i
T -

e

‘lm‘;.-_  skies over e ccean.

o T

¥ Circulation and Ocean Structure
Chapler Outline

8.1 Density Stoucture 200 R cenn Gliders 213
il #.2 Upwelling and Diovapwelling 204 Summary 13
§,3 The Layered Ocesms 24 ey Terms 216

Baoxs Arciic Ceeni Studies T8

#.4 Sleaswrement Technigues ZLU

B8 Practical Constderafions: Ocesn Thearmal Ensriy
Conversten A1Z

Study Questions 216




Laatning Ouicomes

After studying the information in this chapter students showld
be zble to:

. estimuaie the |J|.‘I:|.~\.i|._'.' af & miaxiiee of Wi ~.:|1r|E:-||.:u ol st
that have the same density but different temperatures and
salinities,

2. deseribe and sketch changes in the seasonal thermocline at
mid-latitudes through the vear,

Taa

mod lemperature and salinity as & function of depth and

E:."n'r.-.'.:,'-_'. the thermoeline and halocline,

idilen below the ocean’s surface is its structure, 15 we

could remove aslice of oo water inthe s way

wez might cot a slice of cake, we would find that, like
acake. the cocan is a layered system, The lavers are imvisible 1o
s, fad they can be detected by mewsoring the changing sali con
fent and temperature &@nd By caleulating the density ol the wa-
ler Meong the surface to the ocean floor. This layered structure is
adynamic response to processes that adowe at the surlee; the
gan ol loss of hewt, the evaporation and sddition of water, the
freczing and thawing of ice, and the movement ol water i ore-
spamise o wind, These surlace processes produce o serics of hoe-
ontally moving lavers of waier, a3 well as local areas of
vertical motion. In this chapter, we will study both the sur-
face processes and their below-the-swface resielis i oorder 190
aderstand why the ocean 15 structured in this way and how
the stracturne i= maintained. We will also explore the wiys i
which oceanogriphers gather duta about this lavened sysiem,
and we will survey the possibilities of exiracting uselul en-
eray [romn it

8.1 Density Structure

Surface Processes

Abaorption of solar energy anil energy exchanges belween
thee sea surlace and the atmosphere determine sea-safice
temperatires and the zones of precipitstion and evaporation
that povern surface salinities. Variations in temperatizes ol
saliminy combine o contrel the chensiny ol emezin surfaioe wi-
ler. Muny combinations of salinities and femperatires pro
duce the same densitys the result s shown in hnes of constant
densaty [fiz. 8,100 Frgore 8.1, called o 'T-5 diagram, is related
i the I\.I.I.'I'..‘\.][_'f valiees in r'i_l_',||:|: 58 m I.:I'I.;l;:ll:.'r ]

A the salimity increases, the density increases; as the
lemperature increases, the densiey decrenses, Salinity may be
imcreased by evaporation or by the formation of sea ice; i
miay ke decrcascd by precipitation, the imllow of mver water,
the meltng of we. or o combination of these factors, Changes

TErnperatuee (MG

Figure 8.1
centimeter, is abbreviated as  (bied msl vares with tempentiers amd salinity,
Many conmbinations of salinity and empernre prodoce the spme densics.

A, Mar five different water masses and descrile how they form,

3. relafe surface convergence and diverpence o down-
welling and vpwelling,

G, aeserilie the propertics of water magses in each ocean basin,
and

-

cdizcisy ow thermal energy can be exiracied from the
OUEans,

rirle in determiming the density of surface water, its effects are
not considercd here,

Motee that in figure #.1 the lines of constant density are
curved, Therefore, two types of water having the same density
B dhifferent values of salinity and wemperatre when mixed
form & water that lies on their mixing line, This water hos o den-
sity greater than either of the original witer types, and it will
sink. This mixing and .*iil'll:iu.:_'_ [rncess 15 known s caballing and
cecurs inall oveans when surface waters converge.

Less-dense water remaing al the swelace (for example, the
wattim, losw-salinity surface water of the cquatarial latinades),
Although the sorface water a1 30°M and 3075 lnedes 15 warm,

Termperature-Salinilby Dagiam
{lines of equal densily in [jq:rn'3}

g
Q%A = L0
fixture

255uB

AL L, I
6.0 355
Silinity %

ity ol semaaler, measured in grames per culic

Loaw lensities ane o the speee fef and hgh densities an e fower mpin The
ahreitgh e 1w e g line e waters A and &, bath with the some de '|:~i'5.'!'-

in pressure also affect density, As the pressure incTenses, the A mixtizre of A and B lies an the mixing line and is more dense than either
density mereases. However, because pressure plays & minor

Aor i,
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it has o higher salimity than surfzoe waters
at the equator, Therefore, itis densier than
Uhe warm, low-salinity equatorial water, :

o
Thiz 307 latnede surface water sinks be-

ra

LAY AE Ay
ey 7 y
; / / it

o~
low Lhe -.'-L||;.iu:ri.|l sirloee waler: it ox-
tends feam the surfuce af 30°M 0 below 1000
the less-dense equatorial liver and back 1o
the surface a1 3075, The combined splin-
ity e lemperatire in surface wilers al
S-GIEN and J0°-60"5 produce a wiler
that is denser then either the equatorizl o
the 207 latilude  surfnce water. The
F07<Al” latitude water thenefore sinks he
low the equsterial and 307 surface water i
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and extends [rom the surface in one hemi- E7M
sphere below the clher water types o the
surface in the other .'|.:|||i'.::-|1|_'.-;_'-_ Winiei
conditions in the subpolar regions lows

the surlace water temperatiure and, if sca
e Forms, incresse the salinity. The result
is o dense surface water thal sinks at the subpolar latitudes,
These v

density oh
3

lations in surface water properties and the resullimg
ges produce a density-loyencd ocean, This layered

system is shown in lgore 820 The thickness and horizontal
extent of each layer are related (o the réte a1l which the water

of euc
which i s formed.

Wind-driven serlzoe currents also direcily alfect the den-
sity strueters of the upper ocewn and continwlly move surface
warlers frodm one area oo another: Twebolenge nssocizied with

tidal motion as well as wind-drven surfece currents mix water

ocoeans, and ench volume oF mass of water carvies with it salt
1ons, dissolved gases, nutrients, heat, and suspended marerials,
The flow 15 relentless and has great inertin, but it is oot constant.
Phrough geelogic time, the changing shape of the ocean basins
(plate tectonics ) and shifts in climate (elacial and interglacial
exeles, zlobal warming b act o alier the circulation and staeiure
of the neenns,

Changes with Depth

The oceans ave o well-mixed surlace layer of approximutely
PO m (3300 £ and layers of increasing density 1o a deprh of
about TODD m (2300 fi). Below 1000 m. the waters of the decp
ovein are relatively homogeneous. A region between 100 m al
about 1000 m, where density changes rapidly with depth, is
Knwn is a prenocline [Nz, 5.3).

