Net lessons for temperature/salinity equations
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» At any one place (d/dt), the change in temperature is due to 1)
advection (movement) of water when there is a temperature gradient,
2) diffusion to/from your cooler/warmer neighbors, and 3) sources/
sinks (solar heating, etc)

- If you are following along with a water parcel (D/DT) the advection

term is gone, and only diffusion and sources/sinks change your
temperature.



Momentum equation: total
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) within the ocean, tends to act
T o8 gradually, sometimes ignored for
2 some problems. But the surface/
S bottom stress versions are not!!



Global patterns of turbulence

Average Diffusivity 250-500m [m?s~]

180° -150" -120°

The strength of small-scale turbulence varies by a factor of 1000!
It has systematic patterns related to physical processes we are
starting to understand

Whalen, Talley and MacKinnon, 2012
Whalen, MacKinnon, Talley, Waterhouse 2015



Convolving patterns
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VWaves




Direction of wave motion

Still water Crest Trough
level
Frequency: Number of wave Orbital path of
crests passing point A iIndividual water
or point B each second molecule at water
Period: Time required for surtace

wave crest at point
A to reach point B

© Cengage Learning 2013

Figure 10-2 p299



To first order, waves carry INFORMATION, not water itself.

(2 " (2
A & ~

http://faculty.gvsu.edu/videticp/waves.htm



Speeds

Particle Speed: speed an individual blob of
water moves

Phase speed: the speed the crests move
(information)

“Shallow Water Waves” (wavelength long compared to ocean depth)

g=gravity=9.8m2/s

C — \/gH H= ocean depth

“Deep Water Waves” (wavelength short compared to ocean depth)

g)\ A =wavelength

C = (] —
27T



What happens when wind blows on the ocean surface?

Capillary wave is one in which restoring
force is surface tension, not gravity.

Sea surface

L—— Maximum wavelength ——
NS emi(Oi68 )

© Cengage Learning 2010

a Wind forces acting on a capillary wave. A capillary
wave interrupts the smooth sea surface, deflecting
surface wind upward, slowing it, and causing some
of the wind'’s energy to be transferred into the water
to drive the capillary wave crest forward (point 1).
The wind may eddy briefly downwind of the tiny
crest, creating a slight partial vacuum there
(—). Atmospheric pressure (+) pushes the
trailing crest forward (downwind)
toward the trough (point 2),
adding still more
energy to the
water surface.

Tom Garrison

Figure 10-9a p305



Capillary -
waves

b Capillary waves become gravity waves as their wavelength
exceeds 1.74 centimeters. These wind-induced gravity waves
(wind waves) continue to grow as long as the wind above
them exceeds their speed.

Tom Garrison

| (e‘figure 10.10 |

Gravity waves

Steepness: H/L > 1/7

© Cengage Learning 2010

Figure 10-9b p305



Different types of waves

Table 10.1 Disturbing Forces, Wavelength, and Restoring Forces for Ocean Waves

Wave Type

Disturbing Force

Restoring Force

Typical Wavelength

Capillary wave

Usually wind

Cohesion of water

Upto 1.72 cm (0.68 in.)

molecules
Wind wave Wind over ocean Gravity 60-150 m (200-500 ft)
Seiche Change in atmospheric pressure, Gravity Large, variable; a function
storm surge, tsunami of ocean basin size
Seismic sea Faulting of seafloor, volcanic Gravity 200 km (125 mi)
wave (tsunami) eruption, landslide
Tide Gravitational attraction, rotation Gravity Half Earth’s circumference

of Earth

© Cengage Learning 2010

Table 10-1 p300



Wind Waves created by

* strong wind

* blowing for a long time (duration)
* over a large distance (fetch)

waves and wind
maximum

As waves develop, they offer more surface area for the wind to
press against (wind stress). Depending on both fetch and time, the
size of the waves increases quadratically to a maximum. The
energy imparted to the sea increase swith the fourth power of the
wind speed! As waves develop, they become more rounded and
longer and they travelfaster. Their maximum size isreachedwhen

they travel almost as fast as the wind. ABD knot storm lasting for
10 hours makes 15m high waves in openwater.




ispersion
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Complications |

why do the waves arriving at shore

appear to be so uniform!?

