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1 Sea water

Sca water is a complex mixture : about 96.5 % water, 3.5 % sall, minute
amounts of living things, and usually an equal amount of dust and dissolved
organic matter.

Water’s unusual properties arise from its asymmetrical molecular
structure: such molecules are called polar molecules. The two hydro-
gen atoms form weak hydrogen bonds with the oxygens of adjacent water
molecules: these bonds are responsible for waler’s ability to store large
amounts of heat energy with relatively small temperature changes.

Heating of the ocean surface by the sun provides enough cnergy
to break hydrogen bonds. Energy absorbed through evaporating water
(breaking hydrogen bonds) and released through condensing water (re-
forming hydrogen bonds) is important in exchanging heat hetween ocean
and atmosphere.

Below are shown some anomalons physical properties of waler and

their eflects on the ocean:
¢ leal capacity

— Higlest of ali solids and liguids except liquid anunonia

- Prevents extreme ranges in occan temperature, Heat transfer

by current is large

s Latent licat of fusion



- Highest except ammonia
— Acts as thermostat at freezing point owing to uptake or release
of latent heat

# Latent heat of evaporation

— Highest of all substances

— Extremely important in heat and water transfer to atmosphere
¢ Thermal cxpansion

- Temperature of maximuimn density decreases with increasing salin-
ity. For pure water, it is al 4°C
— Fresh water and dilute seawater reach maximum density at tem-

peratures above freezing point
¢ Dissolving power

— Dissolves more substances and in greater quantities than any

other liquid

~ On the occan there are many kind of dissolved substances
® Transpareucy

— Relatively great
— Absorption of radiant energy is large in infrared and ultraviolet,

in visible portion of energy spectrum is relatively little.

1.1 Temperature -

Temperature aflects water's internal structure and its properties. Much of
the heat absorbed by water is used to change its internal structure. Thus
aliter absorbing a given amount of heal, water has a lower rise in temper-
ature than do cther substances; that is water has a high heat capacity.
The large amount of water on the earth's surface prevents wide varia-
tions in surface temperatures. Much of the incoming solar radiation reach-
ing Lhe earth's surface goes inlo evaporating water and inelting ice. In the
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Figure 1: Temperature changes when heat is added to or removed [rom

ocean, water temperatures rarely exceed 30 °C’ or go below —2 “C'. Let
us see what happens to water during these changes and how it affects the
earth’s heat balance. *

First, we define a measure of heat, the calorie, as the amount of
heat required to raise the temperature of 1 gram of liquid water by 1 °C'.
Breaking bonds in ice and liquid water requires energy, usually heat. Con-
versely, heat is released when the bonds re-form. To illustrate this process,
cousider what happens when 1 gram of ice just below Lhe freezing point is
slowly heated. As we add heat to the ice, its temperature increases about
2 (" for each calorie of heat we add.

When the ice reaches its melting point (0 ('), the temperature re-
mains constant. At that time the heat added is going into breaking hy-
drogen and van der Waals bonds. After we have added about 80 calories,
enough hydrogen bonds have been broken and the last bit of ice melts,
leaving only liquid water.

As we continue to supply heat, the water temperature rises but al a
lower rate, 1 °C per calorie of added heat. This rate of temperalure change
remains nearly constant between 0 °C' and 100 “C'. At 100 °C {the boiling
puint of ligquid water), water vapor begins to form and the temperature

remains constant while both water vapor and liquid water are present.
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After we have added aboul 540 calories, all remaining hydrogen bonds are
hroken, so each water molecule exists alone , in other words, as a gas. If
we caplure the gas and continue to heat it, we find that the temperature
rises again at 100 "C’ per calorie of heal added.