Below the 100 m surface layer, the temperature decrenses
raprdly with depth to the 1000 m level, A zone with & i
change I temperature with dapth is called o thermoeline, Be-
lovw the thermaocline, the lemperature is pelatively uniform over
depth, showing g small decrease (o the ocean Bottom, A =imilar
situatiom oeeurs with salinity, Below the surface water a1 the
miikdle Latitides, the sulinity increases rapicly voabronr TOO0 m;
this zone of relatively large change in salinity with depth is
cilled the halocline, Bereath the halocline, relat vely umiform

I layer is formed and the size of the surface region over

J0Um o* T B 5

|'i|."|r|"i: B2 Waters af different densities forn i lavered ocean, The Ll:.'l'l'-ll:. af each Lnyer is
determined at the surface by the climate a the Tatitnde 21 which it s formed, De nsity values are
aiven i grans per cubic centbmera
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Figore 8.3 Density mncremses with depeh in seawater, The
pyenoclis: s the repion in which dewsoy changes rapicdly with depth
[Eised o dhann frem the nomtheastern Pacific Ocean)

conditions exteml o the ocean bottom, Both a thermocline and
& hatlochine wre shown in figure 8.4,

If the density of the water increrses with depth. the witer
column from surface e depth s stable. If there is mere-dense
waler an top of less-dense water, the water column is unstable,
An unstahle water column cannat persist; the denser surface
witler sinks and the less-dense water at depth rses to replace the

surface waler. Vertical convective overturn of the witer takes
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place. IF the water column has the same densi by over
hns newteal stability and is rermed i Bsapyenal. A pewtrally '-I.I.|:I d
water colurn &5 easily vertically mixed by wind, wive action,
and cirrents, If the water tempera
the water column is isethermal: if the « aalinty

deptly, i is isolaling,

tre is unchanging over ilepth,
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Figure 8.4 Ten 1t aikl salinity values change with ds il i
seawater. Bapid changes in temperature and solimity with depth

praduce & thermacline and & lalocline LT

froen the norlseastern Pacific Ocean i

spectively, |Based on data

depth, i
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Density-Driven Circulation

Processes thal increase the witer's density al the surface cuuse
density-driven vertical cirenlation. This everiuen may reach
only o shallow depths or extend o the deep-sen floar, ensur-
ing am eventual top-to-hottom ¢ schunge of water. Because the
I.|l.'!I'-L["-' 15 normally controlled by surface che AIIZEs 11 tem peri-
ture amad saliniry, :hn verticel cireulation is often called ther-
marhling |_|ru|il ttiom, An excellent ¢ \..||;||'.|]|. of thermel:line
cireulation occurs in the Weddall Sea of Antarctica, where
winter encling and freezing produce dense, cold, saltier surfice
water that sinks to the s¢q floor. This water descending along
the coast of Antarctica is the densest water found in the open
OCCRNE (5o |||_ H5.2)

A the lemperate lutitudes in the apen acean, the surface
Waler's lemperature changes with the seasons. This eflect is
illustrated in [1: Zure 5.5, During the suimmer, the surfoee Willer
warmz and the water column is stable, but in the fall, the sur-
lace water cools, its densi ity increases, and overtum Bepins,
Winter storms and winler om ding continge the mixing
process, The shallow thermeeline formed during the previous
suminer is lost, and the upper portion of the water column is
vertically nixed and becomes fsotherms] to crealer depths,
spring brings warming, and the shallow thermoeline he rins to
reestablizsh itself; the witer colummn hecomes stable andd remdins
s through the summer,

Seasonal 1em perature changes are more imipcriant than
sulinity changes in aliering density in the open ocean at
subarctic amd high temperate Intitudes. For exam e, in the
Atlantic Ocean, the surface water a1 30°N and 10 5 has e high
salinity but is warm vear-round, so it alavs al the surface. In
contrast, water Teom 300N in ihe ‘“-c rile Atlantic has o
loswer salinity but is cold, eapecially during the winter. This
cald watler alnh and flows below the salier but warmer
surface water,
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Close to share, the salinity ol sewater can become more
important then the remperatere in controlling density, Solinity
is particularly important in semienclosed bavs, sounds, and
fjords that recerve lrge amounts of freshwiater runodl, Here, ex
rremely eold (0°=17C0 Fresh wader froom melied ce iz added 1o
the sew, Insomie coses, the saliniey becomes so low that the 0
Jited seawater does nod sink bul remains al the surface 15 a
seawird-moving Treshwater lid, In polar regions,
melis, a layer |,:|I-' fresh water forms al the swerface and slowly

luates the '.||'|||-.:'|_':.'i|:;', SLITTRCE wWaler.

whiep seq ice
*ili-

8.2 Upwelling and Downwelling
W'h

which it is denser than the wiler above but less dense than the

e dense wites foom the surface sinks and reaches a level a

water below, i spreads horizontally a5 more waler descenmls, A1
(he swrface, water moves bortzontally into the region where sink-
ing 15
decper witer upward, completng the eyvele. Because wateris a
fixed quantity in the oceans, it cannot be pecumulated at one lo-

cation or removed at anctier loearon swithout movemesnt of wa-

oceurring. The dense water that has descended displaces

ter betwesn those lecations. This concepl s culled cominuity of
fMow, Arcas of thermohaline circulation where water converges
and sinks are called downwelling zones; areas of diverging
rising wuters are upwelling zones. Downwelling is & mechanism
that transports oxyeen-rich surface water to depth, whers it is
necded for the deep-living ammals, Upwelling returnz Jow
oxy ren-content water with dissolved, de
o the surfnce. whers the nulcients act as fertilizers 1o promole
photosynthesis and the prodoction of mone oxvgen in the sunlit

surfnee waters,

sav-produeed mrients

-.._l]'-'.'-.n'llllll-' gl |.|-.:-'.-.."|'.-.|.|.|.II'|'~' refer toovericil motion of wa-
per upsward or doverwenrd, They e present i thermohaline cir-
culation but cin also be caused by wind-driven surface currents
When the surface waters are driven together by the wind or
against @ coast, i surfEce convergence is formad, Water Gt
Face convergence sinks, or downwells, When the wind blows
surfpee winlers wway from an aren or const, o surlsee divergence
occurs and water upwells Trom below {(fig. 5.6} Surface con-
viergences and divergences created by wind-driven correntis are
discussed in chapter 9
The speed of upwelling and downwelling water is ahou
(ol=1.3 m(5 fi) per day. Con ||'|.|1" hese Mows o eecanio surtaee

| BT

currents, which reach speeds of 1.3 mfs. Horzontal movement
at mid-cocan depth doe
L1 e (L0 in ) per second. Water cought in
lentlessly moving cvele may spend 1000 years at the greater
cocan depths hefore it again reaches the surface

to the thermahaline flow 15 about

s s o ot re-

8.3 The Layered Oceans

Deennographers have taken salinily and lemperature mea-
surements with depth st many locations and for many years
Gradually, they scoumulated sufficient duta o identify the lay-
ers of waler thal make up eic sned the surface souree of
L The structure of
termined by the |;|r\-:'||'||_:rli!_"\. af these layers. Each loyer recelved
s charscteristic salinily, lempernture
The water's density contrels the depth o which the we
ter 2inks: the thickness and horizontal extent of each laver are
relabed to the rate of 105 formation and the size of the surlace
source region. Water that sinks from the surface 1o spread oul
ot deptls and slowly mixes with adjacent lay

Iy poean

the water Forming cach layer am oecan is de-

Canad |,|L:'|~.il:.- at the sur-

j HEW

Ble=cilerrraran Antarahc cors eventuilly nses al anather location. In
atarmediats watar inlernosiale wales all cases, water that sinks disploces an
Burlacs '.-.alar! Surdpen walar Antarchic |._|I.II'- lent volume of waler II'|"'-'--'I1I-| orwiard
5.3 eglom thie sainface &t some other locotion so that the

2550 [ waler

accans” vertical cirenlalion 15 comlinuoels.

il
Pyt
_I|_.-':'_

The lavers of water just described wre
associated with depth wones: surface, inter-
and bBowom. The ‘ul.ITl'il.l.'-a'

mediare, deap,

zone exlends 1o 2000 (050 1, and the
lics between 300 ol
20000 m {1000 and @300 1), Deep water 15
Gl berween 2000 and 4000 m (a2l

mtermediare zone

E and 13000 Tty wnd botiom sater is helow
= EdC _,/ 000 {13,000 ).
£ 3= —] e 12
E' 'q.l,la_rl !'ll
O s N fiz cleap WL ,,f;,fr Ty oy
it —05°C The Atlantic Ocean
- I8 - —- -5
3 . . 3T
I The properties of the layers of waler making
i I - 5 . : £ up the Atlants Oeean are shown in Agure 3.6,
L] i bl ANCK o° i e 4075 515 BO®S - - . - 3 =
i ol T e - d ¥ = Ar the surface in the Morth Atlimie, water
L..I=. -~ trom high nerhern laimdes moves south-
ﬁ?;':'".“.:'l:" - Surfaze converpance B By - Surtaca divergancs

Figure B.6 Al
here, The surlace currents Sonverge o |'lrl‘-'|l'.:':

