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Progress in Geophysical Fiuid Dynamics
ALLAN R ROBINSON

ARSTRAU]

Robimson, A R 1989, Progress in geophysical Thurd dsnamees. Farth-Scr Rev, 260 191- 214

Geopaysical Muid dvnamics deals with the motans and physics of the atmosphere. oceans and interior of the earth
and other planets: the winds, the swirls, the currents that occur on myriads of scales frem millimeter 1o climatological.
Explanations of natural phenomena. basic procesees and abstractrons are <ought. The rotaton of the earth. the
Bucsancs of its fluids and the tendency towards large-ceale turbulence characterize thew flows But geophysical fluid
dyvnamics is mmportants a pare of modern Tuid duramees wiuch s contnibuting 10 the developmeni of noniinear
mechanics generally. Some general insighis are 2mergmy for nonbmear ssvatemns which must be regarded as parthh
Jdeterministic and partlsy random ar which are comples and aperiodic, Contnibutions from geophvsical [Tuid dynanmies
came from its methodaiogy, from the expernience of exampies. and from the perspective provided by its umque scale,
Contributions have been made to wrhuient, chavue and coherentiy structured nonlinear process research.

Turbulent vortices larger than man himsell natoraily invite detaifed mvestugauon and determinestic phyvsical studies
Lxamples are storms i the atmospitere and large ring vornces spun off by the Gulf Stream current in mid-oczan. The
statsies of these events determine cnbical aspects of the generai airculatons Fluid dynamigsts generally now know
that 1t is often relevant or necessary to swudy local dynamical processes of tvpical eddies even though only the avernge
properhies of the Tow are of interest: progress m understiodimg the wrbuient houndary laver in pipes invelves the
studv of millimeter-seale vortices. Weather-related studies were senunal 1o 1he construction of the new scienuflic Tield
ol ¢haos, Coherent vortices abound of which the Great Red Spot of Jupiter s o spectacular example,

Geophysical Nud dynamicists have been among (orefront researchers in explonting the sieadily increasing speed
and capacity of modern computers. Supercomputers day are powerful enough to allow realisuc simulations of
turbuient and planetary fioms, A sehool of scientists and philosophers regerd such simuolations of computational
physice as representing the Nirst nupor advance o saenofic methodologs in centuries: soentfic enterprise s now
tripartite. with simulatoen on a par with theors and expenmentation. Dat assimilatzon invoelves the continual blending
of vbservational data with dvnamicat model output for the best overall representation of reality. The conceptual model
of nature imphed 15 novel.

The named discipline of geophvsical fhud dvnamies s barely three decides ofd. Scientifically it is an interesting
trme in the history of human development on earth as aspects of the dvnannes of our atmoesphere and oceans become
solved problems. Geophyvsical Muid dvnamucists are ready to deal with interucuve and whole-earth problems. and o
continue to expand the horizons of their science via the opporiunities provided by spuce explaration. Progress s
occurring in understanding climate and climate change processes which involve dynamical coupling of the oceans and
‘the atmosphere and which cause profound hivlogical and econonuc eifects. Applied geophysical fluid dvnamics is
essential for the potential success of the International Geosphere- Biosphere Program which seeks to unite earth
scientists in the next decade in the pussuit of global change research dedicated 1w a mare habulable planet.

INTRODUCTION and potential o live successfully on our

planet. Two scientific themes of general inter-

This review is concerned with the science
of geophysical fluid dynamics, its progress,
status and directions. its place in science gen-
erallv, and its impact on munkind’s abiity

(HZ2-8252 RO "£10.50

est occur. The first is progress in the concep-
tual busis of nonlinear dynamics. The second
is the emergence of computer simulations so
powerful and realistic as to constitute a novel

“ 198G Elsevier Science Publishers B Y
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carth' s atmosphere as reseaied by patterns of
Jowdssas viened from g space-sateliie The
north podar sce cap s visible at the top. North
America i< at the upper right. and Austrabia
at the Jower elt. The many scaies and fea-
teres of micten exhihit structured order hat
absodisorder and turbulence. There s o gen-
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Fig. 1. Circulation and Mow in the Earth’s atmosphere

as revealed by cloud patterns. After fig. 1 in EdSC
(19771. See also Pedlosky (1979). ’

eral zonal banding of fleatures {that is. an
alignment parallel to the equator) most evi-
dent in the cloud band girdling the equator.
but also evident in the mid-latitude Jet Stream
associated with the cold front. waves and
patterns of cvclones and anticvciones seen
“snaking” across the upper haif of the earth.
The Jet Stream is planetary scale. the cvclones
that ride on it are about 2000 km in extent

Fig. 2. Frontal system and cyclone associated with the Jet Stream. After fig. 2 in EdSC (1977).