If we started with water vapor and cooled it, we would reverse this
process and gain heat each time there was a change in state. Heat added
to the water is taken up in two ways. One is sensible heat, heat that
we detect either through touch or with thermometers. This temperature
change results from the increased vibration of molecules or motions in the
gas state,

The other lorm is calied latent heat, which is the energy necessary to
break honds in water, As we have scen, at the melting poinl and the boiling
puint of waler these was no change in temperature as long as {wo states
of matter coexisted. As discussed above, added energy went into breaking
bonds in the disappearing phase. This is called latent heat because we get
back all the heat when the process is reversed. Condensing water vapor to
form ligquid water releases 544 calories per gram at 100 °C; freezing water
at 0 *(" releases 80 calorics per gram. The difference between the latent
heats of melting and vvaporation arises from the fact that only a small
fraction of 1he hydrogen bonds are broken when ice melts, All hydrogen
bonds are broken when water evaporates.

Although water freezes at 0°C and boils at 100 °C, water molecules
can go from vapor to solid or liquid at other temperatures. The processes
involved are similar to those described earlier, but the amount of heat
involved is different. For example, the latent heat of evaporation changes

as follows, '

[ Temperature | Latent heat of evaporation |

0°C 595 cal
20 <C 585 cal
100 °¢ 539 cal

More energy is required to remove a water molecule from liquid water
al 0 or 20 *C’ than 100 *C. This is important in the occan because most

water evaporales [rom Uhe ocean surface at temperatures around 18 to

Tonparatury (* C3

Sadinity lpects per shoussnd)

Figure 2: Temperature and salinity of 99 % of the ocean water

20 2C. U water had to reach 100 (' before evaporating, we would have no

water vapor in the atinusphere.

1.2 Salinity

The amount of salt in a volume of seawater varies from place to place due
to local additions or removals of water. To indicate the amount of salt
in a seawater sample, oceanograpliers use salinily, wich is defined as the
aount of salt (in grams) dissolved in one Kilogram of seawater. Salinily
1» thus expressed in parts per thousand {°/,, ).

Salinity is determined by mcasuring seawater’s electrical conduc-
tivity, its ability to conduct an electrical current, which is controlled by

movements of ions through the water.

1.3 Density

Whether a substance sinks or floats in a liquid is determined primarily
by its density {mays per unit volune) in relation to its surrounding. The
deusity maximum in pure water (| °C' ) is important in lakes. In the ocean
the presence of salt eliminates the density maximum. The temperatures
of both-maximum density and freczing decrease as salinity ineveases.

But the temperature of maximum density drops more rapidhy thau

the freezing temperature. Thus scawater of noarmal salinity frevzes hefore



a0

T T

Curves of constant density

20

Temperature (°C)

Maximum density

Q 10 20 30 a0
Salinity (parts per thousand)

Figure 3: Variation in seawater density as function of temperature and
salinity

it reaches the temperature of naximum density.

The density of seawater is determined primarily by temperature and
salinity. {Pressure js imporlant only in the deepest parts of the ocean
Dasius and will be ignored in this discussion.) Decreases in temperature
and increases in salinity cause increased density. Reading along the top
line of the graph, you will note that an increase in density from 1.015 to
1.020 grams per cubic centimeter can be achieved by increasing salinity
from 26 to 33 “/,, (at a constant 30 °C’). By reading along the dashed
line. vou will find that a comparable density change results from increasing
the temperature [rom approxinately 5 to 29 °C (at a constant 25 %f00 ).
Salinity at the ocean suriace does not vary greatly from about 35 °/. .
Thus density chianges in the upper layers of the ocean are mainly caused
by changes in water Lemperatures, )

The ocean is normally stably stratilied, with the densest waters ncar
the ocean bottom and the least dense waters nearest the surface. When un-
stable density distributions occur, they are usually modified rather quickly
by convective overturniug, whereby the denser walers sink to their appro-
priate Jevels, We shall learn more about such situations when we discuss

the formation of dense water masses later,

Figure 4: Incoming solar radiation varies over the earth’s surface: (a)
Northern Hemisphere at the equinoxes. (b) Summer solstice (June 21}