The amasoay of the

ol ling:

wealer aniks 1o

antte Ozean, Surfzce and subsurface cironlation are nelated
s density level

fovws harizental v, Waler ab fepth nses wder zones of surfaes divergences,

while witer from  low  labmodes
mives norlthwand along the coast of Morth
America and then east peross The North

Atluntie. inarens of

waril,

nnid

Ihese wilers converae
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caol temperatures and high precipitition ot approxinely
Sr—B0M i the Morwegian Sea and at the boundaries of the
Gl Stresn wnd the Greenland and Labredor Currents Tl pee-
sulting mixed water s o sulinity of aboul 329%: and a tem-
pesature ol 2°—<"C. This water, known as North Atlantic deep
waler [NADWY, sinks and moves southwand, Morth Atlantic
deep water from the Norwezian Sen moves south along the ensl
sice of the Atlantic, while water formed at the Boundary of the
Labrzdor Current and the Gulf Stresun flows along the western
sife. Abowve this water at 30°MN, o Tow-density lens of very saliy
{30.5%) but very warm (25°C) surface wuler remains trapped
by the cincolar movement of the major nceanic surface currents.
Between this surface water and the North Atluntic deep water
lies water of intermediale temperniure {10°C) and salinity
[35.5%a0). This water is o mixtwre of surface water and the iy

weelled colder, saltier water from the subtrapical regions, It
moves northward to reappear at the surface south of the con

vergence: in the Narth Atlimie,

Mear the equator. the upper boundary of the North Atlantic
leep water is formed by waler produced ar the CONVETEenCE
centered abrout H0°5, This s Amtarectic intermediate water
[AATY ) Becouse i is warmer {5700 and less salty (34.4%)
than the Morth Allmtic deep water, it is less dense and remains
above the denser and saltier wiler below. Along the edge of
Antarctica, very cold (=050, saliv (34.8%:), und dense wa
e s produced ot the suifies b =ea 1ce formation Rll.lr]rlj__’ the
southern Hemisphere's winter. This is Anfarctic bottom wa-
ber (AABW], the densest wier in the oceans. This water sinks
o the eecan floor and flows slowly northward, creeping beneath
North Adlantic deep water, as 1t continues on througl 1he deep
dauth Atlantic ocean basins west of the Mid-Atlantic Ridge.
Antareiie Bottom water does nol accomulate cnoueh thickness
e be able 1o flow over the mid-ocean ridge svstem into the
Basins on the African side of the ridge: it is confined 1o the deep
basing on the west side of the South Atlantic and has been Mouid
as far morth us the equator.

Axthe same wme, the North Atlantic |||_:!_']'- waler between the
Aantireiie bottom and intermediale waters rises o the orean's
surface in the area ol the 6075 divergence, As i reaches the sur-
face, it splils; part moves northward as South Atlantic surface
witer wid Antaeciic intermedinte water (et moves southwrd
toward Antarcticn, 1o be conled and modified wo Form Antarelic
bottom water, A mixture of Norh Atlantic deep water and
Antarctic bottom water becomes the circumpolar water for the
Southern Coean that Nows around Antarctica, The Antarctic cir-
cumnpalar waler Beoomes the source of the deep water Found 1
the Indian and Pacific Oceans. In this way, the Atlantic Ocean
and its circulation play a defining role i the structure and cir-
culation of all the aeeans,

Warm (23°C), salty {36.5%0) surface wuier in the South
Mdlantic s also l.':iljz'hl by the circular curreni pratern al the sur-
Face and is centered about 2075, Scuth of the southem tips ol
South America and Africy, the water Mows eastwand. driven by
the prevailing westerly winds, which move the water around and

around Antaretica.
Becanse the Atlantic Ocean is a naomow, confined ceean of
relitrvely small volwoe bt preat north-south exient, the water
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trpes are reachly identifiable and the movement of the lavers can
b followed quite easily, Inaddition, the bordering nations of the
Atlantic have had o long-standing interest in occanography, so
the vertical circulation and layering of the Atlantie are the mos:
stuciod and the best understood of all the scenns.

The Pacific Ocean

Iin the vast Pacific Qoean, walers that sink from relutively
small areas of surface convergences lose their identity rapidly,
||'i||\:i|'|g the |.:I'_'.'l_"'l"\. l.|i|.:-il::'.I|| Lir tistin l=r|_|j:~;i_'|_ .-".||I.'|r\-:::'i._: boRtom wa-
ter forms in small amounts along the Facific im of Antarctca,
bt it is gquickly Tost in the great volume of the Pacific Ocean.
The deeper water of the South Pacific Ocean s the water of the
Antarctie circumpolar Mow, Because the Mol Macific 15 iso-
lated From the Arciic Ocean, only a small amount of wiler
comparable o North Atlante deep water can be formed, In the
extreme western Morth Pacific, convergence of the sowthward
flowing cold water from the Bering Sca and the Sea of
Okhetsk zned the northrward-moving water from the lower lal
itndes produces only & small volume of water that sinks to mid-
depths. There is no lurge source of deap water similar to tha
fomnd an the Morth Atlantic, Warm, sulty surface water ocours
wt subtropical Tnntudes (30°N and 3075 in each hemisphere,
and Antiretc imermediae water s produced in small quanti-
Lies, but its infleence 15 small. Decp-water (ows in the Pacific
are slegrish, wnd conditions ane very uniform bBelow 2000 m
(GO0 1), The slow cireulation of the Pacifie mewns that it hes
the oldest water at depths where age is measured a3 time from

the waier’s last contact with the surfece, Besidence time for

deep water o the Pacific is about twice that of deap water in
i Atlanric,

The Indian Ocean

The Tndizn Oeesn iz principally an ceean of the Southern Hemi
sphere and has no counterpart of the Nonh Adantic deep water.
Small wmounts of Anturetic bottom waler are soon mixed with
the deeper waters to form a fairly uniferm mistere of Anlarctic
circumpolar water brought into the Indian Ocean by the Antae
tic circumpelar corrent. There s o small ameunt of Antaretic in-
Lermediate water, and in the subteopics, a lens of warm, salty
water oecurs ol the surface,

Comparing the Major Oceans

Temperature and salivity distributions as functions of depth arc
shown in figure 8.7 for cach of the oceans, The Adantic Ocean
salinity and temperature values form patterns with depth
(g, 8.7 and & that are clearly idenafiable and can be relared
to figure 8.6. Salinity and temperature values in the Pacilic
fig. £.7c and d) adentify the high-salinty surlface water lenses
and the mixture of Antarctic bolom waler and circwmpelar deep
water, with & 534,75 sulinity and a [°C tlemperature. A minor
intrwsion of low-salinity water in the north is the resulr of the sur-
face convergenee in the Tur northwestern Pacilic. Moie the '_':=.|-_::-.‘:
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volume of deep water (hat <hows o uniform salinity inthe Piecific thizse For the South Atlimiic, without the presenes of wirler fl
Occan. Temperature values also follow a less-delinite pattern is comparntle 1o Morth Atlantic deep water. The Arctic Ocean 15
than in the Atlantic, emphasizing the uniformity of most af s an extension of the North Atlantic: see figure 5.8 and the fol.
deep water, The Indian Ocean values (fig. 8.7 and [y resemble [owing discussio,

Deplh (k)

5 |
60" 40°H 20°H o 20°5 4175 05 A0S
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Deptt (k)

Depith {km]

i) Torgeratura (70) in Paciic Goaan

Dieplk (k)

The Arctic Ocean

Some oceanographers consider the Aretic
Ocean 10 he an extension of the Norih
Adlantic, but it difTers from the Avlmie
Occan inomany significant ways. About
grethird of s area, & = 0% km? (3.1 ®
[00F mith, 15 eovercd by exlensive conli-
pental shelves, the widest ol any oeen.
Two basins, the Bwrasian 1o the cast and
the Canadian to the west. occupy the cen-
tral portion of the oogan: Dey are sepi-
pated hry the Lomonosoy Ridge extending
due north from Greenland fig. 8.8 The
Furasian basin 1= the deeper buasin, 3000 m
(16200 M i is connected o the Morth
Atlantic through o gap in the continental
shell between Spitsbergen and Greenlond,
The larger. shallower Canudian basin is
ahowt 3RO m (124500 fry deep. Buoth
hasing contuin spreading centers that are
northern extensions of the Mid-Atlanbe

