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OCEAN ENGINEERING

THE ISO-GLOSSARY .

A major complaint of engineers confronted by oceanographic literature

is the preponderance of maps, profiles, and charts graphing some "iso
In most cases the root of the iso-quantity term can be guessed

quantity.
For example, iso-therm (thermometer,

by analogy with some more common term.
thermister, thermastat - all having to do with temperature) must denote
“Aha!" the bright student leaps to his feet

something about temperature.
So

and exclaims, "isotherm must be the temperature at which ice forms."
much for analogy, as "iso" is the Greek word for equal, not ice.

iso- (Gr. isos: equal)

isoanemone (Gr. Anemos: Wind or inhalationm)
: - Line of equal wind velocities

units: feet/second
miles/hour

isobar (Gr. baros: weight) 1line connecting values of equal
pressure
units: decibar = 1 x 10° dynes/cm
(1 atmosphere = 1.0133 x 106 dynes/cm?)
independent variables: salinity, temperature
iasobase (Gr. Basis: A stepping, step, a base, pedestai) line

connecting areas of equal uplift or subsidence per given
unit of time. Used particularily in glaciated areas with
respect to elastic rebound caused by removal of overlying

ice sheet.

units: feet, maters
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TABLE 1

102 Stege Sanitary District
Characteristic Units Concentration Load
Mean Min. Max. 1b/ day
Flow mgd 3.20 2.95 4.3
Temperature ‘c 19.3 16.0 25.0
PR T.4 7.2 7.7
Dissolved oxygen ng/1 b.1 2.6 5.1 10
Dissolved sulfide wg/ 0.2 0 0.5 5
Total sulfide mg/1 c.2 0 0.7 6
Settleable solids nl/1 0.2 < 0.1 0.7 9%°
Volatile suspended solids | mg/l 69 42 86 1840
Total suspended solids ng/l 81 48 112 2180
Blochemical oxygen demand [ mg/l 109 c 76 1S 2920
Chemical oxygen demand g/l 282 220 3ho 1560
Chloride mg/1 188 1208
Phenol we/1
011 and Grease mg/l 32 2 b2 847
Cadmium ug/1 10 <10 20
Chromivm ug/1 20 <10 80 1
Copper ug/1 22 <10 120 1
Lead wg/L 1% <10 Lo
Zinc 7750 117 <10 870 3
Dissolved silica g/l 16.8 12.2 4.6 452
Fhosphate ng/l 35.9 23.4 sh.7 962
NEa NHitrogen ng/1 22.5 15.1 26.7 603
NOs Ritrogen mg/1 0.1 0.1 0.2 3
Total nitrogen mg/1 29.4 24.3 37.3 i
Cold form MPH/100 ml : 3.7e7 6.2¢6 > 2.4e b.5e15°
48 hr TIm (fresh vater) % 70 56 > 100
48 nr TL,
(brackish water) % 86 66 > 100

i
Scu ft/aay.  PMPN/day; b.9eT =

/4









IS

(a)
(b)
(c)
(d)
(e)
(£)

DON'T:
(a)

(b)

(c)
(d)

SOME Do'S AND DON'TS FOR MARINE OPERATIONS

plan ahead for possible weather and tide conditioms
be pessimistic about equipment reliability
allocate specific jobs to specific people

test gear beforehand

dress warmly in work clothes

secure shipboard end of line going over the side with
equipment attached

stand in the bight (open loop) of any line
(see Fig. 3)

put a strain on electrical cable or use electrical
cable as a weight bearing wire (see Fig. 4). Instead,
use an independent strain line and tie loosely the
electrical line to the strain line.

have too many bosses (see Fig. 5)

If you don't use voice commands, use standardized
hand signals (see Fig. 5)

Illustrations courtesy of John Holden, Atlantic Research Lab.
(N.O.A.A.)
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10.

11.

Calculate the depth of the lower Ekman layer for a pressure gradient
of 0.1 decibars at 4000 meters (water depth 5000 m) at

(a) 60° N
(b) ©0°
(c) 30° S

Construct for each 10° of latitude curves of the contour interval of
dynamic depth versus geostrophic velocity in steps of 1, 2, 3, 4, 5,
10, 15, 20, 30 centimeters per second.

Calculate the Ekman transport for a steady east wind of 5 knots over
a 1 minute square at 40° N,

From data given on the world average wind speed and orientation chart
calculate the depth where D = Z for the surface Ekman layer for:

(a) 30° W
(b) 180° W

at 10° intervals of latitude.
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O ‘ ; e Line of sight
1 3000MNs PPH 2 $5,000- . ne
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Loran C , 18004km 18-400m wagyl 100KHz  * Py 3 .. 830,000 Limited cow
: : L L {Auto- orege,
matic
system)
o C T, Trecor, 800-3000 my Mult} 10 kH PPn . 3 PredictRe System to be
: : " 100,000 by 1872
. . T . i :
POSITION FIXING '
BY SATELLITE
f?ﬁl’:’: ;9' i Singlo-fix : " Gowt. oper-
60-120 m . Jor - ated satel-
oo ier (evorage more $70,000-  lltes,user  Includes con-
702 rec::m + Magnavox Globet inter  Mult) 1«5: ::g Doppler itk 135,000 buys recety- tnuous navi-
C ter : vel 90 : L o7 and gom-  98tlon output
U 1Geo Navi- Honeywell minutes _ puter
m' Lo " . ‘ .
ACOUSTIC SYSTEMS
Doppler Sanar i ’ :
MRQ-2015 Doppler | Merguardt  Water 0.2.1%o0f § . 350400 Doppler  hone 350,000  User Rolative
sonar ) depth  distancs . kMz S 80,000 buys position
Kotlsman'moring Kollsman - fait. troveled . system only
doppler docking : sbowve ) L -
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dystom ! g:; then
Scanning Soner " L . . ) '
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' : range, 1.8 300 kMx AM T buys . position
' 5 deg. . system only
: beering : : '
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2000 m - water e AM . b only
. . o pingers
Model 500 CTFM Straze 1800m 2.90%0f ¢ 8772 . CTFM LAd $30,000 Sonsr, Reistive
soner : ol ronge, . kMz , " . pinger position
2 deg 40-88 P options!  only
Basa-Stetion, beering kHz '
Multi-mode : : .
RS scoustic Honeywell 6-10km 0.2.93% of . 9 3628 Ppe 1up $900,000- Shipboerd  can function o
position rangoor kMz . to8) 200,000 system + rango-range, beer-
water s bottom {ng-besring, or
depth units beering system
Base-Station .
Ran~ Qange
SuU 77 onlc under- Alpine Geo- t0 km 230 m 1+ 1118. PP 3 $30,000 Shipboerd Roquires sddi- .
figation physics! kHz System + tion of computer *
pysto.. . Awmocistes . threo trans-  for x.y output
nders
3mo-suﬂon o | . DO/ Site rescquisition
183A scoustic Honeywsil 20%of 0.205%of 9 4080 Cwr 1 $83.000  Shipboerg o1 lowar o
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transmitted frequency (Ft) plus the Doppler shift due to the relative
motion of the receiving station and the satellite. The receiving station
has a 400 MFIz (FG) crystal reference frequency oscillator to which the
satellite signél is compared. The integrated Doppler count (N) is the
count of (FG—Ft) or AF plus the number of Doppler frequency cycles
received during the two minute message. A geometric representation of
the Doppler count is shown in Fig. 1.

The following derivation is modified from Stansell (1968). As

: t, +At
2
N12=f ,(F-FR)dt..oooo---(l)
= t+At1 -

1
t+At = time of receipt of the message with (t) the time of transmittal
and A the time delay. As shown on Fig.2 the slant range distance (s) =
the delay time (At) times the speed of light (¢) or
At =8/c . v i it e e e e e e .(2)
Rearranging (1)

t, +At t,-At
t1+At1 t1+Atl

The first term, as FG is constant, is easily solved. However, in the

second term FR is variable. But as the number of cycles transmitted
must equal the number of cycles received

t +At t

jz Zmzf’-

t,+At R

F dt L] L] L] L] L] . . . L . (4)
¢ T
1771 1

N, = Fo [(tz-t1)+(At2~Atl)] - F, (tz-tl) A ¢))

or
FG-Ft 1s assumed constant during a pass and (tz-tl) = 120 seconds = AT
as the wavelength ) . .
AG = C/FG o o ® & o @& &6 o o ¢ o e » . . e o . . (7)
Eq (6) may be written
Ny, = AFAT + (1{1G)(Séﬁ§l) S €
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FIGURE 2

SATELLITE
OR8IY

SATELLITE
OROIT -

-
7‘3‘-‘ 7 Ny

Pig. 10—When underwa:, ship's motion mual be known to that measured
lite will be geometrically meaningful.

From Stansell (1968, p.234,236)

slant range differencea (o tho salel-
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W\ FIGURE 3

MAXIMUM SATELLITE BLEVATION ANOLE (degrees )

4 a ” 16 2¢ 24

LONGITUDE SEPARATION BETWEEN RECEIVER
AND SATELLITE ORBIT (degrees)

Fig. 11~ Fiz errar resulling from each 100 Jeel of antenna height error,
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0.!2 ' g 4 T \ v 1 4 4
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.E .
s l
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=
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b o LATITUDE ERROR
s ) 4 [) 12 18 20 %4

LONGITUDE SEPARATION BEV*EEN RECEIVER
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Fig. 18—Fiz error reaulling from each knot of velocity cast error.