191

the etongated lronts only about 0 km across.
and 20 km clumps of cumulus clouds torm
the orpamized large comulus groups. Smaller-
wale streamers and wisps are aiso evident To
appreciate further the muititude of scales and
jeatures we shall take two successive zooms 11
on smaller pieces of the atmosphere. Fig. 2
shows clearly the Gulf of California as a
feature of the California-Mexico coastline
with the North Pacific Ocean at the bottom.
Over the continent in the right half of the
fieure is a frontal system and (top of the
picture; a cvclone associated with the Jet
Stream. Fig. 3 zooms to a section of a cold
front covering a region only about 5000 km
on a side. Again order and disorder are ap-
parent. On this scale we can see {lower right)
approximately 20 km wave bands streaming
from the cumulus mass. (These are internal
gravity waves as are the faint steaks across
the image which are waves in high cirrus
clouds as revealed by ice crystals.)

We turn now to the circulation and fiow in
the ocean. There is a conceptual similarity in
the range of scales. Variety of structures and
appearance of order and disorder. and a
dvnamical analogy of sorts between features
such as the oceanic Gulf Stream current and



Frg. 3 Cold front waves and turbulence. After fig 4 in BASC 11977,

the atmospheric Jet Stream. Oceanic feutures
of 10 km or targer in horizental extent tend (o
have a simple vertical structure from sea
surfauce to bottom. Thus sea surface tracers,
which can be viewed bv satellite. are useful
mdicators for deep sea motions. Fig. 4 shows
the same features in the western North
Atlantic as revealed bv two tracers. the color
of the sea surface (on the top) and the tem-
perature of the sea surface (on the bottom).
To interpret these pictures we note firstlv:
that color is due primarnly to the pigment
concentration arising from phyvtoplankton
which are verv small plants {in the
black-and-white version high concentration is
dark and low 1s light): secondly, the tempera-
ture pattern is coded for pictorial representa-
tion (warm is light, cold is dark). The coast
line is the northeastern United States and
Canada: notice the clear shape of Massachu-
setts. Dominant features are the meandering
Gulf Stream (indicated by numeral 3) sep-
arating cold water rich in pigment to the
north from warm, infertile water to the south.
The Stream. only 50 km wide, has 300-km
waves and extends for thousands of kilome-
ters downstream. There are wisps. streamers

and eddies on many smaller scales. Note-
worthy 1s the large circular ring-eddy (numeral
5) of warm infertite water but north of the
Stream. We know that this feature. now a
stable. coherent vortex. snapped off [rom an
intense meander of the Guif Stream in 2
violent turbulent event several months earlier.
Finally we draw attention to the obvious cor-
relation between the physical structures and
the phytoplankton distribution. The phyio-
plankton distribution is representative of the
overall biological productivity of the hife-svs-
tem on all scales (the ecosvsiem) We will
return to this important relationship later.
To conclude the discussion of scales we
exanune the distribution of surfuce lempera-
tures over the globe. Fig. 5 shows the aver-
ages for the months of January (a) and July,
1979 (b). Warmest is dark and coldest is light.
The averages smear many of the features and
eliminate the smailer scales of the instanta-
neous. turbulent “snapshots™ we have seen
previously. The Gull Stream now appears
simply as a warm plume spreading out inte
the North Atlantic. The seasonal cvcle 1s peri-
odic; it 1s an ordered. recurring scale of mo-
tton longer than the turbulent fluctuations
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which hive been averaged out. The overill due 1o ocean circuiation and to air—sea-land
patterns are predomiuant!y zonak, but sub- mmteractons, The glemal serfice wemperature
Stantdl east- west ortented features appear. I oan mpertant chmatic varable relaed

Fig. 4 Circulation and flow in the western North Atlantic Ocean as revealed by surfuce patterns of (a) color
(phvtoplanktony and (b) temperature patieras (NASA. 1984). Provided through the courtesy of the National
Aeronautics and Space Administration. Washinglon, DC.