Ridge system,
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Figure 8.7 Mid-ocean salinity 2nd temperatunes profiles of the Atlantic, Pscific. and Indian Ocesns, Temperaiare and salinity ore shown as
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pated 200 ol jee cover will be lost by
2050, which could lead o problems for
polar bears, and natives of
Under
such conditions, Greenland's glaciers
would also melt and release large
amounts of [resh water 1o the North
Adlantie, Sueh woter would both cool
and reduce the density of Nonh
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the high northern lititodes.
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Figure: 8.5

The density of the Arvetic Ocenn waler is controlled mone Iy
salinity thun by temperature, [ surface layer s formed Prom
lw-salinity water entering from the Bering Sea
from Siberan and Canadiam rivers, and seasonal melting of sea
luwer from these combined ~it:-ur::u'x 1= alout
W m (250 fr) |I|.|.|1 and has o low salinity (32,.5%0) and a low
lemperature (—1.5°C), Below the surfapce I|_-| er, salinily in-
creases with depth in the halocline layer, 2000 m (630 ft) thick,
to reach 34.5% at its base. The cold, salty water of the halocline
lnver is produced by the annusl freczing and formmetion of se e
gver the continental shelves. This water sinks a
the shelves 1o spread out in the central ocean hasins. West ol
Spitshergen, Morth Atlantic waler (270 and 35%c) enters the Arc-
tic Ooean and 15 cooled us 31 flows under the hialocline and [11s
the Arcii This water upwells along Lhe
the continental shelves, mixing with the water formed duning
freceing, and exits the Asctic os water of L5350 lemperstore and
34 9% salmiry along the edge nf the shell adpeent o Greenland,
'I fris exiting water moves south along the cost of Gre enlaind anid
enters the Morth Addantie south of Crreenland and Tecland, where
it enmbines with Gulf Stream winer (o form North Atlantic deep
Waler.

Many aspects of the structure of the Arctic Ocern ane still
a puzele, Approximately T0% of the . Arclic Ocean observa
Hons te date were made by the Tormer Soviet Union, Since the
cessation of the Cold War, detailed bathymetric and waler col
wrn data have heen declassified and made wvalable o the
Arctic research community, One datu set contained 15 mnllen
salinity and temperature measurements taken over a pericd

L Iresh waner

tee, The surfuce

nl mves acrss

c Ocean basins. gdpe of

of muny wears Prom icebreakers, drilling fce camps, and
huoys. The data are being distriboted in o Four-volame L08.-
Hussion Arciic Arfas,
1947

The averee '|||||i||||.||'|| Arctic Sea foe cover since 1978 has
boen 6,22 = 10" km® (2.4 % 10" mi~). In 2002, measurements

The first volume wis released m Janiary

al Arctic Ocean woe cover showed Lhe stimmer minimun o have
decreased 10 5,18 * 10" km* (2

LO® iy, The sea ice than

The Arctic Ocean. Water b5 supplied o shallow surface Ly er by ihe Adlantic
Rorwegian Current, Wiler exits the Archie Qcoean inter thee Atlantie Coean by the Greenland Current,
The circulation i confined wlmost entirely o e upper 200 m (LEA0EL of the Arcric Choean,

Atlantie surface In these cir-
cumstances, the production of Mogth
Adlantie deep witer and 1he circulation
of the Atlante woeeld decreass

wiiller,

Decan's

Bordering Seas
Two small but specific water types from bordering seas are read-
ilv identifiahle, one in the Forth Aclantic and ome inthe Indan
Cigean., The water from the Medilen '._||||.':||I Sca hos o lemperaiune
af about 13°C and a salinity of 37.3%e a5 it leaves the Strail of
Gibealtar, This waler, mixing with Atlantic Ocean water, forms
an intermediate density water, Mediterranean Intermedinie
Water (MIW], that sinks in the Nortl Atlantic ton depth of ap-
proximately 1000 m (3300 f11 (fig. 8.6). The influcnce of
Mlediterranenn waler can B frueed 2300 ko L300 w0 Trom the
Strait of Gibraliar belfore il is lost through modification and mix
g, T the Indian Occan, the |r|i|i:|||" ery salty = 155
wler from the Bed Sen has been found s spreading loyer sl
00 (100000 1 depth more than 200 ki {124 mij south of
its source,

Srudies to determine where and ow the
Medilerranean is formed were made in the 195805 and agaim in
905, The Mediterrancin “iu:;: s divided into east and west
basins at the Strait of Sicily (fig. 5.9, Deep and interm wdiale
bediterranein walers Iur|_|-:_-;, in '||'|I. cast basin move through
the Straat of Sicily into the west basim andd then through the
Sieait of Gibraltar into the Atlantie Ocean. The 190 studics
showed that high evaporation rates and winter conling i the
southern Adriatie Sea caused surface water to sink, and this wa-
per then moved it the enst Basin and froo thens inte the wesl
basin on its way o the Atlantic, The T995 sluchies mdicate thit
the sowrce of the cast basin water s no longe ihe Adratic Sea;
instead, the water is being formed in the Aggesn Sea. The
A Sea water is saltier and denser than that produced in th
Adriatic Sea, and the Aczean water is now displacing l.||-..'|l.-r
Adristic water upward and westward into the Atlantie Cesan.
It appears that small climate changes in the castern Mediter-
ranean Sea affect winter cooling and evaporation rutes and play
a significant role in the Tocation and strength of the processes
thant produce the deep waters of the Mediterranean. Recent slud-
ics of surface currents show that Atlantic Ocean water flows

deep waler of the




ot all nceanographic ressarch invelvas ships or is con-

ductad in warm, fropical reglons. More and more interest

is baing shown in the Arclic Ooean, the world's noslbern-
rmnsl but lagat-stidied oowee, Understanding Morlivern Hemisphera
climate changes and making long-range weethes forocasis lor
marthern Evsone and Marth Amenica requirs hal we understand the
pfacts of periodic iIncreases in ioe and 1ha large volurmnes of melt-
walar ihat enter the Morth Atlantic from the Arctic. Shanges insaa-
ioe covor directly affect Earth’s heat budget. When the Arctic Deean
i5 ice-coverad, refleslance of solar anergy & high and absorplion is
e, bt when little iog is exposed, reflectance is low and absorp-
then b5 high, Mew concems heve arisen thal circulation within the
Arctic Ocesn mey distribule peraistent arganio pollutants from ad-
jacant land soureas, contaminating maring life and placing [he na-
five pecples depandent an this merine fife at risk; agan, we naac
mona infarmalion on the croulation ol the Arctic Ooean fo evaluate
Lhig prablam

In 1994, a joint program betwesan Cenada and thix Linited States
ueed icebreakns to bavesse 1800 nautice] miles of the Arctic Doean
srorn the Baring Sea to the pehe. Tha main goal was to eslabiish the
Arctic Ooean's role in global climate change. Studies wera made ¢
(e waler, se@ ice, e loor, marine crganismes, disiributien of pol-
jutants, and polar bear populations [Box lgs. 1 and 2] The cverly-
ing thems was to establish tha Anctic Ocean’s role in global climats
change by sledying the araa from the atmasphers thraugh the wa-
ler and lce dowen to thi sea flooe,

O January 1, 19584, the Arcla Climate System Study (ACSYE)
wad organzed. The obaerdationzl phase of his program continue:d
for ton years, Ha pomany gol was o undarstand e rebe ol he Arc-
tic in producing global climate, ACSYSE encouraged and coordinaed
pational and intemational research 2ctivities concerning 0CeEn Cir-
culation, icn Gover, EXChanges of warler in Lhe arctic Joaan, long-
lerrn climatic resaarch, and meaitonng programs. The Sudace Haat
Budgat of the Arclic [SHEBA} was & subpragram of ACSYS, as well
an oa S -Canadian cooperative research program. This program
froza a Conadian Coast Guard isebreaier into the Arotic ice in Oo-
peker 1997, 248 ken (400 mi) north of Prodhee Bay, Alaska, For the
nact year, 1he enip actad as holel and supply base for he SHEBA
program fbox fig. 3). The data from shedies of ar-z2a exchargs
processes gfacting Arctic Gosan heat budgaels helpaed scientists
oetter understand the role of Arctic processas in global climale
mosdels.