(ﬂm From Stansell (1968, p. 237,238)
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-FIGURE 4

MAXIMUM SATELLITE ELEVATION ANGLE (dagrees)

80 70 60 30 40 30 29 10
as ) a4 v Y T Y T
0.6 \
0.4 \
) LONGITUDE ERROR
o‘z

LATITUDE ERROR
— 1
X

(] 4 8 - 12 L3 20 4

‘LONGITUDE SEPARATION BETWEEN RECEIVER
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°

Fig. 13—Fsz error resulling from each knot of velocity north error.
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Fig. 14—Average fix
minuls ims marks.

LONGITUDE SEPARATION BETWEEN RECEIVER
AND SATELLITE ORBIT (degress)

error resulling from random errors of 60 fi. RM8 in specifying ship’s position ol (wo-

From Stansell (1968, P. 238)
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lining is that with great depth or strong curremts or both the weight
the the end of the line can not hold the wire in a true vertical position

as does a plump bob, such that the length of wire out is not equal to the
actual depth. |

'To correct for a non-vertical wire angle the pressure effect on
apparent temperature is used to determine the depth of any instrument
paclage. This effect is measured by a calibrated pair of reversing
themometers attached to the instrument (details on the reversing the
memeters are given in the section on temperature). The depth is given

by z-= E%aisﬂ_ Fhere:
Z = depth in meters
tu = temperature of the unprotected
themometer in °C
tw = temperature of the protected
themometer in °C .
Q = pressure constant for calibrated
pair of themometers, about 0.01°C/meter
pm = mean specific gravity of sea water

This method is still used in hydrographic casts with Nansen water sampling

bottles.

Lead lining and the use of reversing the thermometer pairs has been

replaced by sonic methods in which the depth is determined by precise

timing of sound pulses traveling from a sound source (transducer or

transponder) to a recorder.
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With the sound source and recorder in the same horizontal plane

the water cdepth is determined by timing the gound echo reflected off the

bottom or:
Speed of sound in sea water = Bottom depth or Depth to
1/2 round trip tr..rel time relecting layer
\ e
—T R A N e —
s -
~ )
N _\r"
\ ‘= N\
Z depth XJ\_ > :'\z / : A. eorud gource
—, = 8. Refiecting
_-// ;\ layer
\\.,/4)) C. Recorder
B

Instrument depth determinationa in the water column can be made w:lt:h

sonic devices called "pingers" which are simply a sound source attached

to the instrument. In this case the sound source and recorder are separate

so that the arrival time is a function of the direct path rather than the
: 1

reflected path: Z Depth of Pinger = Speed of Sound in Sea Water ' X 'S Lmj? e
! "z,/‘f.“-“'; |

one way travel time

f'—\
—
N\
~~
-~
Z depth - A. Sound source
N\
= B. Recorder
’\
-
-
=2
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Another reduction in accuracy inherent in most sonic depth sounders
is the fact that the sound waves leave the transducer as a sound cone with
a half-angle of approximately 30° for the 12 kilo hertz frequency normally
used. As the first arrival 1s plotted as the depth obviously in areas of
rugged bottom relief the first arrival may be a return echo from a feature

not directly below the ship.

T me— --i;-f‘ﬂ"“ =
Qq:‘loc ! ‘\?\J}r I o~
0.(5' ?(.'J A. ‘{T\i’?‘»’ St J)
o E?‘e“’ s~
& et & 9
gt " J
%l'—_“b—— Sound cone
a8
% BEO)
& /
V2 )
4 ~
B =
5 .

Accordingly the two dimensional record produced by the sonic depth sounder
shows a compositepicture of the shallowest depths of three dimensional

bottom features within the sound cone whose area of investigation increases

with depth.

Area seen by recorder = 11(.5772)2

e e —— e~















OBSERVATIONS AND COLLECTIONS AT SEA -
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Fig. 88. Protected and unprotected
reversing thermometers in set position, that
is, before reversal. To the right is chown
the constricted part of the capillary in set
and revemed positions,
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CUIDE TO RFMOTE SEA TEMPERATU™L "'FASURING I'STRUMENTS

Cornany Model Tyre/ Availability Detector Features Price
‘Installation
Parnes PTT~5 g'!’..'al(!io::w_ter/ Nff the Shelf | Germanium immersed V'igh sensitivity (0.05C). $6,250.00
Frgineering airborne thermistor tolometer felf-contained tatteries
lcomnany or a-c overated. Ruggedized
i modular paclaging. Ilarrow
and wide fields of view (0.14*
2, 20 degrees). '

PRT-4a | Padiometer/ NEf the “helf | Cermarium irmerced “igh sensitivity (0.15C) $4,135,00

airtorne tihrermistor bolometer Rugeed modular naclaging.
Choice of fields of view
(2 or 20 degrees)
IT-3 Padiometer/ Off the Shelf | Thermistor bclometer Good sensitivity (0.5C) $1,975.00
airborne Commercial Packaging.
Field of view 3 degrees.
14-322 | Padiometer/ Custom Thermistor bolometer Figh sensitivity (better than | Rased upon
[AN/AAR-31)! airtorne 0.1C) Meets MIL-E-5400, snecial
' Yaximum ruggedness, statility, requirements

reliability, designed for vod

mounting. Field of view 2.2 -

degrees.

14-430C |Radiometer/ Custom Cermanium immersed High sensitivity (6.5C)Veight | Fased upon
air“ornre thermistor bolometer 2.9 1b. Field of view 0.55 special

degrees, Puggedized for modern requirement
booster launch.

14-432 ! 2adioneter, Custom Germeniun immersed ‘igh sensitivity (0.5C) Fased upon
dual channel/ ’ thermistor tolometer Welght 4.6 1b, Field of view |[special
satellite 2 independant fields, (.33 requiremefs

degree, Ruggedized for modern
- booster launch.

Tarres/| "eal time Off the ‘helf | Indium antimonide, -1i%e Image on cathode ray YA e

Bofors | infrared liruid nitroger cooled| tube. "iie-angle field of
capera/ ' vierr (25x12.5 degrees). 125
air®orne line image at four frames per

second.  Figh sensitivity (n.1C)
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Figure 2
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Fii. 3. Simplified diagram of the measuring head. | : leads from toroid assembly. 2 ; support
's;gn for lOl’(7)ld assembly. 3 : stirring motor. 4 : connection to aspirator. 5 : stirrer. 6:
roistor, 7 :

of current (ransformer. 10 : clear plastic housing. 11 : path of electric current in the water

toroidal core of voitage transformer. 8 : toroid assembly. 9 : toroidal core

sample. 12 : stopcock. 13.: sample containet.

Prom Brown and Hamon (1961, p.67)
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Figure 3
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F1G. 4. Section of onc side of toraid assembly. | : epoxy resin casitng. 2 : electrostatic shicld

(brass). 3 ; secondary winding of voliage transformer (B, Fto. 1). 4 : magnetic shicld (copper).

3 : primary winding of voltage transformer (A, Fi0. 1). 6 : strip-wound core of vol trans-

former (Permalloy ‘C"). 7: seclion of heater winding. 8 : strip-wound core current

transformer. 9 : detector winding (D, Fio. 1). 10 : tic shield. 1 : primary winding
] . of current transformer (C, Fia. 1).

From Brown and Hamon (1961, p.68)
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‘From Cox and Others (1967, p. 205)
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Figure 6
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T GENERAT, OCEANOGRADIY
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Fig. 27. 4, Velocity of sound V (in m. per sec.) in xea water as a function of fen.
perature and salinity, neglecting pressure; b, velocity of sound V at different denths
at a temperature of 0°C. and a salinity of 35%, a8 a function of pressure. (and b
after S, Kuwahara, 1938.)
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Fig. 28, Examples of horizontal velocity of sound in the world ocean. (Aceor(ling
to G. Dietrich, 1952.)
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Unfortunately low frequency sound waves require large diameter senscrs

which are impractical for most oceanographic shins.

Albers., V. *t., (ed). 1962, Underwater Acoustics, U.I.: New York, Plenum
Press.

» 1967, Underwater Acougstic, V.II: New York

Plenum Press, 416 p.

Dietrich, G., 1963, General Oceanography: New York, Interscience,
p. 67-73,

YcLellan, Y. J., 1965, Elements of Physical Oceanogravhy: Oxford, Eng.
Pergamon Press, Chanter 16, Sound Propagation, p. 117-124.

Tolstoy, I. and Clay, C. S., 1966, Ocean Acoustics: New York, McGraw - Hill,
293 p.