2 Heat budgets

Budgets are useful to indicate where materials or energy comes from (
sources ) and where they go ( sinks ). We start with the earth’s heat
budget. The earth is exposed to the sun’s radiation from a distance of 149
million kilometers. The top of the atmosphere receives about 2 calories
per square centimeter per minute. (2 cal em™? imin~') Despite the large
amount of heat received by the earth from the sun, the earth’s surface tenr-
peratures over the past few centuries (for which we have historical records)
have been nearly constant. Therefore, we assume that the earth radiates
back to space each year as much energy as it receives from the sun. The
figure below show the major interactions with incoming solar radiation and
loss of hieat from the earth (annual average heat budget). About one-third
of Lhe solar radiation striking the top of the atmosphere is reflected back to
space by clouds. On the average, about half of the sun’s radiation striking
the top of the atmosphere reaches the earth’s surface. The atmosphere is
lieated in the lowermost few thousand meters primarily through the lateul
heat from evaporated water, principally from the ocean. The heat that
originally went into evaporating water is released to the atmosphere when
water vapor condenses. Relatively little heat is transferred directly by sen-
sible heat, where a volumne of warin air lows into a region and an equal

voluine of cold air flows out. Averaged over a year, the maximum amount

¢
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Figure 3: Average heat budget interactions

of inconiing solar energy is received in low latitudes. The atmosphere |
huwever. radiates energy back to space at a nearly constant rate. As a
result. the earth receives most of its heat in low latitudes; large inputs
of solatr energy into tropical regions cause high ocean surface temperature

here.
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Figure 6: Areas of heat loss and heat gaiu on the earth’s surface
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Figure 8: Summer sea surface temperature

3 Sea surface temperature

Bands of equal ocean surface temperatures are oricnted east-west and ceu-
tered on the equator.  Temperatures are higest along equator because of
the warniing of the earth in the tropics. They gradually become cooler
toward the poles. There are obvious complications becanse currents teans-
purt cold water toward the equator and warm waters toward the poles.
Ocean temperatures change with the seasous, due o variations in
the amounts of incoming solar radiation. In eqnatorial regions, water and

air temperature change little seasonally. The small changes in polar ocean
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Figure 9: Average and range of temperatures at the earth’s surface

water temperatures are due to the year-round presence of ice. Differences
in surface ocean temperatures between February and August are greatest
in midlatitudes. By contrast, on land the largest seasonal temperature dif-
ferences occour in the high latitudes, where the presence of sea ice prevents

the ocean from moderating atmospheric temperatures as it does elsewhere.

4 Sea surface salinity

Seu surface salinities are distributed quite differently than are water tem-
perature. The lighest salinity waters occur in the centers of the ocean
basin. Lowest salinitics occur near continents, where the coastal ocean
receives large river discharges, and in the high. latitudes. Salinity dif-
ferences are caused by regional variations in evaporation and precipita-
tion.Evaporation from the sea surface is greatest in subtropical areas,
where it is favored by clear skies and dry winds. The highest surface water
salinities occur in the centers of ocean basius, where there is no diluition
by river disharges. The sides of ocean basins where dry winds blow off the
continents are also areas of high evaporation. Discharges of rivers often
dilnte the coastal waters, obscuring the effects of high evaporation. The
relatively fow salinitios of the high latitudes are due, in part, to low rates
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Figure 10: Sea surface salinity

of evaporation there.

Precipitation is highest near the equator, equalorial surface waters
are diluted by the heavy rainfall resulting from the condensation of warm.
mioist air rising in the equatorial atmospheric circulation. River runoff
from the continents dilutes coastal ocean waters, causing them to have
relatively low salinities.

In summary, the highest salinity surface waters occur in areas of
excess evaporation, either in subtropical central regions of the ocean basin
or in Jandlocked seas in arid regions. The lowest salinities occur in areas
where precipitation exceeds evaporation, primarily in coaslal or equatorial

regions.

5 Oceanic budgets of heat, water, and salt

Water and heat budgets are intimately related. Heat is removed [rom the
ocean by evaporation of water from the ocean surface. This heat is relcased
to the atmosphere when water vapor rises, cools, condenses, and falls back
to earth as rain or snow (latent heat).

We know that the amount of water on the earth’s surface has re-
mained coustant for billions of years: thus we can make a budget Lo keep
track of where the water goes, how it moves, and where it is stored.