In the spring of 2000, rasearchers began a naw progran
krown 25 the Mational Scignce Foundation's Morth Pole
Eryironmanial Observatory, To learn more about how fhe north-
aramost ocean regulales global climate, bueys were placed on
tha polar ice Lo drift with the ice pack. These buoys are equipped
with sensors that extend throwgh the ice and gather data on
changas in the thickness of the ice and tha properties of e ug-
per ocean, Information 18 ralayed via salelites. Anothar instaliz-
tion of drifting beoys was completed in the spring of 2007, One
buoy was developed by the Japanese Lo megsurs oooan tam-
perature and salinity, current prefiles, and atmospheric temper
atura and pressure, 53 wall as wind veleoity, Oither bunys include
a metecralogical buoy that records wind speed, temperature, and

Box Fipure 1 Scicnlists ard their gear & offloded to lhe ize from
tha LS, Comsl Cieard loetreaker Polar Sea during its 1844 Arctic Doean
Saction axpedition

atmospheric prassure; two radiomeler buoys that maasure radi-
ation frem tha sun and rellecled radiation frorm the ice) and two
ce-mass balance buoys that recornd ice lamperatiure and snow
inickness.

Ancther installation in 2000 was a 4250 m (14,000 fi] leng in-
grrumented cible wilh 4000 kg {9000 1) of gear that was moore:d
b (e sea floor undar thi iz [box fig. ). The mooring, supported
by submarged floate, ceries conductivily-lemparaturg reconins o
ronitor 2alnity and femperaiaee changas, current mslens o racord
speed and dirsstion of flow, a cuerrent proliler to detail ice drifl and
vertical structure of currents, and sonar 1o mepsure (o2 thickness,
Each instrument must record its data islernelly bacausae o slallile
cannos retricve data from ender the ice, The dala were recoverad in




Box Fileore 2 & polar bear is sranquilized an fosiod for
canaminants during the 1984 Arclic Coean Seclion expadilion,

Box Figure 4 Deploying a 4250 m maorng o the Sarth Pale. The
rmaaring is oulfittad with 8 suite of oceansgreghis instrumeanis. An
azoustic Doppler curmont prafilees & Iocated noar the bop of the maoring.

Box Flpore 3 The Canadian Cossl Seard izebreaker Das Groseibans
sardas &5 e support basa for SHEBA esaarch hists an the Aretic e

1 Tallowing wear when the maoring was retrievad, snoiher pert af
ta 2007 program includes wsing ski-couipped arcrall o eslablish
fiwe camps ovar a 485 km (300 mi route from the pola 1o Alaska. At
each camp thos fig, 31, members ol he ressarch eam maks maa-
surements through the ice and collect samples for chamical

Lo Figare 5 The cuilding on e ioe combings livirg guarters and &
saienbific abarstory, Equipment inchedas an A-frame and Duays ready
tor aployment througn the ce

tesis, Thesa gata continua the effort of 2000, when similar dat ware
obtained over @ 385 Kmo 350 mi) route betwean the pole and
Canada. The data that are being collocied will be combined will
satellite and meteoralogical data 1o study changss in the Arctic

Ccaan and 1o datermineg o fast 1ha changos are ooorring.
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Figure 8% Swurfoce cerets in

the Mediterranean Sea A fine feough
tlvz Srrait of Sicily separaies Ui
Mediterranean Sea uo (he

western Mediterranenn basin ond the
caster Medilerranean hasin, Docp
wErmedizie wansrs arc formed im0l
sustern basin, move throngls the Sirzit ol
Sicily into the western Basing coniume
wistward, znd exit throagl the Sirait ol b ~
Cribraltar ditto thee Adantic Cozan. Befone 5
14957, oo -snlinity, docp waler Wi
Iy 1o the Adriane e by
e winter ol 1995, the soarce of this water
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inte the Mediterranen Sca Lo replace seawaler that exils the
Mediterranean at depih (fig, 5.9).

Oceancgraphers are interested inowhal happens in the
Mediterrancan Sea becavse the Forees that drive the Mediter-

renean system are companzhle w e lang

proscale processes gov-
erning the open acean; thus, the Mediterranean Sea cun be used

s o model For the lirger ocean 2y sLem.

Internal Mixing

Mixing between walers in the ocean is mast active & hen ter

hulence and energy of mation are available wo stir the waters and
blend their properties. At the sen surface, wind-driven waves und
currents supply energy for mixing. anil the tdes crewe cwrrents
at all depths, The large eddies that may fizrm at the houndines
of currents also stir together dissimilar walers, acling 1o ho-
mogenice them. When surface CErmenls coverage. risIng ot i

rent boundaries may produce caballing of the mixed wiler.
When currents and their associated turbulence are weak, mix-
ing 1% reduced, Mixing by diffusion oecurs continually at the

molecular level, but diffusion is much weaker than mixing by

&

furbulent processes,

If a parcel of water is displaced vertically by marbuolence,
buovancy forces tend Lo return e parcel 10115 origmal density
level. Thercfore, vertical mixing between the waler ypes it
[ the ooeans internal layers is weak. Horizontal mnxing is
more elficient because i reguines less energy Lhan vertical mix-
ing, A parcel of water displaced herzontally along a surface of
comstinl density remains at its new posilion and shares its prup-
erties with the surrcunding water,

In wreas under warm. high-salimity surface water w ith

appreciable salinity and temperature decrease with depth,

internal vertical mixing processes occur despite the siability of

(he water eolumn, Yertieal colummmar flows, approximately 3 cm
(5 in} in diameter, are called salt fimgers, they develop and mix
(e water werticully, cavsing 4 stur-Siep sulimity  and
temperatare change with depth. 1 his phenomenon is causel by
th

tin it gains or loses salt by diffusion. This ciuses the density

ability of scawaler [0 gim o lose Tent Faster by conduction

af the vertically moving waler 10 change relative 1o that of

the currounding water, anid the moving water 15 propelled either
up or down. Salt fingers mix walcr over [imited depths, cresl

ing homaogenenus layers 0 m ¢ 100 1) thick. These layers exist
Froim whost 130=700 m (3002300 {t) deep and are estimated
v ceeur over large arens of the oceans when the requircd

conditions arc preseil,

8.4 Measurement Technigues

Wleasurimg the salimty, temperaine, dissolved gises, muirents,
suspended mater. and cihier charpeteristics of seawaler in situ
requires that the peennographer devize specinlized sampling
and measuring equipment and a platiorm from which the
equipment can be used or deploved. The reseatch viessel 15 the
traditional platfoerm from which samples are taken il mei-

surements are made {see the photo essay “Gomg Lo S,
puges 266-269). These vesscls are pauipped with winches and
cahies that Taunch, Tower, and retrieve instruments; laborato-
ries for specialized onboard researeh, and o [arge array of mea-
suring devices, mcluding depth recorders, sonar, speed and
direction sensors, atmospheric and solar rdiation sensors, nnd
many more. However, research lime a1 sea is expensive, [
vessels requite fuel, living pmenitics, and professional mer-
chant erews ns wiell as oceanographers, Total viessel and crew
costs are hpght 525,000 and more per operating day, nol
including the scientitic party and eauipment. Therefore,
researchers necd 1o he able to pather accurate imlormation i
the least amount of time.

The veernography of the fivst fifty years of the enticth
century depended on robus mechameal devices that were Low-
ared into the sea, took their samples at preset depths, wnd returnad
those samples 10 a ship for later analysis, but their use is
decrensing rapidly.