Tucker, D. 5. and Gazey, B. K., 1966, Applied Underwater Acoustics:
Oxford, Eng, Pergamon, 244 v.
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are causd by suspended mparticles and dissolved organics. Open ocean
water after filtration of suspended matter shows extinction curves. gimilar

to that of pure water. However filtered coastal water shows a shift in

the minimum extinction wave lenzth towards yellow. This selective

absorption may be causedAby dissolved organics (humus) and ferrous salts from
rivers and decayina plankton which has been called gelbstoffe or yellow

substances (Kalle, 1938). Turbidity measurements'(difference between

the measured co-efficient of extinction and that of pure water measured in
the red wave length) show an inverse relation to salinity near shore which
indicates that the shift is related at least partially to fresh water influx.
The color of sea water, neglecting cloud cover effects, or for clear
skies with the optical center of incident light at 0.47 u is (1) blue for

clear open ocean water where extinction is due to the absorptive properties

of water alone-:(2) blue green to green with the addition of organic particles;
near coral reefs: (3) yelltow with high organic content off rivers with hich

humic content -- Yellow Sea. Vhen particles are large enough to produce

individual light reflecton then the sea color is determined partially by the

color of_the mrticles or (4) chocolate brown for muddy waters near shore

and (5) green, brown or red for high concentration§ of plankton as in red

S,
7

REES i

tide plankton blooms.

3
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e
B
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Thermal expansion apparatus

APPROXIMATE  LENGTHS “r— REFERENCE CORE
s
I

.- l’.l& ‘,I & *

hem A
7| |a—r—nm MERCURY RESERVOIR TINNG
MEASURING +—————PRECISION BORE TUBING
cnoN o (1D, 0.1280° £0.60027)
= L FLOATING CORE

_ /ﬂ/ :
: =
f3om [q/.-———.con. SPRING

3 TAPER JOINT (7/28)
Y1j@—mnuHOLD DOWN SPRINGS(3)

WATER SAMPLE (ABOUT 80¢m?)

-——DILATOMETER FLASK

fiem

MERCURY {ABOUT 9cm?®)

. 1. dilatometer is constructed of fused quartz, The diameter mercury reservoir
:ll ’h.l:ﬁtthoum:&amrequkedbyﬂwcom sion of the water sample for the runs

+ made above atmosp! pressure.

e St

4

Equation
The equation used to calculate the change in volume of the sea water sample from the temperature

and distance measurements was
Vr.pa® — Vops® = (Aop + K)(Lop — Lr.p) + ¢ (Lo, Lrp) + & 7,p%P

xT [ Vo.pLio.m® + %’0 Lop — 2Lr.l-)] = M (vr.p™ — vo,™) m -

where

P . = pressure, bars (absolute)

T . = temperature, °C

S = galinity, %,

Lr.p = distance between floating and reference cores at T and P, cm
Vo.r.e0.m8 = volume of the contents of the dilatometer at T = 0, P and Lo,p, cm?
Avp == average arca of the bore of measuring section of precision-bore tubing at

T =0 and P, cm®
ap,p2P = mean coeflicicnt of thermal expansion (volume) of dilatometer from T'm 0
_ to T at A, ("C)-}

br.rsv = volume of sca' water sample at T, P and S, cm?

vr,p™ = specific volume of mercury at 7 and P,cmd/g

M = mass of mercury, g

K = AVnsk » where AW,y is the dilation of the flask caused by an increase

«(Lo,r, Lr.p)

Alr.r (— ALr.r) in mercury height
= a term, small compared with the volume change, which corrects for the non-
uniformity of the area of the precision-bore tubing '

In the derivation of the equation 4%and & x K terms have been neglected. 1t has also been assumed
that temperature cffects on the geometry of the mercury surface in the precision-bore tubing and on

the dintensions of the corcs are insignificant®. The cocfficients for length and arca thermal cxpansion
were taken to be 1,’3 and 2/3, respectively, of that for volume thermal expansion. (The same assump-
tion was made for compressibility as well as thermal expansion in subsequent calculations).

From Bradshaw and Schleicher
(1970, p. 692, 696-697)
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Figure 3

8
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Fig. |. Apparatus for determination of specific gravity of sea water,

. I—Unsilvered vacuum flask $—Quartz thermometer probe
2—Capillary glass filling tube 6—Stirrer paddle housing
3—Silica sinker 7—Stirrer motor
4—Silver tube 8—Pt-Ir wire

9—Neoprene “O" ring

From Cox and others (1970, p.b581)
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Figure 4

Detérmination af velume af dinker ‘
The sinker. was weighed in air, before and after attachment of the suspension.
The weight of the sinker in vacuo was then calculated as follows:

Weight of sinker in vacuo (W) = W, ( 1 4+ % - ;8;') )

where W, = weight of sinker in air

p = density of sinker (1.070 g/ml)

p1 = density of weights (8:00 g/ml)

8 = density of air ‘

= density of dry air at 760 mm
% (barometric pressure (mm Hg) — relative humidity factor)
760

Rclagve humidity factor = 0-375 X vapour pressure of water. Then volume of sinker
at ¢°

V) = (weight of sinker in vacuo) — (weight of sinker in pure water at ¢°C)
v= density of pure water at 1°C

For calculation of V; from this expression the table of densities of pure water
given by TiLTON and TAYLOR (1937) was uscd.

According to KNUDseN ( 1901)

o = (St — 1) 1000,
where S is the specific gravity of sea water at 1°C referred to pure water at 4°C,
0, = [( Density of sea water at t"C)

Density of pure water at 4°C/ — l] 1000

- { [ (Weight of sinker in vacuo — weight in sea water at °C
Weight of sinker in vacuo — weight in pure water at 4°C)

Volume of sinker at 4°C
X (Volume of sinker at t"'é)] - l}_x 1000,

From Cox and others (1970, p.684)
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CHEMICAL POTENTIAL

Again by equation (1)
B o Ao e e e (39
du--i%'f-l-%?""%ﬁs..o

By equations (17, 18, 19, 27 and 33)

Bw, Be =l e
o T s S

2-
%-g—P-q-n-g-sf(saline contraction) . . .« . . « o » .(37)

By equation (15)

P L)

. . ‘0020.00>O000038
as as as.l.....l ()

As usmfliui.......‘.....‘..'...(13)

e
=& My g my e e e e . 2(39)
a i as i as L ] L ] L ] [ ] [ ] [] L ]

But by equation (12)

dxi = o L] L] L] * L L e L] . * . .. L 4 . * L L L] L] * . L] !(40)

For real solutions

dp1=RTd2nqi................-.'(41)

where ay = activity of ion 1 = YiX4

Yy activity coefficient

o
and ui = ui + Rszi 3 ] [] [] . . 3 3 . 3 3 ] . . 3 . . 0(42)
where ug = chemical potential of pure component i..
As xiu.;\i S L[] L] * L] . L] . L[] . ] . ° . L[] L[] . . . . [ 3 L .(10)
ﬁmi'znyikis..-.......-........(43)
therefore /¥y ug o 2208 | azmi 2p0v1
_33 P..'i" 5S + R;znyixi 55 + RTg,nYiS . 28 + RTgn)\iS 3¢S -
T

+mnyix1s§-§.............(44)
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Figure S
Showing the variation of individual
activity coefficients with concentration

13
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FiG. 2.1S. Single ion activity coefficiants vs. lonlc strength for some common lons.
Solid lines represent the valuos calculated by the moan salt method. Debye-Hiickel values -
ware calculated using equation (2.76), with 10%8; = 9 for H*; 4 for Na*; 3 for K+, CI-,
NO3; 6 for Ca* *; and 4 for SO;~. The Debye-Hickel ¥, values for the monovalent lons
converge, within exporimental error, for I < 0.01,

Where
I = %Y mi zi
Z = charge

From Garrels and Christ (1965, p.63)
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All terms except Su -g—lg- can be evaluated exactly. Such a
mathematical treatment assumeg that the major ions in sea water are
in constant proportion to each other so that sea water can be modeled
as a fluid with a single solute represented by the salinity.
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SIGURY €

Fig. 207. Vertieal distribution of potentiol temperature (f,) helow 1000 m. along
o evoss section from the North Ameriean Basin through the Anegnda Virgin Passage

into the Caribbean Baxin, Exnggeastion of yortical srnle 150-fold. (Aceording to
G. Dictrich, 1937.)

From Dietrich (1963, p. 499)
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Derivation of the Coriolis Acceleration

The earth is a spherical body that rotates about one axis. Thus,
to consider the forces acting on the oceans at the surface of the earth, we
must first consider its moving frame of reference. To us on earth, the sky
rotates cast to west. However, it is an apparent motion for the heavenly
bodies such as the "fixed" stars are for our purposes stationary. For
mathematical convenience the co-ordinate system used here is that of a
rotating disk not a sphere, with the center of the fixed or internal frame

along the axis of rotation. Thus all sections are planes parallel to the

equator. The Z direction will be parallel to the axis of rotation.
Therefore X and Y will be perpendicular to the axis of roﬁation. To us
on earth, the a;parent x and y axes appear fixed but it is obvious that
with respect to the fixed stars, they rotate about Z axis. Thus to in-
vestigate motion.on the earth to some fixed reference system as the fami-
liar laws of physice usually relate to some fixed reference system. For

example

F = Ma
or more rigorously

F = d[momentum Mv]
dt
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is true for F = M a;, where the acceleration is measured in an inertial or
non-moving frame. PBut as stated above, the earth is a non-inertial or

rotating reference frame. Here we can apply the principle of Galilean in-
variance which states: the basic laws of physics are unchanged in form in

two reference frames connected by a Galilean transform. Thus

23 T 2 o
where:
ag = acceleration with respect to a non-inertial frame
(what we would measure on earth)
a, = acceleration with respect to an inertial frame
8o
F = M ap + M a,
if we define Fo=-M a,- The F + F, = M ag where F equals the true

force and F, equals a fictional force due to the non-inertial nature of the
earth as a reference plane.