Cig 2 Glebal surface temperatare in ta) Tanuars and the Juls N ASAL WSS Provided through the courtesy of the
Natonad Acronsuties and Space Admimstration, Washington. [3C,

hiology. agriculture and commerce controlied
by interactions of the planetary fluids. We
wiil return to this theme fater wlso.

The rotauon of the earth. the buovancy of
its fluids, and the tendency towards large-scale
turbulence characterize the flows on our
planet. 1t helps to understand these processes
bv comparnisons with other planets and by
Jaboratory .scale-model experiments. as well
as by direct examination of the phenomena
themselves. We now know, {rom the flv-by of
the Vosager-2 spacecralt in January 1986,
that there are zonally oriented bands of clouds
on the large planet Uranus which is nineteen
times further from the sun than is Earth. The
photographs of these bands are shown in Fig.

6: through aviolet fiiter tupper left), an orange
filter (upper righty and a methane orange
filter thower lefti. The composite. color-en-
hanced image 1s shown in the lower right-hand
corner. The coordinate grid is centered on the
rotational north pole, but the white dot 1s the
point on the planet directly under the sun!
This is remarkablv different than Earth, and
provides insight. Fig. 7 compares Earth.
Juptter. and Uranus. It shows the direction of
cach planets rotation (indicated by the cir-
cular arrow), the orientation of the rotational
axis relative o the beam of incoming sunlight,
and the direction of the general circulauoen or
planctary winds. as revealed by the cloud
band patterns. Earth’s cloud pattern < a
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Fig. 6. Cloud bands on the ptanet Uranus as revealed with a () violet filter. (b1 orange. (<) methane crange and (di a
composite picture, After Ingersoll (1987). Provided through the courtesy of the Jet Propulsion Laboratory, California

lnstituie of Technology. Pasadena. Culifornmia

schematic of our first figure which we know
has predominant zonal features. The zonal
banding relative to the rotational axis and
equator of Jupiter and Uranus is very ap-
parent. The sunlight provides the energv for
the circulation but the striking fact is that the
circulation is refated first and foremost not to
the pattern of energization but to the rota-
tion. This indicates that the inertial force. the

EARTH -

Fig 7 The rotation of the planets and the sense of their general circulation. From Ingersoll {1987y, copyright T
January 1987 by Scienufic American Inc. All nghts reserved.

Coriclis force of planetary rotation is a domu-
nant effect. Before leaving this figure. we note
for later recalt a large coherent vortex. the
Great Red Spot of Jupiter.

The atmospheric general circulation “ma-
chine” is schematized in Fig. & with a com-
parison of Earth (lower) and Mars (upper).
The atmospheres are transparent to sunlight
which is absorbed near the surface. heating
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{(b)

Fig. 8. General airculation schematics for i Mars and
(hy Earth. After Haberle {1986}, copsright © May 1986
by Scientific American. Inc. All nghts reserved. See aiso
Prinn and Fegleyv (1687).

the equatorial regions more than the polar.
Warm air rises and cool air descends in con-
vective cells (Hadlev cells). The Coriolis [orce
deflects the motion and causes zonal winds:
here the strong mud-latitude upper tropo-
spheric Jet Stream is sketched. Instabilities
cause waves, cvclones and anticyclones on the
“Jet Stream. These are storms or weather sys-
tens. Here they are indicated by L and H (or
low and high pressure regions; earlier we saw
real examples revealed in clouds. Dyvnamicists
are interested in differences as weli as similar-
ities. Here it is northern hemispheric winter.
The Earth remains reasonably symmeltric
about the equator but on Mars the southern
hemispheric equator to poleward heat gradi-
ent is too small for the formation of jets and

storms. Ad-lantude orculanon and weather

otems were hirst o modeled oy the Lebors
v the TR Fues 9 plustrates o laboraeer
anddesue of gonad-latitade weather mar b
cm oal Hurd are rotated at X rps abouat the
vertical asis an o tank of 200 om o radius, The

heating of the outer rim. which models an
equatortal latitwde. and the cooling of the
center. which models a polar tattade. drives
the circumferential tazimuthali jet whose in-
tabilities produce the waves and eddies of
weather. We are a stationary observer in the
rotiating svstem. ivoking down on the top at
the {low pattern revealed by alurunium puar-
ticles in a streak photograph. Such expen-
ments are important because thev allow for
conirolled and quantitative studv of rota-
tional and buovancy processes,