Although early waler hottle dilia Werne sparsc. thaey wene
cufficient 1o indicate the depth structure of the oceans. Esli
mated flow rites of water in deep-neean circulation wers made
hy combining dissolved oxygen melsurements il estimuted
average values of oxyg
cearchers calcolated the time required For a waler parcel to
leave the oeean surface and arrive at depth. The caleuliied

en utilization. Using these values, re-
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times coupled with water parcel positions vielded waler rans-
[I'\.:'I[ ralcs,

Direct measurements of transport rives were later mude by
suspending neutrally beoyant Floats in the moving water. The
floats emined periodic sound pulses (pings) that were vsad 10
locate them in the witer flow, Tndirect measuramznts of ocean
circulation also involved isolope tracers that change their
properties with time. Tritium, a radioactive isomope resulling
from nuclear testing in the 1950¢ and 19605, has o holl-life of
12,43 wears, It was vsed in large ocean-circulation studies con-
cermed with short-term displacements of water at depth. Longes
terim changes in the cireulation used isotopes such as CF, which
lizs ot b |-:'-||\:_mf half-lite, 55740 YIS,

The conductivity-temperature-depth  sensor, or CTD
i1z, B 100, is today s workhorse Tor determining waler proper-
ties and providing o depth profile of snhnity by measuring elec-
trical conductivity of the senwater. A temperature profile is
ehiained with an electrical resiztance thermometer, and depth
rendings are made with a pressure sensor. The CTL 15 lowered
i a protective cage that containg a series of water bottles and
muy also carry other sensors sech as pH probes, chlvrophyll
sensors, optical scanmerd, and dissolved oxygen sensors. Con-
ductivily and temperature are monitored contineously ws the
CTD is lowered, oed the datn are returned 1o the ship as elec-
tronie signals through the suspending cable, COinbeard shig, the
CTD dote may be Ted divectly inte o computer. recorded on a
chart, or made availahle a5 mumerieal data. Continuous profiles
of data to several thousand meters cun be aequired in this way,
wheress the old water bottles collected only one sumple ar each
depth for later analysis.

CTT syvstems still reguire i research vessel to stop and remain
on station while 1he instrument @5 lewered, messorcments wn:
made, and the CTD is recovered. However, the TTD cain also be
left in place, suspendied from o surfuce vessel or beoy: he collected
datin can b stored in digital Torm for retrieval ot another Hime.

Seasoar (fiz, &.11) s a moditied CTY device that allows
samnpling while the vessel is underway. The Seasoar is o wingad
vehicle that is towed behind a ship. The deviee controls its depth
by diving planes and can be compared 102 kite Hying wpside
down underwater, s vertical range extends from the surfice 1o
ahit 3300 m {1100 £1), and 11s dive cyele takes about ten min-
utes o complete, comparcd with the standand CTT, which, with
stop and start time for the vessel, tkes ahout torty muinues. The
Seasnar’s sensars record continuously, both horizontally and
vertically, while it dives,

What is required to sample an ocean and determine its stroc-
ture and cireulation as well as any changes thul may be occur-
ring? In the 1980:, most occanogrophers would have said more
e, more effort, more equipment, and more money than are
availuble, Butan the 19905, 0 progran was developed to do jus
that, The very large and very successful World Ocexn Circala-
tion Experiment (WOCE), a multi-institetional. miulitfanceted
propam, combined satellite data, buoys, direct measerement of
currents pnd water properties, and the Global Positioning
System. Dhaia from this program greatly improved occanogra-
phers” abilities to model the oceans a&nd understund ocen-
pimcaphere interactions,
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Fipure .10 Eetrieving 2 condecivity-iemperatonedepth seasar, o
CTO The CTI s atzched below o rosette af water bonkes, Data are
relayed 1o the ship's elecironic processing and dila center. Wil
samiples ane laken whcn an ineEresting
swater samples are recpeinedd o calibrate the CTI,

it slouetuse b5 Fouml o when

In the spring of 2003, the Naional Oeeanographic and
Almps pln:ri-;_' Admirmsteation (MOAMA)D !-ij"l1rl'-illl-!l-| a CTuise
from leeland 1o Madeira in the Alantie Ocean and then on 1o
Fostaleza, Bragil, This two-month irip repeated one of the sec-
tions of the WOCE program, allowing researchers to look for
parterns of notural events that help o explumn oiser v changes
in oceanic strueture and circulation since the WOCLE cruise,
Rescarchers wlse looked for patterns of nalorsl events o guide
them m planning futne cruises,

To sample larger ocean arcas thun can be served by a sin-
il research ship and for continwous sampling over long peri-
nds of time, loree, instrumented buoys are moored at sea and
thetr data reansferred by satellite o radio link to a research ship
ar laboratory for smalyvsis. Other surfice Duoy systems are

eleased to drift with the cerrents, monitoring water propertics
at changing locimions and reporting hack 1o ship or shore via
cellite, Small buovs alse drift with the surfuce currents, sink
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Chapier B

Fipgure .11 Scasm

e
5

e wings allow Seascar 10 move vertically while it s wwed learizontally

Figure 812

manitor wiler propesiies independently For wp o fve vears, Whils ar

The ALOCUM slider bas mulizple sensars designed 1o

silion by salelline.

tlve suclzec 1t is able toosend dilz aod pdane s novig

1o predetermined deprhs, and then retorn 1o the surface o drift
aruin, These instruments monitor waler properties as they rise
o e surfuee and send this information baek woa research
vissel or o satellite,

Continual improvemants in electronics, computers, and sen-
sor svalems have resulted m peetieeraphers devising ineds-
pendent und relutively incxpensive devices thal are placed inthe
e in larpe numbers, These independent, untethered imstroments
sink to predetermined depths, making mepsarements as they rise
through the water column on Sheir retuen 1o the surface, These
datu-gathernng devices are known s profilers and camry o wide
variely of sensors, The svailability of these tools i= beginning
to provide the density of data needed 1o determine bath [ong-

anmil short-term trends i the ocenns.

ir is 8 conductivity-lengerature-deph sensor that as wwed by 2 ship,

Ome type of profiler funclions 25
winged glider {fig. £.12; sec the box
titled “Ogean Gliders™). When this pro-
filer sinks and rises. 11 flies down and up
at an angle, measuring properies along
diagonal over its operating depth. This
flying ability allows the profiler 1o
wander partially mdependent of the
currents, The Argo profiler (see fig. 119)
iloes not fly but =inks and rises vertically
only. Lateral displacement 1s caused by
the currents encounlered over its verticnl
puth. Onee at the surface, both types of
|'||'|'|1'|_:_|_=r5-. broadeast their recorded data
andl pusitinns o a satellite, then sink and
repent the process,

Specialized sptellites menson: a lge
varicty of =ei surfce wnd amesphiers con-
ditioms, sea wpography, wind specds,
plankton abundince, air and water Lemn
peratures, waves, und more. Sarellites are
very expensive monitoring devices, bt
their ability to survey the global oceans

_.-l"".-" J i 4

repeated ly and collect huge amounts of data makes them cost-
effective as they collect data that cannot be obrtained by any
ciher misng,

Mot all marine stulies require a large research vessel with
its sophisticated and expensive equipment. Inshore, shillow-
water studies vsually use smaller vessels with less-sophisticated
equipment. Small winches drven by power or even by hamd are
psed 1o lower mechanical water bottles with their thermometers
i the reguired depth. Lightweight electranic instruments are
aleo available anid inelude devices 1o mepsene condiectivity, tem-
perilure, dissolved oxygen, optical properties. pH, and flin-

rescence of chlorophyll.

8.5 Practical Considerations: Ocean
Thermal Energy Conversion

A incirest ferm of solarenerey and an altemative to fossil fuel
prochection af energy 15 found in the sea. The transparency and
heat capacily of water allow large amounts of solar energy 1o be
sroveil in the ocean, and this hest can be extracted independent
of daily and seasonal changes in the pvailable solar radiation.