The ocean is the primary reservoir for water on the earth’s surlace:
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Oue convenient way to visualize the earth’s water budget.

Area Precipitation | Evaporation |
Ocean 88 c/y 97 cm/fy
C'ontinent 67 cm/y 47 cm/y
Fntire Earth 82 em/fy 82 cm/y

A complete water budget for a region can be written as follows:

E=P+A+T

Avmerpheic tranaport
i

Land
) Kiboaet
361 10" sausrs kilomerery 149210 wuane

Figure 12: Hydrelogic cicle
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where £ = evaporation, P .= precipitation, 1@ = river runoff, T =
current transport.

If the ocean region under consideration is luge. the amount of river
runoff compared with the total amount of seawater is small. ‘The currents
in most regions simply move water around , thus both terins can be ignored.

So the water budget for a large ocean region simplifies to

Evaporation = Precipitation.

It is possible to make a heat budget because we know that earth loses as

much heat as it gains each year. The full heat hudget can he written as

follows:

Hsp = Hg + Hp + Hy + 1o

where Hsp = Heat from solar radiation, If;; = Heat lost by evapora-
tion, Hp = Heat lost by radiation, H4 = Heat lost hy heating atmosphere,
He = Heat lost by currents. '

Again, if the ocean region is large (say an entire basin), the amount
of heat gained or lost by current transport can usually be ignored. Thus
the heat budget says that the heat from the sun's radiation is lost through
evaporation, radiation back to space, and to direct heating of the overlying
atmosphere.

Areas of relatively high surface salinity supply lieat to the atriosphere
in the form of water vapor, which is transported by winds to equatorial
ot subpolar regions. There water vapor condenses, forming either rain
or snow. and releases the heat to the atmospbere. Thus the poleward
transport of heal and water is reflected in the velatively low surface water
salinities in high latitudes. Regional salinity differences of surface ocean
walers are manifestations of the worldwide heat transport system of the

orean and atmosphere.

6 Depth zones

There are three major depth zoues in the ocean @ surface, pycnocline

{the density boundary hetween the surface and deep occan), and decp

BE



10" Waw

Rulhstve fracton

Lavivude
W

Figure 13: Energy transport as function of latitude

Tharmocina

A ——

Tampe atire L°CH Sy Densty
ipatu par hausand)  (grame per cubis cardimeiet|

Figure 14: Thermocline, halocline, picnocline

14

AL,

R Pravacioe zone DO ‘\\\\\‘

Nk&ssH=

Depeh tinometen)

E:‘l“' Saych
Figure 15: Schematic representation of the density structure of Lhe ocean

zones. The surface zone is in contact with the atmosphere. It undergoes
substanlial changes because of seasonal variability in local water budgets
(vvaporation, precipitation) and heat budgets {incoming solar radiation,
evaporation). The surface zone sometimes called the mixed layer is typ-
ically 100 - 500 meters thick and constitutes about 2 % of the ocean’s
voluines.

In the pycnocline zone, waler density changes markedly with in-
creasing depth and thus forms a layer of much greater stability than the
overlving surface water. Formation of a pycnocline zone results iroin
marked changes with depth in either salinity or temperature. There the
pyenocline coincides with the thermocline, or zone of sharp temperature
change. Thermoclines are especially prominent in open-ocean areas, where
the surface layers are strongly heated during much of the year. At higher
latitude there is less surface heating by incoming solar radiation. There the
lowered surface salinity caused by abundant precipitation causes a halo-
cline, a marked change in salinjty with depth. The pycnocline partially
isulates the deep ocean from surface processes because low density sur-
[ace waters cannot move downward through it. Deep ocean waters move
slowly upward through the pycnecline as part of Lthe worldwide deep occan
cireulation.

The deep zone contains about 80 % of the ocean’s waters audl lies
atl depth of about 1000 meters , except ai high latitude, where deep water
are in contact with the atmosphere. The schematic representation of Lhe
deusity structure of the ocean show that the pycnocline zone isolates the

deep ocean from contact with the atmosphere in the equatorial and midlar-
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Figure 16: Vertical distribution of temperature in all three oceans

itude areas. Only near the North and the South poles does the deep ocean
have any contact with the atmosphere. The figures of the vertical distribu-
tion of temperature and salinity in all three acean basins shown a strong
similarities with the schenatic representation of the density structure we
previously considered, We can also note the complexities of temperature
and salinity distribution evident on even such simplified diagrams.