Figure 1 shows a two-dimensional analysis of the earth's rotating
system. As the earth only rotates about one axis, the defined Z direction
or axis of rotation in both the inertial and rotating reference systems is
the same. Thus only the x and y axes, perpendicular to the axis of rotation

or the fixed Z in the inertial frame, appear to rotate.
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The first derivatives of these tranaforme with respect to time or the velocities are:

d Ll 'Y .

-dx—tl = xI = choswt - wasinwt - ygpsinwt - YypRwcos wt
1'{1 = J}Rcos«»t»? &Rsmwt - w(xpsinwt + yp coswt)

and ‘

dy; - . . .

T Yy = xpsinwt + xpwcoswt + YRcoswt - ypwsinwt
YI = stinwt + yRcosut + w(choswt - Y sinwt)
Y, = V + w(rp._ )
I Ry) R

and

d2z . .

-t = Zy = 2Zgp = vg

dt (Z)

The second derivative with respect to time or the accelerations of the transform
equations are:
5{.1 = ifnqoswt- Xgwsinwt - Xg wsinwt - _wszco_swt

-}'Rsinwt - &choswt - erwcoswt + dzynslnwt

= §Rcoswt - ‘y'Rsinwt - 2w(J.cRsinwt + ercoswt)
. .
-w (xpcoswt - ynsinwt)

= a

2
- 2 -
Rog ~ "Ry T ¢ Oy

/!



aa
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"

and

ZI =
In vector notation:

ay =
By substitution

—r
a -—

I

Page 5 -

Y L} [ 2
xnainut * xuucoaut * xauoqnut - W xnsinot

(X d . ] 2
+ ypooswt - yrwsinwt - ypweinowt - w yRcosmt

3ERain wt + °y°Rcos wt + 2«»(:‘(R coswt - ).'Rsinwt)

- W (xgp sinwt + ypcoswt)

aR(Y) + 2w (VR(x)) - 02 (rR(Y))

z = Vo
R "R(z)

These five vectors can be reduced to just three
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The preceeding discussion was based on accelerations on planes

perpcndiculaf to the axis of rotation. However, the prbctical plane

for earth dwellers is the tangent plane to the earth's surface. For

any tangent plane to the earth's surface let X be positive East, and

Y be positive North and the normal to the plane Z be positive up.

® also has components in the Y and Z directions but as the earth

>
rotates west to east w = 0 along the X or East-West direction. Thus

the determinant for the Coriolis acceleration for the tangent place

i8¢

-

0

9 2

wcosf wSin¢

Vy Vz
e
N

s -2wcos? Vz b3
~2uSind V_ §
+2wcosf Vx 2

+20wSind Vy *

+Y

el

(a)
(b)
(c)
(d)

+Z

WesT

SouTH
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Thue to an observer at the earth's surface

A. In the Nerthern Hemhphen_.. a nwina partiale appears to bde

deflected to the right of its direction of movement, and
B. In the Southern Hemisphere, a moving particle appears to be

deflected to the ‘left of its direction of movement.

As noted in the p;ev{ous section and shown by the determinate vectors,
the horizontal Coriolis deflection is to the right (facing in the direction
of the velocity vector) in the Northern Hemisphere and to the left in the
Southern Hemisphere, to eliminate this combersome designation of hemis-
phere oceanographers use the pﬁtase cum sole (Latin: with the sun) to
designate the orientation of the horizontal Coriolis deflection on a
horizontal vector; as the sun from dawn to dusk moves to the right in the
Northern Hemisphere and to the left in the Southern Hemisphere with respect
to an observer in that.hemiaphere.

Opposite motions, accordingly, are designated contra solem (Latin:

against .the sun).

References !

Kittely C., Knight, W.D., and Ruderman, M.A., 1965 Mechanics; Berkeley
Physic84Course: McGraw Hill, New York, 480 p.

Von Arx, W. S., 1962, Introduction to Physical Oceanography: Addison-
Wesley, R-ading, Mass., 422p. (p. 87-88 on conservation of angular

momentum. )
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Geostrophic velocity
directed south

MEANDER MOTION

Where pressure systems are curved or meandering the local centrifugal

accelerations must be considered.

B-9
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oP
2 =
c°-rfC + ar N 0
~ rf l /[—/m aP

C = > + E /rf - 4ra _BN
rf 1 2 oP

C = 2 + E /r(rf - l"a aN )

oP

1f 4 o N > rf? the root becomes imaginary. Thus{ 4 times the horizontal
pressure gradient can never exceed the square of the coriolis parameter f.
At the center of a high pressure system where r is smail, the pressure
gradient must be small so the velocities are small. Thus, high pressure
centers‘are regions of calms,

The quadratic form for cyclonic flow is:

2 g 0P
Cc° + rfC o N 0

- rf 1 2 oP
C 5 * 5 //r(rf + 40, N )

In the case where r is small near the center of a low pressure area, the
- pressure gradient can exceed the coriolis term as both are added under
the radical. All roots are real. This indicates that high velocities can

exist at the center of low pressure systems due to the build'up of pressure

gradients.

INERTIAL MOTION

Inertial flow occurs when the centrifugal acceleration balances the
coriolis acceleration or when there is no horizontal pressure gradient.

In this case

CZ
r

12



@WR

By definition inertial motion is anticyclonic as:

Northern 2 Southern

‘ | ¢
c? C r

fC
fC

At the same latitude, as f or 2wsind is constant, the inertial path is

circular. If the particle changes latitude (a more practical case) the

radius of curvature will change as f changes because

So as f increases (the particle moves to a higher latitude) r decreases

and the path becomes more tightly curved. As f decreases (the particle

moves to lower latitudes) r increases and the inertial path broadens.

The period for one circuit of the inertial circle:

T = 2mr - 27r
c 2wsingr
= —0
wsing
ki .
—5— = 12 sideral hours
So T = 12

sind hours which is called the half pendulum day as this is

the period of the Foucault pendulum. Because of the direction of rota-

tion of the earth west to east the path of the inertial particle drifts

westward.

B-12
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The sloping interface may he represented: 0‘03‘

16
A
Py .-v'T, 8 = Slope of isobars
Q,l....» “““““ -w’“ 5 R inp
.Lgo’o.at
1 / . o® oot
1 ( R ................ L ) gl = SloFe of isobars
P : St

¥ = Slope of interface

Increase in pressurc from P to s} in medium p1 must equal irnc:rease in
pressure from S to ¢ in medium p so:

gp S0 = gpl psl

p(SP + RN = pl(prl4rlsl)

SR RO PRl
tan 8 = o tan ¥ = PR ° RIa
1
1 lel 0 = PR
tan 81 = %1% AD o »ln
SO: SR = PR tan @
RQ = PR tan ¥
PRI = PR tan¥
Rls! = PR tane!
and pPR(tan® + tan)) = pl!PR(tané! + tan¥)

p tan 8 - pleapl
pl-p

tan¥ (pl=p) = ¢ tan 8 - p! tan 6} tan =

as tan 6 20 SINGC = fc

g 8
tan 61 = 2@SINdC! gl
8 g
—-plel
then tan ¥ = -;- -59-'('-5‘,’_—;’;1 MARGULES _ENUATION

which was initially developed for atmospheric problems.
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terms of oceanic circulation.

If some non-geopotential surface is chosen as the surface of no-
motion (for example the oxygen minimum) the abouve simplified rectangular unit
equation is not valid. Graphic solutions, thus, must be used at the shapes

of the units becomes comnlex or ZN(A) # ZN(B).

In most of the non level assumptions of the depth of no motion, the
reference surface is taken shallow enough so that there is a reversal of
slope of the d&namic topography below the reference surface. Thus small

intervals and careful observance of the sign of (aD_ - AQA) is necessary to

B
prevent gross errors in transport calculations and prevent calculation of

erroneous direction of flow.

References
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The dynamic units also may be written in another form.

As 1 Newton = Kg * M/SECZ o o v o o v v v o oo s o oos o= (3)

10 Newton °M A €2
Kg

D = 10 M°/SEC? =

or
i - 103 ‘ (5)
- D = lo = . L d L] L4 . . L] L] L L d .
Newton = —Ml_o_;-(d& T63em M

and
Dp = MZ/SEC2 = Newton ° M U )
Kg

Newton = Dp * Kg = Dy '510352 = 10D, gn | e

cm

RELATIONSHIP BETWEEN DYNAMIC UNITS
AND PRESSURE

In oceenographic studies the useful unit of pressure is the atmosphere
vhich is approximated by

1ATMS 1 BAR =100 Dynes/cm® « v v v e v v ot oo e e (8)

as

1 Newton = kg * M/SECZ = 10° gm ' cm/SEC® = 10° Dynes . . . . (9)

1BAR=10Newtons/cm2................... (10)
or
1 Decibar = Newton/cm?