Ocean thermal enerey conversion (OTEC) depenils on the
dilference i temperature between surface water and water at
SO0 1000 m (2000=2300 1) depth. There are two types of OTEC
YA |' ] el L'_'rq_'lq: I'|-|i=I 5. 13ah, wh el nses aconenined work-
ing fluid with a low boiling point, such as ammenio, gl () open
cyele (g, 8 030, which divectly convents seawater to sleam.,

[n & closed system, the warm surface water 1= passed over
the evaporator chamber contaming the ammonia, and the
ammonia is vaporized by the heat derived from the warm
segwater. The vapor builds up pressuce in a closed system, and
this mas under pressure is vsed 1o spin a rbine, which gener-
ates power. Alter the pressure has been released, the ammenii




Ocean Gliders

n oceanographic resesrch vesseal can monitor onfy a small

porlion of &n ocean during any one craiss, and he cost s

vary high (5o the photo assay “iGoing to Saa”), Ta increasse
thiz size of the ares thet can he surveyed, 85 well as lewer tha cost,
coeanoqraphers hive bean axperimanting with indesendent, un-
slatfed vehiclas isee fins, &13 and 8140 A new fype of survey ve-
hicla is an noesan glider, which functions in e wales mech as g
caonventional sailplane does in the atmosphare. Unlike & sailplane,
which has 1o be tewad aloft and ultimataly falls back 1o e ground,
an coean glider has the abkdily to change 1ts bucyancy so that it can
alidi wp s weall &85 down.

An oceanographic glider, like an alrpoerne glicer, has nopro-
poller but is powerad by its busyancy, Buoyaney is changed by
adjusting glider velume in order to sink or rise, The presence o
wings translates this vertical force inba matien glong a slarting
glida path, The limited onbeard battery energy is dovoled o Duoy-
ancy coatral, sampling sonsers, navigation, and communicilion
sysiams, Through enargy eficisncy, the glider rermiaing opsraticnal
for long perods, wup toa years, and eollecls and reposs Larepe qquian-
tities of data.

At present, resecorch groups &t the Seripps Instibuticn of
Coepnography, the Woods Hoele Ooeanographic Institution, the
Webb Research Corporation, 2nd tha University of Wishington ana
devaloping gliders with the support of the U.ES. Mavy, the LS, Ma-
fignal Seicnce Foundaticn, and tha Kational Cieeanic and Atmoc-
spharic Administration, Different glider designs are being used to
addross diffesent ocean sampling nasds, such as perlorming long
ppen-oceEn transests, mainlaining geographic position while pro-
filing wertically, or aperating in shallow rogicns. One under davel-
oprrent oy Wabb Rosoarch, Known &8 the SLOCUM Glicer, exiracts
pnengy [ram ocean tnermal stratification to change buoyency [see
fig. 8.72). Dhars use ballery ensrgy for proputsion,

Al the Unlversity of Washinglon, Seagliders &re being devel-
oped and avalusled box lig. 1), Seagliders are small (1.8 m [T ]
ezl light (32 %g [115 IB]) battery-powesed glidzrs that can be eas
fy launched and ratriesed from small vessels b an rglying on
ragearch ships. They alarmatively dive and climb through the wator
column as od is franslamed b2taeen an imdarnal rosarsair and an ax-
terngl bladder, When the glider is launched at the serface, its den-
sity is jusl slighily lesa than the densily of seasates Aamell smount
of oll i3 bled from the external bladdes to the inside of the proessune
case, decregsing the bladder wolurne and increasing the density of
the Seaglidar, causing it 12 8ink. Whan sinking moticn starls, he
wings on the Seaghder provide lift, and the glider moves forsard as
it minks. When thir vehicle reaches its programmed depth, an elec-
frie; pump tranafers ol from ingicle (e pressure case to the axternal
bladdar, decreasing e vahicle densiy, As the less-danse glider
rimas foward the surface, the wings &cl 1o hold it down so thal, it
miovas Forsard. s foreard spesd is anby aboat 025 mes (005 knots),

Box Figore 1 A Seagider Daing lunched far @ il coean mun,

but becauss drag increses quadrebcally with spoadd, the glicer has
A range and endurance mesh greater an conventional propeller
drivan mutonomous underwaler vehicles,

Seagliders carry senzons and recorders lor temperatura, salin-
ity, dissohved oxygen, fluorescence, and optical backesalter GRS
rawigalon end telemetry aouipment are &lad anDoard; antenne e
noesed in fthe frailing wand (box fig. 2. 81 the serlace, the glicer de-
lerminas iis position wsing GPS and sends data via a globial salel-
litx phimne link. Aaesearches are able to communicale with the ghides
and gulde it under ramnte conlial

To msasure surlace currents, the drilling alider can be trackad
by GFS. Whan the glider surlaces from a dive, the difference be-
twizen the glider's actual posiicn and ils infended pesition is tha re-
sult of displacament by the avarage of the currents over both s
sinking and rEing pains,

Seagliders are designed to dive as deep as 1000 m (3000 1)
and eawer as much as 10 km (5.5 naatical mi} hedzontally in one dive
cycle, Ina sik-month mission, they can travel s much 28 5000 km
(2700 nactical mi) through e oesan.

frondinued

is passed tooa condenser, where it is cooled by cold waner
pumped up from depth. Cooling condenses the ammaonia o the
ligpueiel seate, gnd the liguid is pempead back to the evaporitor Lo
repenl thie cyele,

In an open system, larpe quantifics of warm seawiler are
convierted e steam in g low-pressure vacuwm chamber, and the
ateam is psed as the working fluid. Because less than 0.5% of

the incoming water 15 terned into steam, large gquantities of
wearin wattes must be used. The steam passes through a turbine
and inte 2 condenser coolel I"'.'" cold watcr from depth il G
denses 1o desalinated water.

OTEC plunts uwsing  cither system con be located
pmshiore, offshore, or on a ship that meves from place to place,
Figure #.13c is an engineering concept design for an
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Dcéan Gliders (continued)

-

Box Figure 2 A Seagider mowng upewerd in a festing Lans,

White oullding a glider costs rewghly 25 much &5 bBuying En ex
pensive automabila, s operational cost is quite lowe A Eingli, Ge-
yaar migsion costs about the same as one dery 0f research vessel
aperation, The produstion and annual oparationgl cost of glidars will
creraase whan fhey are produced in quantity, Even in heir dovel-
apment siage, gliders hive bean able to collect observations that
are prohibitively coslly using ship-based meant.

To Learn Mare About Ocean Gliders

Erikean, G, <. T, J. Ogga, &, [, Light, T. Wen, T. W, Lehman, B L. Sabin,
1 Ballasd. and A KL Chiodi, 2001, Seaglider: & Long fanga
aubznomaus Underseater Vehizle for Oeommagraphic Fasoarch.
(EEE. Jdopmai of Doasnic Frgmesing, 2000 260442123
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nutrient-poor tropical surface  wi-
ters. changing the productivity of the
surlace water.

The Matural Energy Laboratory of
Hawaii near Keahole Foint operated o
land-fased, open-system OTEC plant
for six years [1993-98). The projec
produced a net of 100 EW of power
per day using the temperature dilfer-
ence between the wiler ol the ocean
surface wnd the water about 800 m
(23060 1) below the surlace. The plant

Less then 18°C B 22° 1 24°C
N 1E° [0 20°C I [dora than 24TC

207 la 220

Figure 8,14 OTEC plants are ideally suited 10 areas witl a large leamperatore Sifference between the
swrface and deep waters (ot lenst 20°C L The comditions are penemlly found in vegical med equatarial

Latitules, Tmnge foorm the Matioeal Rerewable Enerpy Laboratary.

independent, free-floating OTEC plant. The Lockheed Spar
has not been Boile, amd there wre no present plans o do =0
OTEC reguires ot least & 20°C difference in lempernture he-
taeen surface and depth to generate useful amounts of enengy.
These power plants would be located af latitudes between ap-
proximately 25°M and 25°5 where both warm surface water
and cold deep water are available; seawater lemperature dif-
ference over depth must average 2270 (fig. 8040, W H, Avery
and O, W (Menewable Exergy from the Ocean, a Guide o
OTEC, Oxford Umversity Press, New York, 19947 estimated
thit the area of the world’s oceans meeting OTEC require-
ments is 60 = 10" ki (23 = 10" m:iJ:l. The total power ren-
erated within this area would exceed 10 = 10" megowatts
(MW the total LS, electricity generating capacity 15 aboul
1.7 =0 10" bW,