Certain  basic flurd processes  occur
throughout geophvsical fluid dvramics and
mamfest themselves m diverse situations and
over a vast scale range. An elegant example is
alforded by Ruanvlergh-Benard convection or
convective overturning due to heating from
below and cooling from ahove, Sometimes
when the coffee cools in vour cup. vou can
observe a convection pattern revealed by the
cream on the surface. Fig. 10 shows an ordered
pattern of convecting hexagons occurring over
a uniformly heated copper plate 1n the
Lthoratary, The view 13 from above and the
pattern ss revealed by aluminium powder. The
upward moving regions appear clear and dark.
as the powder collects in the convergence
zones above the downward moving regions.
The rising and sinking of similar convectivels
overturning cells 1s shown from a sidewayvs
view i the top panel of Fig. 11. Here the
geometry of the laboratory container has
favored convective rolls. with the rolling mo-
ton not changing with the coordinate direc-
ton into the paper. The intensity of heating
has been increased in the middle panel. and
the pattern distorted by rotating the experi-
ment about a vertical axis in the lower panel.
Convection occurs naturally  throughout
planetary and stellar atmospheres. and within
planetary oceans and interiors. The patterns



Fig. 9. Lahoratory model of experiment of mud-latitude atmosphernic airculation. Alter fig. 136 tn Van Dyvke (1982) of
an experiment by D. Fultz. See also Hide and Masor, 1970, By pernnssion of the American Meteorological Society.

(Fultz et al., 1939, Meteorological Maonographs, 3121

of the stratocumulus cloud tops. shown in
Fig. 12, are attributed by meteorologists o
Benard convection. An extensive convective
pattern is revealed by cumulus cloud pufls
Fig. 13. Here we are looking down the Flonda

Peninsula. which is several hundred kilome- -

ters across. from the north. with the North
Atlantic Ocean on the left-and the Gulfl of
Mexico on the right. It is late morning and as
air moves off the cool water over the warm
land and rises, water vapor reveals the rising
motion of an almost regulair convective pat-
tern with about 20 km spacing.

Hot at the time of its formation. the planet
earth has been cooling ever since and the
interior core is still very hot. Thus the mantle.

hetween the core and the crust which is cool-
ing. is heated from below. The mantle con-
vects. This s because it is a plastically defor-
mable sclid. that is. 1t acts like a solid for
short-time scale processes. A schematic is
shown in Fig. 14, We are looking sideways at
a two-tiered model of mantle convection. The
upper and lower mantle both have a cellular
convection pattern {analogous to the sideways
view of the convective rolls seen earlier in
Fig. 11). The upper mantle convection drives
plate tectonics. and plate tectonics is respon-
sible for continental drift. Fig. 15 thus il-
lustrates interior convection as revealed by
the surface pattern of the continents shilting
or drifting in time over the past 54U mullion



Fig. 10 Convection cells in the laboratory as viewed from ahose. After fig. 142 in Van Dyvke (19821 of an experniment
by Koschmieder. From Koschmieder (1974). See also Chandrasekhar (1961).

Fig. 11. A sideways view of convection cells in the laborators. Afier lig. 142 in Van Dyke (1982} of experiments b
Oertel and Kirchartz. From Qertel and Kirchartz (1979).
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Fig. 12. Convection cells revealed by cloud tops. Alter Tig. 7 i EJSC 1977,

vears. Time runs forward down the leflt col- NONLINEAR DYNAMICS: TURBULENCE.
umn and then down the right column. During CHAOS. AND COHERENT STRUCTURES

the first half of the sequence. the “superconti-

nent”™ Pangea was being assembled. and dur- The nature of geophvsical fluid dvnamics.
ing the second half. 1t was broken up until the character of its [lows and phenomena
about 60 million vears ago when the present have been introduced and some processes il-
Earth's surface map became recognizable. lustrated. But geophysical fluid dynamics 13

Fig. 13. Cumulus cloud puffs reveal convection pattern covering over all of Florida. After fig. 19 in EdSC (1977).
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Fig 14 Schematic convection pattzrns within the eartl
R. Siever (pers. commun.. 198R8). See also Peitier 1953,

importantly a part of modern fluud dvnanics
which 1s utself contributing to the develop-
ment of noniinear mechanics generallv. Con-
tributions from geophvsical fluid dyvnamics
come from its methodology. from the experi-
ence of examples. and from the perspective
provided by 1ts umque scale,

