as
proposed by Broecker (1987) is shown in the following figure. Surface currents
are in red, depp currents in blue. The main sources of deep water in the North
Atlantic and the Southern Ocean are indicated with yellow dots.
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Formation of deep water in the North Atlantic

One of the two main sources of deep water is located in the North Atlantic. The

densification of the surface water on the northward side of the Gulf Stream

occurs through three processes:

* cooling (mainly in winter)
through evaporation and
longwave radiation;

* loss of fresh water through
evaporation;

* salt rejection during seaice
formation;

 the transport of salty water
into the North Atlantic.

As speculated by Rahmstorf
(1999) evaporation is not really
needed to maintain the coveyor
belt in the North Atlantic. The
transport of salty water is much
more important.

Fig. 3. The Atlantic Convevor Bell. Orange circles show the
regions of convection in the Greenland/Norwegian and Lab-
rador Seas. The oulflow of North Atlantic Deep Water
iNADW) is shown in blue.

Rahmstorf (1999) 38
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The key factor: salinity

Why is there no deep water formation in the North Pacific?

Obviously the density of water in this basin is not sufficiently high to induce
penetration of surface water to the bottom of the ocean. The absence of cooling
1s certainly not the main reason: the waters of the North Pacific are cold.

What is really missing is salinity. The North Pacific is definitely less salty then
the North Atlantic (an average of 32 %o as compared to 35 %o).
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Fig 14.16 Global distribution of salmity at 30 m depth i the global ocean based on the WGHC chimatology
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The thermohaline circulation and climate change

The state of the thermohaline circulation can change abruptly, as demonstrated
by proxy records of past climatic changes. The supply of fresh water in the
North Atlantic from melt water and icebergs during the final stage of a glacial
cycle is one of the main reasons for the temporary shut down of the conveyor
belt. More on this topic later on.
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