The hase of the surface zone corresponds approximately to the 10 ¢’
isotherime contour on the vertical section. The ‘hase of the pyenochne can
be taken as the 1 isotherm. Note the strong similarities between the
distribution in the (hree ocean basins and note that there are differences
between hemispheres even within the same ecean basin, Water masses are
formed in a few ocean arcas, usually partially isolated seas or on continental
shelves. [f a mass of surlace water become more dense Lhat the water below,
it sinks below the surface.

Temperature and salinity of subsorface waters are used to study
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Figure 18: Salinity distribution through the Strail of Gibraltar
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Figure 19: Horizontal distribution of salinity at depths around 1000 m

movements of well defined subsurface water as they spread out from a
source region. An example is e warm, saline water fored in the Mediter-
rancan sea Lhat flows out through the Strait of Gibraltar, near the bottom
and spreads laterally at mid depth (about 1000 m} in the North Atlantic

aceall,

7 Thermohaline Circulation

The geneval pattern of subsurface water movements is determined by the
density distributions of oceanic waters. Recall that the depth of a par-
licular water mass is determined by its densily relative to the densities
of waters aronnd it and that wher a waler mass reaches its appropriale
density level, it tends to spread out, forming a thin layer. I'his is a re-
fleetion of the fact that less eoetgy is required Lo move a parcel of water
along a surface of constam density than across it, Remember also that
the ocean is prinsarily horizontally Jayered, as shown by the structure of
the surface: pyenocline, aud deep ocean zones. Thus surfaces of constant
density are essentially horizontal. Consequently, subsurface water motions
are primarily horizontal along surfaces of constant density.

There are arcas in the veean of vertical water imovenents, primarily

18

Figure 20: Schematic representation of the thermohaline circulation

in the high latiludes where dense water masses are forined. There is soine
evidence of sinking due to winter cooling in the Lahrador Sea South of
Greenland but it is probably very localized in both space and time. In
the South Atlantic, the main source is probably the Weddell Sea where

-sinking results from density increase due to freezing out of ice. The process

in both North and South are thermwhaline and, of corse, seasonal. The
resulting nassive vertical water movements control water teniperatiures and
salinities throughout the deep ocean and drive the major currents along the
bottom and in the mid-depths of the ocean. These density-driven currents
are known as the thermohaline circulation because of the important role
played by temperature and salinity in controlling seawaler density. These
currents transport cold waters from polar regions. The walers involved
slowly return 1o the surlace (after many hundreds of years), sume through
the pycuocline throughoul the ocean, and others by upwelling along the
cyuator and in coastal regions.

In addition to the deep water formation due Lo winter cooling, there

arc also contributions of Lhermwhaline origin at mid-depth from the Mediter-

rancan to the Atlantic and from the Red Sca and Persian Guif Lo the T
dian Ocean. ‘These are walers rendered dense by evaporation al the surface
whicl then sink and flow out of the seas into the neighbouring vecans,
Stonunel has pul forward ideas for a model of the circulation of the
deep waters. He brings in another [eatuse of Lhe ocean stractire, thal the
depth of the thermocline at any localily remaius substantially constant.
Because in low latitudes there is a nel annual inflow of heat througl the
surface into the water, the upper wann layer, and its houndary the ther-
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Figure 21: Model for deep ocean circulation

mocline, should deepen with time. As this deeping does not happen, some
mcechatisint must be opposing the tendency, and Stommel suggests that
“this mechanism is slow upward flow of cool deep water. Continuity re-
quires that the sinking water in the North and South Atlantic mnst be
balanced by rising, and Stommel suggesis that while the sinking is very
localized, the rising is spread over most of the low and middle Jatitnde ar-
eas of the occans. The sinking regions {5;,5;) are shown feeding relatively
imtense western boundary currents,