A S K D,

Substitution of (5) into (11) yields:

l Decibal‘ = Eu_% = %p e ® o o © o & o o s o » e o e o o (12
cm

In oceanographic cases the density (p) of sea wat-r is approximately 1 so
numerically the value of the pressure in Decibars equals the valus of the

grevityr pntenticl in dyramic meters.

(7]
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1 SEC
Usually EQ (18) is used with the units £ AB inom

z in meters
§ in cm3/gm

to yield Cl - Cy in cm/SEC. However tables of the various § anomalies

for examplé Sverdrup and others (1942, p. 1051-1059) end Bialek (1966,

p. 102-318) are given in 1094 8o multiplication by the inteanal depth
in meters to solve EQ (16) from EQ (18) gives AD directly in cm®/SEC2. To
obtain AD in dynsmic meters one must divide the result of integral part (18)
by 105 to give AD in Dy or 10m?/SECZ.

 Direct evaluation of the specific volume anomaly is possible by solution
of the equation developed by Wilson and Bradley (1968 p. 361) for both
8STP and for 8§35, O0,P or

6 = GSTP - 635,0,? .« o L] e o e o e o o L] e o o 3 . o o . '(19)
, § = 0.70200 +
~ [ 100(17.5273 + 0.1101t - 0.000639t> - 0,039986SAL ~ 0.000107 (SAL)Z_)_ ]

(P + 5880.9 + 37.592t - 0.34395t + 2.2524SAL)

_ (1612.779) \
[ 0.70200 + (RO gy 1 e v v v v v e e e e e (200

For salinity (SAL) in 0/00 temperature (t) in degrees centigrade pressure(P)
in Barsé P numerically equal to depth in Dekameters or depth in meters /10. #
§ in cm3/gm.

Solving equation (18) by substitution of z in meters and EQ (20) will

yield AD of EQ. (16) in dynamic meters; thus the units of Cl—C0 will be
10 M/SEC, for (AB) also in meters.

Fﬂ\ *  Actually P = (meters)/9.8
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Appendix D 1

SAMPLE CALCULATION OF DYNAMIC PROPERTIES

Station A ' 54°02'N : 24°34 'y
Station B ShO06'N N 23°01'W
Distance AB = 1.03 x 10° meters

£ = 1,18 x 10~%/sec

P
A2 [T n P
€1=C; = fAp 3 - |7, ap
’ F
P P,
%3
Q = AB cdz
J
Z;
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- OCEAN ENGINEERING

CE 201A PHYSICAL OCEANOLOGY

Dynamic Method Problem

GIVEN: Data Sheets for Two Stations

Spheres I
Mai-Tai 10

Klein Graphs

ASSUME: Mai-Tai Station 30 nautical miles west of Spheres Station
on same parallel of latitude

DO: a. Plot data on Klein Graph for each station.
b. From graph complete data sheets.
c. Calculate velocity and transport profiles for depth of no motion
1. at bottom
2. at 2000 meters
3. at oxygen minimum

Present 1, 2, and 3 data in tables and graphically. Note and
justify all assumptions.




Q OCEANOGRAPH!C DATA SUMMARY o
UNIVERSITY OF CALIFORNIA SPHERES
SCRIPPS INSTITUTION OF OGEANOGRAPHY
0OB8SERVED INTERPOLATED COMPUTED
Z 1 . o 9, 21 T S 0, 5. | AD e ™0
VESSEL . isur:::: ;vONfN Sav - YEAR icggngn ;L“'T;J':: ~ /9,.;1.054'0“%:6:.: w Pcsouuomsm o . :s’;:;u:ma TEMPERATMRE °F ngnﬂ:?L:jt:; "°;:le'°slm S z
HORIZON | 10| v. 166 1855 118 49') 168 30| o v 20O bmeice vwion 02 oo booin one? 5
0020 %8
0 | 25.5 | 34 8444 63 0 d
10 |.25.5 | 34.861]4.31 10 "
30 | 25.6_ | 34.846|4. 75 20
_.59.1.25.7 34.850!/ 4. 61 _j?
| 79 125.5 | 34.905/4. 45 50
| 99 | 25.2 | 35.045/4.61 75
123 | 24 0 | 352104 66 100
148 | 229 | 3512114 58 125
198 | 203 | 34.971]4 27 150
247 | 16.1 | 34.593|4.25 200]
| 250
247 1 16.14 | 34.683/4.31 300 =
| 346 | 10.71 | 34.214)3.81 400 =
499 | 6.77 | 34.2021.53 500 =
691 | 5.30 | 34.384]0.95 600 s
936 | 4.35 | 34.510/1 22 700 s
1178 | 3.57 | 34.552/1 28 [ s00 =
1470 2.88 | 34.583|1 64 B B R Yo
1764 | 2.39 | 34.612{1 96 1200 e - —
2060 | 2.08 | 34.63512.15] . | . oo - L —
2354 | 1.85 | 346490251 . | . 2000 e -
o BRI " B Il
12408 | 1. 77 | 34 6541 2. 55 3000 B I
‘}270_2'§_ 178 | 34.655/ 2. 78 T oo T e
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\& OGEANOGRAPHIC DATA SUMMARY T

SCRIPPS INSTITUTION OF OCEANOGRAPHY

o
08SERVED INTERPOLATED COMPUTED
T T
. .
fal L m mn oo mN., Lﬂsm . %f N S =0 S -
HORIZON .,.H.o. ... < . H _o-mm“ _ ., . ," ...... z. b .wz.sra;qs“;_.\,&..usanﬁkm .
2995 | 158 | 34 er293] [ [ . :
3287 | 152 34 67d325| | | 0
3084 | 150 34666339 | | 20
3879 1,47 | 34 637 3 32 . ) . 30
4173 | 1.46 | 34 678 3 92| . . s
4469 1. 44 34 642 3 80} . . . 5
4764_| 1.47 | 346893 87] . . . oo R )
125
150
200
250
N 300
400]
500
600
P ) . . . 700 .
] 800
B 1000
1200 %
e . 1500, w50
[ N 2000 w5
...... P BT xl N 2500, N %
- 3009 o
4000 — ”,

$10. WL A, rFoAfs - w\ . . . .
. - e tale _ru..r. 1993
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OCEANOGRAPHIGC DATA SUMMARY o

’, 7
3 LS RO OF o BAOINS A
6609-A1 _
B 0OBSERVED — INTERPOLATED COMPUTED 1
-"~'—Z‘—'"1 I’ §¢—— '9'3 Lo~ 58‘&1), tuuZus :I:, .§ 9 O, §1 AD srarion
B e e § T o "%;:""z',,m T
HORIZON 1 ; IX 06 E 66 110129 ;18 49 5 168 31 O 2668 DIk ok | st v 02 By e B it 03
0349 ‘ overcast missing 3
0o |27.82! 3693458 | | 0 g
30 | 27.76 | 36,933 4 63| . . _ 0 ®
w9 | 2272 seoeners] | | 20 =
24 2621 349654951 . | . | 30 -
- 98 | 35.029 .89 . . , 50
| 06| 1865 ) 34ge3 428 . | . | | 73
294 | 12,62 | 34.342 433 . | . | 100
| 391 | 8.73 | 34,196 2 45| . L 125
400 | 702 wasdiorl | 150
686 559 , 34.414 0 86 | ) ‘ 200,
8s4 | 477 3as4s9rosi | | 250 -
1081 | 4,12 34.530133| . . . 300
1278 | 3.55 34559 1 50| _ 400
w2 | 30! sesdiesl | | 500
1669 | 2.57 | as60s192] . | . | . 609 s
1865 | 228 34628217 | | 700 s
T T =
[ 2065a| 213 ’_gg. 631233 | | 1000 ' -
w61 | 198 34 ad T I B P R ' — o= = Sk S
257 | 184 346532590 . o I ' ' B R N e e T -
53] 176 wesv271 | L | lhed T T
S o o A_'“: ?«oo” h_- o . B N i T T T :
asev| 208 36237 | B I il Rl e SRR SR
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'@ W SomPFS srmoTioN of BotARGHRATKY
— OBSERVED INTERPOLAT.ED COMPUTED %OQ-A‘IC_
VA STATION 1
T L e ;é%.. oo EL.T.Y:‘,?ES-‘N'I”‘}CJZ??Z‘U'SJ; = Is*-a”m”;;’ e m;gl"gw mﬁ _ :
HORIZON -t 1 -ls--.-i b e . ; o ket mmtmeuuﬁam*mmnmmf - ~
2728 | 1.71 | 34 662 2 85 0 ?
13022 | 1.64 | 34.670 2 96 10 g
3216 | 1.58 ! 34 676 3 07 20
3414 . 1.54 1 34.679/ 3 16 30
3559 1.53 | 34.686 3 25 5o
3707 | 1.50 | 34.683 3 35 75
3805 | 1.49 | 34.685 3 44 100
3904 | 1.49 ' 34. 685 3 40 125
4002 | 1.51 ' 34 688 3 44 i50
4099 | 1 .49 | 34689 3 47 200
4197 | 1,50 ; 34 688 3752 250
4295 | 1.49 i 34 689 3 53 300
4394 | 1.50' 34689 3 61 400 ’
4692 | 1 49 ! 34 694 3 64 500
4589 | 1 49| 34 697 3 72 00
4787 | 146 34 694 3 91 700
| 4973_| 139 34703 4 17 800
4983 | 138! 34701 411 oo ,
B LT T T e T - ,
- _ _IS.;O - | _I__
S— T D B ~ T '
e 2509 . T T
o 00 - ' J“ T
— <000, Sof—— - '—~7;--<._ *****
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Given:

Do:

DEPARTMENT OF C1VIL ENGINEERING
Division c¢f Hydraulic & Sanitary Engr.
Instructor: P. Wilde

DYNAMIC METHOD PROBLEM

Data Sheets for Stations

CCOFL 6407 - 60.1i90
CCOFL 6407 - 63.200

From graphs or tabies, complete data sheets for ¢

T 4D,
use interpoiated z.

p» 8

Calculate velocity and transport proifiies for depth of no
motion.