There is a vast difference hetween linear
physics mechanics. or dvnamics) and noniin-
ear physics. For the most part. the great tni-
umphs of classical and twentieth century
physics have dealt with linear phenomena.
Linear dynamics involves some direct propor-
tionalities such as response-to-forcing. and
the ability to break down and add together
directly components of a system with relative
ease. These properties underly our ability to
generalize. abstract and conceptualize. Non-
linear physical systems are notoriousty dil-
ficult to deal with: what's happening just now
in the svstem influences its response (that is,
there are nonlinear feedbacks) and even solved
examples provide frustratingly little insiglt
for generalizations. Fluid dynamics is an es-
sentially nonlinear branch of physics. and the
problem of fluid turbulence resisted the at-
tack of some of the same great physical minds

that ¢reated quantum theory. Howeser, we
aprear new to he at o subtie TUTINE poit
dealing st nonimear Hurd phenomeny, Some
seneral Coneepts are emerging wineh aiow
for o hopefulls uselul classification of nonlin-
ear hebaviours: Turbudenr flows are parthy de-
teronumstic and  pardy random. How  and
where in their description should this distine-
ton be made? Chaoric flows are extremels
complicated and never repeat themselves but
are  completely  delerministic. Nonlineur
processes can create order as well as disorder.
Coherent structure flows are verv long-lived
stable vortices. We shall proceed to illustrate
these concepts in turn,

Turbulent voruices larger than man himself
naturally mvite detaded investiganion and de-
termirnistic physical studies. Examples are
storms in the atmosphere and large ring
vortices spun off hy the Gulf Stream current
tn mid-ocean. The staustics of these events
determine critical aspects of the general circu-
lations. Fluid dvnamicisis generally now know
that it 1s often relevant or necessarv to studv
local dynamical processes of tvpical eddies
even though onlv the average properties of
the llow are of interest. Progress in under-
stunding the turbulent boundary iaver in pipes
now involves the study of tvpicai millimeter-
scale vortices.

Let us look [irst at the Gulf Stream jet
evolving and interacting with its field of ring
vortices. I study the detailed local dvnamics
of tlus system with my group at Harvard. and
we have begun to forecast them as the “inter-
nal weather of the sea™. Our dvnamical model
is nitialized with real ocean data, including
suteflite-observed sea surface temperature,
which is shown for 2 March 1988 in Fig. 16.
This is similar to Fig. 4 which showed the
meandering stream and ring, but more typical
a situation in that clouds cover most of the
region. Useful information exists only in the
weslern region. Note the humped shape just
as the stream disappears behind the ciouds.
This shape is replicated on the upper panel of
Fig. 17 at 38°N latitude between 70° and
72°W longitude. The maps show the coast-
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Fig. 15. The drift of the continents (Ziegler and Scolese). After Siever (1983), copyright ™ September 1983 by Scientilic

American, Inc. All rights reserved.
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Fig. 17. Gulf Stream jet and ring vortex. evolutions and interactions,

etc.. Generally. it is 1o be avoided. The ques-
tion is, what causes the onset of turbulence?
The organized flow on the right side of the
picture actually consists of three types of
features: a shear flow, waves (with wavefronts
running from top to bottom) and “stream-
wise vortices” lying from right to left spiral-
ling in the direction of the mean flow. The

or_an MIOST

g MAR 1988
2_9 March. 1988 (Rotinson and Glenn. 1988)

local dvnamics of a “‘typical streamwise
vortex” is just now known to hold the key to
the puzzle of the onset ol turbulence. Similar
vortices are sketched schematically on Fig.
20. Note the shear flow profile: the turbulent
patch in this mstance would occur down-
stream or in the upper right corner. These
voruices lie along the flow (in the x-direcuon)



Fig. 19. Laminar shear waves leading to turbulence in a laboratory shear flow experiment. viewed from above {Sun

and Abernathy, 1988).

phase space orbit and the top is a time series
for one of the two variabies involved (the
horizontal or x-axis is time}. The first svstem
1s dissipative: a constant value is approached
in time and the system spirals into a point in

Fig. 20. Schematic of the typical streamwise vortices.
After fig. 2 in Sweaningen and Blackwelder (1987).
Reprinted with the permission of Cambridge University
Press.