Engineers studving the potentizl and  feazibility. of
OTEC have estimated that ahoue 0.2 MW of usable power can
ber extracted per square kilometer of tropical occan surface; il
is shoul 074 of the average abzorbed solar eneray. The
process is considered safe and environmentally benign;
however, the pumping of cold water froon depth to the sea
surfuce brings nutrients froon depth and liberates them into the

Stimmary

The absorption and exchange of energy at the sea suiTice goyv-
ern the properties of surface seawater. Sea-surlace exchanaes of
heat, radiant energy, and water alter the temperature and salin-
ity of the surfaee waler and affect the density of the water, Many
combinations af salinity and temperature can prodoce seawiier
af the sime density, When waters with different properties bot

0'E '15"E. arrE 135°E 1500 1AW G
Tamperaiura dillerares Belweon sudacs ard degth ol 1000 m

alan produced 26,0001 (7000 gal) of

esalinated water per day, Aquaculture
projects using the nutrient-rich water
[rom depth included produston of
oysters, sheimp, fish, black pearls, and
varions seaweeds,

Work  on OTEC  technology
slowed in the late 19902 because it
Wik [0 coslly compured 10 generating
energy vsing relatively inexpensive
il The dramatic inerease in the price of ol in recent years has
resulied ina repewed interest in OTEC, In 2006 plans for bld-
ing the wirrld's two largest OTEC power plants in Howaii were
unnounced. Chve power plant s planned to be operational @l the
Matural Energy Laboratory of Hawaii Authority in Kona in
2008, This power plant will produce up to 1.2 megawans, of
which about ene-third will be used o ren pumps and keep the
system going. That leaves wnet production of 200 kilawals,
The second power plant is planned 1o be localed at an undis-
closed ocean [ocation for mihtary use. This plant will produoce
@ net ol 8.2 megawatts ples 125 million gallons of fresh wa-
ter a day.

Onher ideas for using eold |]|_"|.:[! Grean wiler, or DOV,
pumped from S30m (2000 1 include air conditioning and in-
dustrial conling svstems. The condensate that forms on pipes
wareying DOW is fresh water, formed at o rate of about 5% of
the Mow of the cold water. A flow of 76,000 1 (20,000 gal) per
minule generates an estimated 3800 1 (1000 gal} per minete of
fresh water, Lobsters, flat fish, shrimp, abalone, oyster. and
cther organisms have heen raised in the tropics using DOW,
Tropical agriculturul experiments have also used DOW,
pumging it through pipes placed wl root depth in the sail. This
syatem elialls the soil to 10°C and prodoces freshwiter con-
densute on the pipes and on the =01,

the same density are mixed, the resulting water has a preater
density than eather of its components. The density-driven ver-
el circulation that results is known as caballing. The waters
of different densites produced at the sea sueface and the re-
sulting vertical circulation erente a liyered ocean that is pri-
matrily stably stratified.
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The geographical distribution of surface salinities rellects
Earth's lutitudinal and seazonal patterns of evaporation, pre-
cipitation, amd sea-ice formation. Cooling, evaporation, il
freezing incrense Lhe density of the sea-surfuce waler, Heating,
precipitation, and ice melt decrease 15 density. The surlace wa
ter changes its density with changes in salimity and temperature
that are keved to latitude, The depsities at depth are more ho
mogeneous, Thermoslines and haloclines fonm where the tem-
perature and salt concentrutions change rapidly with depth, 1Tthe
density increases with depth, the water column is stable; un-
ctahle water columns overturn and retorn o a stable distribution,
Meutrally stable water columns are easily mised vertically by
".'-'Irld!-i .il1||| WAVES,

Vertical circulation driven by changes in surface density 1s
known as thermohaling circulation, In the open ocean, temper-
ature is generally more important than salinity in determining
the surface density. Salinity 15 the more important Factor close
o shore and i areas of lirge sea=sonal we melr,

Water sinks at downwellings and rises at upwellings. A
downwelling necurs at the convergenee of surlace currents and
translers oxyveen to depth, Upwellings bring nutrients e the s
face and oceor it zones of surfuce current diverpence.

The oceans are layered svatems. The layers (o waler
types) are wdentified by specific runges of temperature and
walinity. The water types of the Atlantic Ocean are formed at the
surface at different latitedes. They sink and Mow nenhward or

Rey lerni

Al ey termas [roa this chapler
can be viewed by fesmm or
definanem whn studied os
flaslseands on this book's websine
at wwwwaabbecondsverdroap i,

sighla waler column. 202
unstable water column, 202
overlurn, M2

sopyenal. 2072

isothermmal, 203

isobaline, 200

verticnl crreulation, 203

caballing, 201
prenceling, M
thermocline, 202 thermohaline cireelation, 203

g TR 1 I
hulocline, 202 treshwater Hd, 206

Study Queidions

Wy dloes the mising of two water 1y pes at the sea surfae re
sult i@ mixed water type that sinks oo desper

. What natwral progesses alter the surfaee salinity of the ocenns™

Howe do these peocesses vary with latihede?

3. Describe ihe chonges in water density in the upper ocen laver
over e annual cyeles at fropical, polar, @nd temperats lali-
tucles. [ndicate when periods of stable and unstable conditons
exisl i the upper water column,

4. Why are witer layers more prominent in the Atlantic Ocean

than in the Pacific Goenn'

. Howe v salt fingers form, and how do they contribule 1o ver-

Dl mixing?

T

rhn

continuily of oy, 204
downwelling cones, 204
ppwelling zones, 2
convergence, 204
ivergence. e

MNorth Atlanie desp st

Amtarctic nlerm wedlzane waner

southward. The water types of the Pacilic Ocean lose thelr
identity in the large volume of this ovean; thelr movements ane
sluggish. The water types of the Indion Ocean are less distinet
than those of the Atlantic and no waler tvpes correspond L
those formed 1n the nocthern latitudes, Meditermanesn Sea and
Red Sea waters enter the Atlantic and Tndian Oceans at depth
as discrete waler Lypes that can be tracked for long distances.
Water enters and exits the Arctic Ocean from the North
Atlantic. The density of Arctic water is controlled more by
salinity than by temperature.

The conductivity-temperature-depth sensor nkes profiles
of salinity by measuring elecineal condoctance of seawaler,
Temperature 15 obtained with an electrical resistance ther-
mometer, wnd depth is obluined with pressure sensors, Seiasosr
is a wowed CTD modified wo teke sumples when a ship is un-
derway. To sample large areas, moored booys, buoys that drif
with the currents, and deifting instruments aee used. Profilers
sink o predetermined depths, making measurenents os they
rise. All wre able o send their positions amd data vie satellite.
Satellites also monitor the aceans directly. Shallow-water miea
surements can be made with mechamienl water bottles and
Lhermiomeiers.

Ocenn thermal energy conversion generates energy by us-
ing the difference in temperature between ocean surlace water
and deeper water. A land-based, open-svstem OTEC plant 15
operated in Hiwai.

ANGLICLC Boteom witler
(AT ), AA

Souch Aclantic sorfie:
waler, 2k

Meditermanean Intemedite

Witer (MW, 207
ocean thermal energy conversion

{TEC), 212

{MADW Y, 205

[AATW) 205

6. Hew con heat b tnosleered Trom place o plice in the seeans?
Why is this heat transfer ignored when considering the world's

ot heat bady

{. 07 the upper loyers of am ocean arca are homogeneous i
salinily, explain why the thermocling coincides with the
pycinocline,

U, Meow does Mediterranean Sea water alier the salinity and tem-
perature of the North Adantic? Use figures 8.6 amd 8.7 and &
Mo what depth does this chunge oeeur?!

0. A water sample ke ar 000 m in the Atlanne Cleean has o
caltiity of 34.8% 0 and o temperature of 350 At approximately
what lntitude was this water last at the surface?