Q

Geographic
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water particle circulation

Figure 10-11 p306



Speeds

Particle Speed: speed an individual blob of
water moves

Phase speed: the speed the crests move
(information)

“Shallow Water Waves” (wavelength long compared to ocean depth)

g=gravity=9.8m2/s

C — \/gH H= ocean depth

“Deep Water Waves” (wavelength short compared to ocean depth)

g)\ A =wavelength

C = (] —
27T
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Initialized: 12ZMon13NQOY2017 OOhr HlndCGSt Foreacast Date: 12ZMon13NOVZ(G17

WaveWatch Il — Significant Wave Height (ft) Cepyright 2017 Stermsurf
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Stormsurf.com

http://www.stormsurfing.com/cgi/display.cgi?a=spac_wind



Complications 2: Constructive and destructive interference between
waves of different wavelengths/frequencies leads to wave GROUPS

a Two overlapping waves of different wavelength are
shown, one in blue and one in red. Note that the
wave shown in blue has a slightly longer wavelength.

| U —d e e —) g
Constructive Destructive Constructive =
interference interference interference k

(addition) (subtraction) (addition) ;:’
3
©

The red dot moves with the phase
velocity, and the green dots
propagate with the group velocity.

http://en.wikipedia.org/wiki/Dispersion_(water_waves)

Figure 10-15a p311



Complications 3: Stokes drift
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Stokes Dirrift

wave phase 1t/ T=

No mass
— transport

Closed orbit
after one period

0.000

http://en.wikipedia.org/wiki/Stokes_drift

Open orbit
after one period

| S

transport)

© Cengage Learning 2010

Figure 10-4 p299
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Refraction

“Shallow Water Waves” (wavelength long compared to ocean depth)

g=gravity=9.8mz2/s

C — \/gH H= ocean depth

Direction /

of progress

/ Fen ! =
- " " H L
Waves begin to “feel bottom" here, water depth is 5. E

- !
Bottom contours

E—

Shoreline

a Diagram showing the elements that produce refraction. b Wave refraction around Maili Point, O'ahu, Hawai'i. Note how the wave crests

bend almost 90° as they move around the point.

Figure 10-19 p314



What happens when waves get to shore?

wavelength

No perceptible
motion due to
waves down
here

Particle speed exceeds wave speed, waves break

© Cengage Learning 2013

Figure 10-6 p302



The Coastal Data Information Program: creating wave prediction
models by integrating data from a network of wave measuring buoys

The Coastal Data Information Program EZTe
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Surfing surface gravity waves

Nick E. Pizzof

Scripps Institution of Oceanography, University of California, San Diego, La Jolla,
CA 92093-0213, USA

(Received 23 November 2016; revised 21 April 2017; accepted 9 May 2017;
first published online 16 June 2017)

A simple criterion for water particles to surf an underlying surface gravity wave is
presented. It is found that particles travelling near the phase speed of the wave, in a
geometrically confined region on the forward face of the crest, increase in speed. The
criterion i1s derived using the equation of John (Commun. Pure Appl. Maths, vol. 6,
1953, pp. 497-503) for the motion of a zero-stress free surface under the action
of gravity. As an example, a breaking water wave is theoretically and numerically

examined. Implications for upper-ocean processes, for both shallow- and deep-water
waves, are discussed.

Key words: air/sea interactions, surface gravity waves, wave breaking






Tsunamis

® ® @ ®

Water rises, Wave not Wave rises Waves surge
then falls visible in in shallow ashore and
open sea water withdraw

Motion on fault

N
- \ Slow

distortion

Locked

Between earthquakes

Earthquake lifts ocean,
starts tsunami

Stuck area

ruptures, releasing
energy in an earthquake

During an earthquake

From HYNDMAN/HYNDMAN. Natural Hazards and Disasters, 1E. © 2006 Brooks/Cole, a part of Cengage Learning, Inc.
Reproduced by permission. www.cengage.com/permissions.

Figure 10-28 p321



Are tsunami,. “deep” water waves?

Shallow water waves are FAST!

g =98 mis2 * ¢ ~ 200 m/s ~ 450 mph!
H = 4000 m

“Shallow Water Waves” (wavelength long compared to ocean depth)

g=gravity=9.8m2/s

C — \/gH H= ocean depth

“Deep Water Waves” (wavelength short compared to ocean depth)

g)\ A =wavelength

C = (] —
27T



Tsunamis!

https://www.youtube.com/watch?v=tUN_UTYOGNo



2 tidal
bulges

Centrifugal
Force

Gravity



1226 (about noon),
Island

exposed

1838 0613
(6:38 P.M.) (6:13 AM.)
Island Island
submerged

submerged

Inertia

Gravity
bulge

bulge

0000 (midnight),
Island high
and dry

a How Earth'’s rotation beneath the tidal bulges produces high and low tides.
As Earth turns eastward, places on its surface move into and out of tidal

bulges. The tidal cycle is 24 hours 50 minutes long because the moon rises
50 minutes later each day (see Figure 11.8).