phase space. The second svstem is simply
periodic: one simple oscillation of the time
series corresponds to once around the loop in
phase space. and the svstem loops around
forever. The third is muitiply periodic but
also loops around the same path forever. The
last svstem is chaotic: it never repeats but
occasionaly jumps from loop to loop. or from
one butterflv wing to the other. Actually. the
orbit never touches itself again in three di-
mensions; 1t only appears to do so hecause of
the two-dimensional projection. We see this
in Fig. 27. The time series for one coordinate
1s repeated in the upper left corner. The up-
per right shows the orbit starting from a point
and advancing in time. and the attractor itself
is sketched in three dimensions. The relation-
ship ol these results to real weather phenom-
ena: raises interesting scientific and philo-
sophical guestions. Although deterministic,
the chaotic system never repeats, jumps from
wing to wing and can ebb sensitive to initial
conditions. These characteristics relae to the
important concept of a “limit of predictabil-
ity” for the real atmosphere. Simply stated.
all initial states contain small errors on scales
smaller than the sampiing grid. Nonlinear
interactions in time inevitably transfer these



Frg. 21, Generaton of streamwise vortices by shear waves in a laminar shear flow viewed with a strobe (Sun and

Abernathy. 198%)

errors inilo the larger scales of interest and
thev gain energv. This happens in about two
weeks for practical numerical weather predic-
tion schemes and associated observational
networks.

The nature of coherent structures and the
research devoted to their study is exempiifted
bv the Great Red Spot of Jupiter. This is seen
on an actual photo from a spacecraft in Fig.

28a. The huge spot which i1s ! /3 the radius of
the planet and known to exist for three
hundred vears looks red bhecause it organmizes
the chemical compositian of clouds locailv. It
1S an anticvclonic spinnmg vortex in an anti-
cyclonie planetary wind-shear zone which is
part of Jupiter’s general circulation. Fig. 28b
is a modern laboratory rotating tank experi-
ment. A large single stable vortex exists with

Fig. 22. The onset of turbulence caused by streamwise vortices as viewed with a strobe {Suri and Abernathy. 1988}
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Fig. 23. The structure of a turbulent boundary laver. viewed from abeve. Turbulence. on the left. 15 generated by shear
waves and sireamwise vortices on the right 1Sun and Abernathy, 19885

the same relationship to the shear of the
circulation in the jet in the tank. as the spot
has to the planetary jet. Fluid pumped ra-
dially at the rim of the 30 cm rotating an-
nuius created a jet which became unstable to
five vortices which subsequentlyv merged into
the single coherent structure. It is interesting
to remark that the laboratory experiment be-
lieved to relate to the nonlinear process which
holds the Spet together was designed on the
basis of a series of computer numerical ex-

Fig. 24. Structure of the turbulent boundary laver viewed
from the side. Alter fig. 162 in Van Dvke (1981) of an
experiment by R.E. Falco.

periments. themselves designed to study Spot
dvnamics. One such computer expeniment is
shown in Fig. 29. The time sequence of vortic-
ity pictures advances from' left 1o right and
from top to bhottom. What is depicted and
coded bv shading is the vorticity of spots
relative to the vorticity of the background
numerical tet shear. Two large spots are pres-
ent initiallv. The darkest spot. surrounded by
light grav. has the same vorticity as the jet.
and the large medium dark spot 1s opposite
signed vorticity, The medium spot streaks out
llaments and fragments. but the red spot
remains a stable vortex. a coherent structure
for the duration of the experiment. A vortic-
ity mechanism has been mentioned in the
presentation of these laboratory and simula-
tion process studies, but the basic message s
simpler: nonlinear processes can in a range of
important instances prevent dispersion and
maintain isolated stable structures for very
long times.

SIMULATION: A NOVEL SCIENTIFIC METHOD-
OLOGY

Computer experiments. or simulations. are
playving a crucial role in the investigation of
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Fig 23. The Lorenz attractor in phase space. After Glewck (19871 See also Lorenz ¢1963) and Thompson and Stewart

{1984

turbulence. chaos. and coherent structures.
Geophvsical [luid dvnamicists have in lact
been among forefront researchers in exploil-
ing the steadily increasing speed and capacity
of modern computers. Supercomputers today
are powerful enough to allow reahstic simula-
ticns of turbulent and planetaryv flows. A
school of scientists and philosophers regard
such simulations of computational physics as
representing the [irst major advance in scien-
tific methodotogy in centuries: scienti{ic en-

terprise is now tripartite, with simulation on a
par with theory and experimentation.
Ocean-circuiation modelling exemplilies a
subfieid of geophysical fluid dvnarmies which
needs the full power of todav's ard tomor-
row’s supercomputers and is fully reads 1o
exploit their full power scientificallv. The first
numerical oceun models were run in the 1960's
on computers one thousand times slower than
today. What are the real requirements? Plane-
tarv-scale computations are required for