1. &t boctom,
2. at 2,000 meters,
3. act oxygen minimum, plot each graphically.

Plot PHO (phosphate ug/L) and SIL (si1licon ug/L, versus
depth; discuss.

Show all work clearly. Note and Justafy all assumptions. Reference source
of tables.
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CE 201 A Physical Oceanology Department of Civil Engineering
Ocean Fngineering Div. of HMvdraulic & Sanitary Engr.

FARTI SCALE FLUID CIPCULATION

Lefore oné can discuss the general circulation of the oceans, the
interactions of the two earth endirc‘ling fluids' air and water, and the
mechanics of the major driving force solar radiation must be considered.
As the atmosphere overlies the ocean and is less demse and thus is more
fluid than sea vater, the atmosphere shows the influence of soiar radia-

tion more readily.

Characteristics of the sun''s radiation

The maxinum wave lengti: of the sun's radiation is 9:2? wvhich is in
the short or ultra violet band. Verv little of the ultra violet hclow
0.4y reaches the earth as this wave length is absorbed by oxygen and ozone
in the upper atmosphere. The Amax of the sun is essentially that of a black
body radiating at 58C0°K. The atmosphere, however, is reasonably tramsparent
to visible and near infrared wave lergths so that most of the solar energy
that reaches the earth's surface is in the band o.3n.to 3.0u. Any radiation
longer than 3.7u is absorbed hy atrospheric water and that fron 14 to 16u
is absorbed by COz. As noted above radiation below 0.4y is absorbed by

oxvyen and ozone.

The radiation that stries the earth vamms it up. J'ovever to maintain
a heat balance the earth must return to space an amount equal to that

received. Pecause of the absorption effects of the atmosphere the earth can
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Fig. 6—§. Schematic diagram of the absorptivity of water vapor and other
atmospheric gases. [Generalized from R. M. Goody and G. D. Robinson, 1951,
Quart. j. Roy. Md. Sec., 75.]

Von Arx, W. S., 1962, AN INTRODUCTION TO PHYSICAL OCEANO-
GRAPHY: Reading, Mass., Addison-Wesley, p. 145.
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ADVECTIVED PROWCESSES
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Fig. 6-2. Undepleted insolation, in hundreds of langleys per day, as a function
of latitude and date (after List). Cross-hatched arcas represent latitudes within
the carth’s shadow. {From Smithsonian Mctcorological Tabilcs, 6th cdition, Washing-
tom, 1.C.: The Smithsonian Institution.]

Von Arx, W. S. , 1962, AN INTRODUCTION TO PHYSICAL OCEANO-
GRAPHY: REading. Mass., Addison-Wesley, p. 142.
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Fig. 6-6. Annual mcan solar radiation absorbed by carth and atmosphere
(curve 1) and outgoing long-wave radiation leaving atmosphcre (curve 11) as func-
tions of latitude. {From H. G. Houghton, 1954, 7. Met., 11(1).)

Von Arx, W. A., 1962, AN INTRODUCTION TO PHYSICAL
OCEANOGRAPHY: Reading, Mass., Addison-Wesley,
p. 148.







~

()

(D

Ct 201 A Page 7
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the greater zonal area and minimum solar inclination, hot air rises and
flovs aloft to higher latitudes. ‘Due to the coliolis effect these polar-
ward flowing winds are westerly aloft. At ahout 30° the air has cooled
enough to bring the winds near the surface. To corpensate for the equatorial
ufdrafts, surface winds flow torards the equator to complete the cell. Such
winds flowing equatorward are deflectrd to the west producing casterly winds
(v7inds are considered to Se directed from the direction they flow, currents
tovards the direction they flow. These surface winds are the trade winds.
tropical circulation can be generalized as the W“adley cell composed of the
surface easterly trades and the aioft wvesterly anti-trades with hot air risinc
at the equator and cooled air sinking at about 3C°.

At the poles a type of reverse Hadlev cell forms. Cold air sinks
over the poles and spreads along the surface as the polar easterlies with
an updraft at the polar front at about 60°.

The circulation in the zone between the polar and equatorial cells is
controlled by the sharp zone of thermal contrast produced by the shift from
a thermal excess at latitudes lover than 38° to the thermal deficits in
higher latitudes. The zone of contrast is shifted to higher latitudes at
nigher altitudes because cold polar air sinks under warmer tropical air
contains much moisture as it overrides the cooler air, the zone of thermal
contrast is a belt of persistant cloudness mbéving hetween 37° and 50°.

Ferrel attemnted, before the discovery of the therral contrast and the
jét stream, to construct the cell-like circulation for the mid-latitudes.

However the westerlies in this belt are not as persistant as the trades in
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the Hadley cell. The best explanation for tﬁe temperate zone westerlies
is that the thermal contrast tends to support a horizontal pressure
gradient across the zone of contrast because the pressure falls off more
slouly with altitude in varm air than in cold air. Thus a higher pressure
is found at higher altitudes in the tropics than in the tenrerate regions.
This produces a polarvard flow of air which is deflected to the east

by the Coriolis effect and forms the temperate westerlies.
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CE 201A Non-Frictional Coupling page 2
Between the Atmosphere and Oceans

The combination of these latitudinal distrubutions produce
(1) two salinity maxima in the horse latitudes and

(2) a minimum near the equator. Salinity decreases polarward from the
two maxima.

The generalized picture of surface circulation (Again ignoring frictional
wind produced effects) is the warm fresher water at the meterological equator
spreads polarward chiefly horizontally. At the horse latitudes the high
salinity here produces sinking so the surface layer is thickest there. However
there is still a significant polarward horizontal movement. This more saline

water rides over the much colder although fresher (more dense) water formed
near the poles.

Large scale variations in temperature and salinity can be produced only
at the surface because
(1) the heat flow from the terrestrial earth through the sea floor is on
the order of 10 6ly/sec or 10 * less than that of solar insolation,
(2) except for very restricted regions at very shallow depths no appreciable
dissolved solids are lost to the oceans at depth.

In essence the oceans are undersaturated with respect to the major constituents
on a world-side basis.

Chemical evidence such as

(1) the constancy of the ratio of the major constituents of sea water and
(2) the presence of dissolved oxygen, which could only come from the
atmosphere, below the depth of photosynthetic plants all suggest a
well mixed ocean.
Thus the primary driving force of mixing must be gravitational produced by
density differences initiated by variations of temperature and salinity at the
surface, the only place where significant amounts of heat at salt can be
exchanged. Therefore primary water masses are formed at the surface and the
character of the water mass depends on (1) latitude, (2) oceanographic climate,

(3) degree of isolation, and (4) degree of mixing by winds, currents (ignored
for the present).






629 THE WATER MASEES AND CURRENTS OF THE OCEANS

Fig. 164. 8chematio representation of the curronte and water masses of the
Anterotin ragions and ef the distribution of temperature,

Sverdrup, H.. V., Johnson, M. W., and Flemihg, R. H.,
1942, THE OCEANS: Englewood Cliffs, N. J
Prentice-Hall, p. 620.
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482 GENERAL OCEANOGRAPIIY

100° 80° 60° 40° 20° 0° 20° 40°

(a)

Fig. 197. Spreading of water masses of Subantarctic and Subarctic Intermedinte
Water in the Atlantic Ocean. a, Represents the distribution of salinity in the layer
of salinity minimum (at approximately 500-900 m.) Added figures: Depth distribu-
tion of this layer (according to G. Wiist, 1936); b, represents the current field at an
800-m. depth (according to A. Defant, 1941).