Stonunel makes it clear that he does not regavd the above as a theory
but as a meddd lor guantitative study which might form Lhe basis for a
theory,

To produee a theory with thermohaline ellects included tnay require
taking T and 5 (and henee p) not as given by observations bul as aukuowns
which must be solved for, in 1he problem, along with 1he velocity, 11T and

S are Lo be unknowns then we require equations for them,

8 Equations
‘Fhe diflerential equations for temperature and salinity are

dl

—_ =K1'V‘T+QT . (1}
ol

20

a5

dt

where 7 and k¢ are molecular kinematic diffusivities for temperature

and salt { k7 is about 100 time «, }, and V? = & 4 %3: + 5. Qr and Qs

represent a source function. For example, if solar radiation is absorbed over

=ksVIS + Qs (2)

a significant depth range and causes healing, ()7 represents such effeets.
(s is a similar function for processes affecting salinity ; it is important
ouly at boundaries, e.g. river inputs, effects of lreezing or the difference
between evaporation and precipitation,

These equations apply to an individual, smal (mathematically in-
finitesimal) fluid element, and apply to the total inslantancous vatues. If
we recall the Eulerian form of the total derivalive and we adopl Reynold’s
approach of splitting the total quantities into mean and HNucluating part:

r=7+17 and Lake the average of the egnation, we have

Hix Wa? +_3T +,_3T N a1 N T . T
— —_— I — — Y — i
R T A R N

= KV 4+ Qp (1)

The first four terms may be written as % for Lhe total derivative
following the mean flow. The next three represent Lhe effects of turbudence
on the temperature field. The diflusivity termn looks the same as hefore
except that T replaces T

Using the continuity equation for the Muctuating velocity , we can
rewrite the turbulent termns : then we have the term J%? Il we suppose
that, by analogy with the molecular case, the turhulent Huxes are related
to the tnean gradients, we have:

V= hs ()

Now the turbulent mixing is dominated by the turbdent llow tield
so it is common assume that the eddy diffusivity is the same for all scatars
(unlike Lthe molecular values). Because of the static stability, Ay, will
be much siailer than Kg, | Ks, bt these two should be similar, Thus

we replace W, by I, (vertical eddy diffusivity) . and the other two by

4



Kyt (the horizontal eddy dilfusivity). Finally, neglecting the variations of
the R's with space coordinates, neglecting the A, tern compared with

the turbulenee ters and dropping the overbar for simplicity, equations

becomes :
dl &rr #aT »rT
2 Rk R — 5
o = Kl + 3o+ 3 Her {3)
ds irs  9*s &8
—_— = Ny — s = 6
kil iy ax‘,) +Roga TQs (6)

9 Thermoclines and thermohaline circula-
tion
« Let us cousider the steady stale case and ignore @1 because we are inter-
ested in the main thermocline. Then eyuation for T becowes
. T

- . aT P
L',,-V,Hl‘+w,—z =I\nV:l’ + hz'@

. ™

where l?;, is the horizontal velocity and Yy and V§ are horizontal gradi-
ent and Laplacian respectively. Our knowledge of the deep cireulation is
nol suflicient Lo allow us Lo drop any of the terms as being sall. Stows-
mel’s conceptual model suggests that both advective terms are needed n
a thermohaling cireulation Ltheory and at least the vertical dillusion term.
Lateral dilfusion may be well important too. 1t is possible to try to bal-
ance pairs of these four terms while neglecting the other two to see what
solutions are possible,

The idea that vertical advection is balanced painly by vertical diffu-
sion with the other Lerms beiug fairly simall has heen considered a reasoll-
able possibility for a long time. Assuming Lhat this balance is correct we
gel

#Fr owal
b2 K, 9z
Assuming 2% independent of zand P = Tyfor 2 & =K, jw, then T =
Ty 4 (To — Fajerp{wzf K.} where Tg is the tempetature at z = 0 (taken

(8)

to be at the botlom of the mixed layer). Adding a mixed layer on top

2

and adjusting w/ K, one can produce a reasonable lit Lo observed vertical
temperature profiles.
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