{a) {b)

(c) (d)

Fig. 26. Time senies (top) and associated phase space orhils for (a) dissipative, (b) simply periodic. (¢) muluply
periodic and (d) chaouc systems. After Gieick (1987} Reprinted by the kind permussion of John Wiiev and Sons, Lid.
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Fig. 27. The attractor in three dimensional phase space.
After Gleick (1987). Reprinted by he kind pernussion
of John Wilev & Sons. Lid.

(2

thousands of model vears because of deep
crreulation turneser ames and chimase re-
search But the ovprcal vortex whiose Tocal
dynaomiees s eriicat Bas aradivs o areund o
Lo and other natural vananiites occur. Res-
olutton requirements for a computational grid
are 10 hm honizentaily, 100 m verticails, and
a time step of less than an hour. This in turn
requires hundreds or thousands of hours on
todav's supercomputers—for a single sunula-
ton experiment. But the nature of simulation
research requires a matrix of related experi-
nents (o discover parametric dependencies
and sensitivities o reveal processes. As ul-
wavs. ingenuity is required to exploit research
resources, Here the answer is o ferarchy of
muttiscale models. Fig. 30 is a model of the
Gulfl Stream region extending from 257 to
S0°N latitude and 40° to 80° W longitude.
The resolution 15 14 km. It 1 similar o the
model of Fig. 17 used fer detailed local dv-
namical studies. Note the very thin Gulf
Stream jet and well deflined ring. The next
scale shown is a North Atlantic Basin modei
in Fig. 31 which extends {from 13°S 10 65°N
latitude and 14°E to 100° W longitude. The
35 km resolution just resolves ocean eddies.
but not so finely and accurately. Sea surface
temperature is shown (dark 1s cold and light
is warm). Note the narrow Gulf Stream feav-

(b

Fig. 28, The Great Red Spot of Jupiter. (a) photographed from a spacecraft and (b) a related laboratory experimental
stable vortex. After fig. 1in Ingersoll. 1988, (b from Sommeria et al. (1988). Reprinted by permission from Nature.

331, copvright < 1988, MacMillan Magazines Lud.
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Fig. 29, A computer simulation of stable voruces. Alter Gleick {1987} from Marcus (198R8),

ing the coast of North America. dispersing
into the Northeastern Atlantic and warnung
the European coast with relatively warm
“white” water. Fig. 32 shows the sea surface
temperature from a global ocean model with
100 km resctution which no longer resolves
the eddies. The generally zonal pattern of the
observations of Fig. 5 is apparent. The Gulf
Stream heat transport effect is more diffuse
but present: note its counterpart by the
Kuroshiu current which starts off Japan.
Computer ocean models play a powerful role
scientifically and also in the application of
knowledge of currents and circulation to
practical problems such as marine operations
and planetary environmental management.
The complexity of nonhnear flows and the
difficulty of acquiring data on planetary scales

also naturally invokes ingenutty in estimating
fields of interest. Dara assimilanion involves
the continual biending of observational data
with dvnamical moedel output for the best
overill representation of reality, The concep-
tunl model of nature implied is novel.

INTERACTIVE PLANETARY RESEARCH: TO-
WARDS A WHOLE FARTH SYSTEM MODEL

Progress in geophvsical fluid dynamics has
advanced our knowledge of planetary
processes and 1s allowing feasibie research on
interactive problems. such as the couplirg
between the atmosphere and the ocean and
between the fluid earth and the biosphere (the
complex terrestrial and marine ecosvsiems).
Alr-sed interactions control major aspects of
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Fig 30. Simulated sea surface temperature from a Gull Stream Ocean model. After fig. 3 from Huoliand and

McWilliums, 1987

o

climate and the dvnamics of climate change.
The seasonal cvcle is regarded as climate it-
self. Fig. 33 compares a modei ol the global
surface temperature difference (August-
February) (Fig. 33a) to observations. The

model is a sophisticated atmospheric general
circulation model to a simple ocean model.
The patterns compare well. more sophisti-
cated sets of coupled models are currently
being researched. Year-to-vear changes or

Fig. 31. Simulated sea surface temperature with a North Attantic Ocean model. After fig. 2 from Holland and
McWilliams. 1987,
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Fig. 32. Simulated sea surface temperature with a Global Ocean model. After fig. 1 from Helland and McWiiliams.