Dietrich, G., 1963, GENERAL OCEANOGRAPHY: New York,
Interscience-John Wiley, p. 482.
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TABLE LXIII

Temperaturo, Salinity, and Oxygen Content ncar the Bottom in the Bagins and
Trenches of the Austral-Asiatic Mediterrancan®
| ' . Potential ,
Silt Greatest temp., Oxygen
Number® Name depth, m. depth, m. deg. S %o _ contente
1 Sulu Basin 400 5,580 9.84 34.47 8.9
1l . Philippine Trench —_ 10500 116 34.67 M5
HI  Tolaud Trough 3130 3450 .
1V Sangihe Trough 2,050 3,820 2.15 34.65 35.7
V  Ceclebes Basin 1,400 6,220 3.26 34.59 28.7
VI Morotai Basin 2,340 3,890 1.55- = 34.68 39.5
VIl  Ternate Trough 2,710 3,450 1.65 34.66 39.3
Vil Batjon Basin 2,550 4,810 178 34.66 34.1
IX  Mangole Basin 2,710 3,510 °
X . Gorontalo Bagin 2,700 4,180 195  34.65
XI  Makassar Trough 2,300 2,540 3.39 34.51 274
XII  Halmahera Basin 700 2,039 | 754 34.60 43.2
XHI  Buru Basin . 1,880 5319 : 266 34.63 33.8
XIV  Northern Banda 3,130 5800 273 34.60 326
Basin : .
XV - Southern Banda 3,130 5,400 2.75 3162 ' 326
Basin :
XVI  Weber Deep 3,130 7,440 2.75 34.63 31.6
XVII  Manipa Bosin 3,100 4,360 2.85 34.60 32.1
XVIH  Ambalau Basin 3,130 5,330 2,75 34.61 334
XIX  Aru Basin 1,480 3,680 3.62 .62 22.6
XX  Butung Trough 3,130 4,180
XXI Salajar Trough « 1,350 3,370 3.66 - 34.60 28.9
XXII  Flores Basin 2,450 5,130 2.96 34.60 30.4
XXIII  Bali Basin ~— 1,590 3.46 34.61 26.9
XX1v Sayu Basin 2,100 3,470 3.14 84.56 271
XXV Wetar Basin 2,400 3,460 292 34.61 311
XXVI  Timor Trench 1,940 3,310 2.57 34.68 342
XXVII  Sunda Trench —_ 7,140 0.77 84.67 595
. Acoondling to P. M. van Riel (1934, 1943, 1950),
* Sco Figure 209,
* Per cent of saturation near the bottom. -
Dietrich, G., 1963, GENERAL OCEANOGRAPHY : New York,

Interscience~-John Wiley, p. 502.
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CE 201A Physical Oceanography
FRICTIONAL EFFECTS

page 2
Instructor: P. Wilde

Defining 2!.z where K = 1 and assuming constant Ap for small motions

M= %01, T

“ g

Or

Where

The eddy viscosity = Az

"Ivz' Ilz
By analogy with laminar flow where
Laminar 1t = ey M = Dynamic Viscosity, .
Turbulent T = AS; A = Eddy Viscosity = n

So

Xz

‘t"yz

dv’f - o de

Az dz dz
vy p d-a:
Ay a + dz

As the eddy viscosity depends on the state of motion end is not a fundamental

property of the fluid as is u; "A" or n varies over wide limits (1 to 1x103
gn/cm/sec, Defant, 1961, p. 104) while u is essentially constant for sea water
(0.015). Also values of n are much larger than p so the laminar term can be

ignored. Thus _
avx
Xy v y

T

T zy ay

T = n

oV
yx x—il-

3z

o
sz nx——'z
x

Tyz'"

av
2y
2
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FRICTIONAL EFFECTS z Instructor: P. Wilde
Tyz/-v / Z‘:?-
Txz sz],
A
. N X
y £
.....)T
Xy
9 T
Rx =3 axz + 9T
z oy
9T
R = )
A e 3
z ax
R = 9 sz 9T
z 3 x + 2y
2y
Assume (1) only shear important
(2) \'rz is small
(3) ne = My, = n horizontal
Thus r 3 4
] ov ) ov
R = —|n x{ + — [n x|
X 9z | 'z 32 ay (H-——ay
L P, P
R = 2 [n ] + 2 [, %)
y 9z {2 3z & |H 3% |
L J J
R = 0
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FRICTIOKAL EFFECTS Instructor: P. Wilde

"D

Frictional or Ekman Currents

As noted above the geostrophic assumption is no longer valid where
frictionel effects are important. This would be true

(1) at the sea surface where friction is produced by wind stress, and

(2) at the sea floor where currents would drag against the bottom.
Exman (1905) in a classic series of papers derived methematically the effects
on currents produced by wind and bottom friction. As a result of these studies

he proposed a three layer oceen model in which

UPPER EKMAN LAYER Friction Important

GEOSTROPHIC LAYER Pressure Gradient Acceleration
Balanced by Coriolis Acceleration

LOWER EKMAN LAYER \ Friction Important

The geostrophic layer where the current is initiated by a pressure gradient is
overlain by
(a) a surface layer where frictionsl effects predominate and underlain by
(b) a bottom layer where frictional effects also predominate.

Exman Solution for the Homogeneous Case

In the Ekman lasyers assuming that

(1) a steady state is attained so that the frictional effects balance the
Coriolis acceleration;

(2) for homogeneous water or dp = 03

(3) for horizontal isobars or

1%
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FRICTIONAL EFFECTS Instructor: P. Wilde
) 3P _
®x ¥y 0
a av_)
pfV_ + iz {Az x{ = O
Yy 'E;:
a av.) _
Pyt & [Az 1§f‘ =0

These differential equations may be solved further assuming A.z is
independant of depth. Generalizing

2
pfV + A %ég = 0

In this case as the frictional effects are balanced by the Coriolis acceleration
the resultant flow would be 45° cum sol (to the right in the Northern Hemisphere,
or to the left in the Southern Hemisphere)

Northern Hexmisphere
Upper Ekman Layer Case

Coriolis

As the frictional couple produced by the wind is applied at the sea surface
its effects decay with depth or

Vo= v e %%' Where V = Velocity at Depth Z
V, = Velocity at Z = 0
D = n,/——K;" ’
- -1y p“:::¥
vhere Z =D, V=V e ™ = 23 v = -0.043 A

at this depth V is directed 7 radians from V, (180°) and for practical purposes

frictional effect cease to have any importance. Where Z = D is called the
depth of frictional resistance.
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D obviously is not only a function of the initial shear but also varies with

latitude.
Hmpirical studies (see Dietrich, p. 343-345, 1963) indicate that

AW Where

Vv = T——T—

° SIN ¢)1/2 Vo = Surface Current Velocity
W = Wind Velocity
A = 0.0126 if W in ocm/sec

Approximetely the wind drift velocity Vo = 1.5% of the wind velocity in
moderate to high latitudes. Also numerically

7.6 W For ¥2 = 2.6 x 1073
D =
(s1V ¢)1/2 Pair = 1.25 x 1073
T, = 3.2 x 1075W2gen lsec™2

Where w measured 15 meters above the
sea surface.

~ Or numerically
D = 600 Vo For D in meters
Vo in em/sec.

Munk (19L47) considered T00 cm/sec to be the eritical wind velocity
For W = T meters/sec

Latitude SIN ¢ (sIN ¢)1/2 D Meters
90° 1 1 53
80 9848 .9923 54
70 «9397 .9694 55
60 .8660 +9306 57T
50 . 7660 .8752 61
40 .6428 .8017 66
30 . 5000 . 7107 75
20 .3420 .5848 91
10 .1736 .3166 168

0 0 0 _—
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Fig. 145. Jknan's elementary current system.

do not influence each other by mixing. However, in nature, this assump-
tion is fulfilled only in those rare cases where water masses are separated
from each other by strongly developed discontinuity surfaces. In
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OCEANOGRAPHIC CIRCULATION MODELS

The main aim in proposing models is to approach reality by considering
as:few variables as possible thus learning (1).what are the important
parameters to study and (2) what time scale are these parameters useful.
The following summary derived from Stommel (1957) discusses the development
of useful oceanographic circulation models.

Hough (1897) proposed an oceanic model based on the assumptions
that of (1) a limitless ocean (no land),(2) uniform depth, (3) no friction
(4) precipitation in one hemisphere (northern) and evaporation in the other
(southern). Thus the free water surface would be raised in the Northern
Hemisphere and lowered in the Southern. This would produce a r2t transport
to the Southern Hemisphere. The total effect would be high pressure in
the hemisphere of precipitation and low pressure in the hemisphere of
evaporation both pressure systems centered on the poles. Geostrophic flow
would be zonal (parallel to latitudinal circles) although the net transport
1s always south. Unfortunately the mathematical Hough model accelerates
so no steady exists.

Goldsbrough (1933) improved on the Hough model by adding meridional
ﬁoundaries and assuming that f of precipition = O along each parallel be-
tween the meridional boundaries. This in effect rotates the Hough Model
90° so that the precipation - evaporation maxima lie on the equator.