High tide
Average /\
sea level \
Low tide 8
I T T §
0000 0613 1226 1838 —é,
Time of day 3
©

b Graph of the tides at the island in (a).

Figure 11-7 p335



Why are there diurnal (1/day) tides?

Island partly North Island submerged
submerged Pole (higher high tide)

(lower high
tide)

Equator

© Cengage Learning 2013



Why isn’t the tide every |2 hours!?

9 .0 -0

03010

t=24h t=24h50’



Lunar tide Solar tide

O_ _____ & ) f--—--- —0 —————————————————————— sun a Atthe new and full moons,

Full New the solar and lunar tides
moon maoon reinforce each other,
Spring tides making spring tides the
highest high and lowest
low tides.
Lunar tide
Earth
HFRE Sun b Atthe first- and third-
quarter moons, the sun,
Earth, and moon form a
right angle, creating neap %
tides, the lowest high and g
the highest low tides. %
Third-quarter moon 2
Neap tides o

Figure 11-11 p337



Can the tide “keep up” with the forcing! (no)

|) Pesky continents in the way

2) Even without that, there are wave speed issues.

“Shallow Water Wave speed ” (wavelength long compared to ocean depth)

o g=gravity=9.8m2/s
C = \/gH 200 m/s H= ocean depth

How does this compare to speed with which earth’s rotation sweeps you past
the tidal “bumps”?

~ 400 m/s

Conclusion? Can’t keep up, tidal patterns are not so simple...



Fallin r & . Risin A
foig, ol Eg';'”g ide N
¢ Unable to continue turning to
the right because of the inter- High
ference of the shore, the crest tide
moves northward, following the
High shoreline and causing a high tide
tide on the basin’s northern shore.
d The wave continues its N" b The wave trends to the right because
progress around the basin = of the Coriolis effect, causing a high
in a counterclockwise tide on the basin’s eastern shore.
direction, forming a high
tide on the western shore ,
and completing the circuit. AP
The point around which — Tidal crest enters basin,
the crest moves is an trends toward right side
amphidromic point (AP). (in Northern Hemisphere)
due to Coriolis effect. o
a Atide wave crest enters an ocean %
basin in the Northern Hemisphere. o

Figure 11-14 p341
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Waves




® Continuous
stratification allows
a range of wave
modes

® Higher modes
propagate in all
directions

® Phase speed
orthogonal to
group speed



Internal waves generated by tidal flow over topography

Internal Tide: An internal wave

Internal with a tidal frequency, usually

wave once 1n 12.4 hours = M2
response

Depth [km]

turbulent
response

22 23

21
(J. Nash) Latitude [deg]

At UCSD, we see internal tides
propagating onshore from the edge of
the continental shelf



Temperature Time-Series from SI0O Pier

—
o

Tides beneath the surface

data and analysis courtesy of E.Terrill, SIO
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Simple interfacial internal wave

Barotropic Wave

27 /k = one wavelength

A( >
. Ul
H, = |
/
X T —1h
Hs 7 | Us
\4

Baroclinic Wave

after Gill,
Atmosphere-Ocean Dynamics

h = —hgcos(kx — wt)

h
U; = Iﬁlicos(kx — wt)
h
U, = —fhicos(kx — wt)
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Long-distance internal waves

INTERNAL TIDES ESTIMATED Lo = : Tidal beams from
FROM SATELLITE , - = the Hawaiian

ALTIMETRY " 7 & Aleutian
' ridges

e AN A (O A
« i /’//’/ . ‘ \J\\‘._“ »

Hawaiian—Emperor seamount chain

Altimetry data providedby Z.Zhao
Animation design and ereatiom: M:Alford and Center for Environmental Visualization (CEV)

[Zhao and Alford]
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Quantifying turbulence:

?anyon STOLEASES Turbulent dissipation rate: Buoyancy Flux:

€ |W/kg] Jp = 0.2¢

Associated ‘eddy’ diffusivity:




breaking internal waves
/ ] /
é downward MR

heat RN
diffustion (K) EE=
Theat convergence
upwelling
internal tide

~1TW
vortex strecthing

Stommel and Aarons

Low Latitudes High Latitudes

® Determines large scale vertical transport of heat, C02, nutrients,
etc.

® Drives meridional overturning circulation by creating potential
energy.

Low Latitudes High Latitudes