1987,

anomaiies in the seasonal cvele oceur. The Ei
Nine, Southern Oscillation  phenomena -
velves a dynamical coupling of the tropicol
ocean with the global atimuosphere with
aperiodit events causing profound biological
and economic elfects. For example. the
1982-83 El Ninho caused severe floods or
droughts in 12 countries. thousands of deaths
and billions of doliars of damage. The richest
anchovyv fishery in the world. the Peruvian,
dropped from 12 milliens to less than 1 mil-
lion metric tons. It is called El Nifo (the
Chnist child) because the excessive warming
of the waters off Peru occurs near Christmas.
The process is schematized in Fig. 34, The
normal situation is shown at top. Trade winds
blow across the equatorial Pacific Ocean. Air
rises and rain falls in the west. The thermo-
cline. or boundary between cold and warm
ocean water. rises to the east and cold water
upweils off Peru. In an E! Nifho situation
{bottom), the trade winds have reversed. air
rises and rain falls in the east. The ocean
surface has warmed, due to a lowering of sea
level in the west and a plunging down of the
thermocline off the Peruvian coast, so that
warm water no¥ upwetls. These are the
processes but we do not yet know what the
essential nonlinear feedback mechanisms are.
For example. do sea surface temperature
changes essentially precede or follow wind

changes? We do know that there are extensive
effects in both the acean and the sumosphere.
Fig. 35 shows the anomalous sea surface tem-
perature induced at mud-latitude off Cali-
formia in January 1983 (b) compared to an
ordinary January 1982 (a). Clouds are whilte,
dark is warm, cold is lighter. In the Santa
Barbara channel entrance more than a 2°C
change occurs and similar anomalies extend
over large regions. Sea level was up by 20 cm
along the entre coast. flooding occurred.
anchovies disappeared and there was an inva-
sion of red crabs. The global atmospheric
response 18 shown in Fig. 36. Skeiched are
atmospheric pressure anomalies at sea level
(Fig. 36b) and in the upper troposphere (Fig.
36a). There are high. polar effects. (The
shaded region indicates enhanced rainfall and
the arrows are anomalous surface winds.)
Research of the 1990's and the 21st century
wiil involve the whole Earth system, with the
fluid earth plaving a critical role. Whole Earth
svstem research i1s being considered now in
order to describe, understand. simulate and
predict on time scales ol decades to centures,
A schematic ol the whole Earth system is
shown in Fig. 37. Winds, clouds. currents and
sea-floor spreading are present. but aiso pres-
ent are ice caps. atmospheric chemical
processes. terrestrial photosynthesis. and the
influence of human activity. The research
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Earth svstem. Understanding
man welfare and [or the inte
ment of influential human act

The named discipline of g
dvnuamics is barely three deu:
tifically it is an interesting tin
of human development on eat
the dynamics of our atmospt
become solved problems. G
dvnamicists are ready to deal
and whole Earth problems, an
expand the horizons of their
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physical fluid dynamics is ¢
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Fig. 33. Seasonal global surface temperature differences from (a) a giobal gent
observations. Aflter fig. 7 from Manabe et al., 1979,

frontier today makes feasable for the first the biological Earth
time the coupling of the fluid Earth shown in by the biogeochemi
Fig. 38 as the physical climate system. with movernent ol chen



Fig. 35. Sea surface temperature off California in (a) a typical Januars 11982y and (hy an El Nifo induced anomalous
January (19831 (NASA. 1984}, Provided through the courtesy of the Nauonal Aeronautics and Space Administranon.
Washington, DC,

(a) )

Fig. 36. Global atmospheric pressure patterns related 1o EI Nifo tas in the upper troposphere and (b) at the surface.
After fig. 4 in Rastnusson (1984,
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Fig. 37. Schematic of the whole Earth's system (Earth Svstem Science Commutiee. NASA. Washington. DC. 19861, See
also Malone and Roederer (1985}
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Fig. 38. Fiuid and bivlogical Earth processes {Euarth Svstem Science Commutice, NASA. Washington. DC. 1986). See
also IGBP (1987).
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