On the Eastern edge of the precipitation hemisphere are two low pressure sys-

tems oriented symmetrically about the equator. On-the Western edge are



)
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two high pressure systems. Geostrophic flow will be both zonal (near
the equator) and meridional (elsewhere). Between isobars in meri&ional
flow water must be added when moving equatorward as the coriolis para-

meter decreases equatorward or

Zo 1
Q= ,fz"? Cap-ap A] dz

Given uniform depth the water carn be added by precipitation from
above as there is no geostrophic flow across isobars. Thu; in the
hemisphere of precipitation all flow is equatorward. The reverse
is true in the hemisphere of evaporation where water is being extracted so
the flow is polarward because as f increases (polarward) Q decreases.
Also, it is apparent that meridional boundarie;;can be placed a’ong any
complete isobar without affecting circulation, for example aloug zue
equator or a meridional barrier joining the evapo-precipitation maxima.
Unfortunately the Goldsbrough models have the unrealigtic restriction
that ¢ of evapo-precipitation = O along a latitudinal circie.
A possible way to produce oceanic pressure fields without resort to
evapo-precipitation is by wind stress as proposedby Ekman (1905). A
variable but zonal wind field (reasonable realistic) will produce conver-

gence and divergence that initiate pressure changes in the underlying

geostfophic ocean for a Northern Hemisphere model the wind.

AL
Wind Syst:enl < Northern
2 E
/ / / Hemisphere
/ /
/ /
/ Ekman Layer

( /

T A

_— —_— Current system
¢ N n —‘1—> < v ~ 7 ¥y
7 w'/
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I. When the zonal wind shifts from west to east (to the south) at the
node the Ekman transport shift from gouth 9 north so the'transport
vectors oppose each other and maximum soinking occurs (uaximum high
pressurej.

II. When the zonal wind shifes from west to east (¢o the ncrth) or from
east to west (to the south) the Bkmea transpor-t vectors flow away

~ frem each other so up welling (Maximum low pressure) occurs.
Obviously from thesc argument:s the nod= of vertical metion {7 where the
zonal wiad 15 at ¢ moximea.
The effect on the underlying water in the gecstrophiz layer is (A)
high pressure centered on Fkman convergences and (B) low pressure centered

on Ekman divergences.

- et o’

90° N _WEST EAST
‘o *;it;- Polar Easterlies
L ] L] . L ] L] * * L] L] L] [ ] * L] L] L] Divetgence (upwelliu)
N Westerlies
30 . . L] . Ll ° . ¢ 1
® o o+ & o o e o -0 convetgence (s nkiug)
< li Trades
0 ¢ 3 * o & e e o e 6 0 o s & » Divergence (uwelling)
K Trades
30 ® ® ¢ e & o o o e o o e o s @ Cowergence (Binking)
j t . Westerlies
60 ® & o & & o+ o # * @ 6 & s e @ Divergence (npwelling)
90°s Polar Easterlies

d

4= Zonal Winds

’n“Ehan Transport
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There are two possible ways to maintain continunity in the
geostrophic layer beneath theEkman surface layer (1) gradually
reduce the vertical vector by meridional flow or (2) place a counter
Ekman layer on the bottom wiich will have (a) divergency to carry
away water sinking under suriace convergence and (b) convergence
upward to supply water for upwelling at surface layer divergences.

Sverdrup (1947) introduced an eastern boundary to the Ekman model:

T T2 east

NOrth /’//' :
& A= 3
ﬁJ i / Northern
Hemisphere
/ /N
\ &
N Y Sy AN /
“ v
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Also the western current may be used to satisfy continunity and mass
conservation. Unfortunately the problem of the transition from low
velocity geostrophic currents to :Lnt:enaé frictional western currents
has not been studied so for the purposes of the model the western

current will be considered discrete and of a size sufficient to satisfy

conservation of mass.

Hough Type Model

“\ A Notice that all transport
Evap. ) Prep g} \\ across the equator is in the
// & ' } western boundary current as
i/ \‘ ‘;'! the geostrophic flow lines at
( @ /i the equator are zonal.
- W/ | |

West :b East

No vertical motion

No vertical motion

No vertical motion

=

d

The Gyre boundaries are the latitudes of no Ekman convergence or where

the geostrophic flow is zonal. The regions of maximum meridional geo-

strophic flow correspond to the latitude of maximum Ekman convergen¢e
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(maximum equartorward geostrophic flow) and divergence (maximuu
polarward geostrophic flow). This model has been produced experimentally
by Von Arx by applying wind stress over a circular rotating basin.

The parameter density has been ignored in the above models., As the
oceans are density stratified it would seen advisable to introduce some
kind of density change into the models. Reid (1948) Stockman (1953) and
Lineykin (1955) have proposed various density models, although Lineykin's
model shows the density changes produced by Ekman pile-up of water and
demonstrates how friction produced changes can be transmitted into normal
barotropic frictionless changes. This partially explains how the main
thermocline develops at depths greater than Z = D derived for wind drift
currents. Partically density differences can te patterned by dividing up
the model into just two layers and prescribe that vertical transport
between the layers be a function of latitudé due to the change In the
corious parameter and area to maintain an overall mass balance. In this
manner the amount of water taken up or given up by each layer is govermed
by geostrophic flow and the western boundary current constructed to monitor
thé flow. Also the vertical trangport between layers will vanish and

the circulation will be governed by conditions with in the layer.

PROBLEMS OF STABILITY

The models studied so far are based on a steady-state pressure system
over the oceans. As a first approximation particularily the Hough-Wind
driven model resembles the mean pressure field at the ocean surface for
the Atlantic Ocean. However, there is a valid question as to the signi-
ficance of the mean picture and the resultant steady state with respect to
reality. For example, the meteorologists believe that steady-state solutions

do not apply to the atmosphere except possibly in the belt of trade winds.

(e
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Elgewhere, large quasi-geostrophic disturbances appear and disappear with
high frequency which obviously have a great effect on the circulation

of the atmosphere by analogy, as both air and water are fluids, thg
circulation of the oceans, except in the regions of the trade winds where
the wind speed and direction is constant relatively, probably can not

be related exactly to steady-state conditions. Stommel (1957) feels
that, in general, the oceans may be represented by an approximation of
gsteady-state conditions because the atmosphere, unlike the oceauns,
essentially is unrestricted by barriers and the only restrictions are lower
boundary roughness produced by the configuration of the land and the

sea surface.

For the oceans, which are much thinner than the atmosphere and
confined in basins, the steady-state approximations of the Sverdru» model
may be realistic, particularly because any high velocity zonal ocean currents
are broken up by meridionally oriented coastlines. This line of reasoning
suggests that the Atlantic and the Indian's circulation may be approxi-
mated by steady-state conditions as these oceans are essentially land
locked. This would be less true for the Pacific, although some 1igland
chains and submarine ridges may approximate the effects of a coastal
barrier. If the circulation of the Pacific is more like that of the atmos-
phere it becomes obvious why the numerous steady-state models proposed for

the Pacific are less successful than are models proposed for the Atlantic.
REFERENCE

Stommel, H., 1957, A survey of ocean current theory: Deep-Sea Research, V. 4.,
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Tig. 46. Map showing annual moan sea-lovol pressuro, according to Josoph
haso (1951, MiS). Prossures are given in the excess of millibars ovor 1000 mb.

From Stommel (1960, p.76-77)
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Fig. 50. A raro cuso of four simultanoous hurricanos ovor tho North Atluniic
(Chaso, 1951, MS).

From Stommel (1960, p.79)
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An approximation of the stress field caused by wind can be obtained from
adding a wind term to the geostrophic equation

P arg -
ftV - «a 3% + a 3z = 0

Let x be in the direction of the surface wind and let Vg = the y component
of the geostrophic wind

9TX

352 - " pf (Vg - V)

integrate from the surface z = 0 to a height z where ™x = 0, so to at the
surface
z

7 = - £ I (Vg-V) dz
o

Assuming the sea surface is isobaric. (Shepard and Omar, 1952)
This method apparently works well in the tropics (Shepard and Omar,
1852) but not'so well in the unsteady westerlies (Shepard and others, 1952).

APPLICATION OF MODEL STUDIES OT THE ANTARCTIC
CIRCUMPOLAR REGION

Returning to the fundamental problem of the correlation of models to
actual circulation patterns, at first glance the Antarctic region is appar-
ently an anomaly. The winds here seemingly swirl about Antarctica with un-
limited fetch and as Munk and Palmen (1951) point out there are no obvious
meridional barriers. Thus the circulation patterns should be strickly zonal
as according to our models an ocean without meridional barriers can't have
meridional transport caused by geostrophic components. This obviously is not

the case as Antarctic waters in various water masses appear at the equator
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ZONAL WINDS - WITH ONE COMPLETE MERIDIONAL BARRIER

Clockwise is to the East

- Line of Ekman convergence and sinking

.Line of geostrophic divergence

~—~ Line of Ekman divergence and upwelling

The southern most gyre around the low pressure system transports about
100 x 105M3/sec and the northern most somewhat less. Realistically the

northern most gyre is interrupted by the protrusion of Africa and Asutralia-
New Zealand Southward.

MODEL WITH REALISTIC PARTIAL BARRIERS
South America

i B
Zealand i‘ é’

Australia
By breaking up the continuous barriek the transport line may become circum

polar and the low pressure center shifts on to the Antarctic continent. Thus
the apparent misfit is not so bad.







