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NEWS FEATURE

Order out of chaos

Can the behaviour of complex systems from cells to planetary climates be explained by the idea
that they're driven to produce the maximum amount of disorder? John Whitfield investigates.

climiaalogists and computer models was

beginning b ossom. By breaking dewn

the atminsphere and ncean into ever
smaller interacting chunks in simulations,
researchers found that they could minic the
hehavicwr of the global clinate with reason-
alvbe suiccess, Bt for Garth Paltridge, a clirate
scientist at the University of Tasneans in
Holbart, Australia, these general carculation
miodels {GONs) wiere corming at the problem
Irom the wrong direction. *1 lelt it was like try-
ing to describe the hehaviour of a gas by fol
kawing the path of every molecule,” he savs.

Instead, Paltridge decided to ook fora sim-
ple. general principle that might explain the
clirmate az a whole — similar to the plysical
laws that predict the hebaviour of a gas as the
average state of its eountless molecules. He
Incused on the comeeptod entropy, 2 measure
of the disorder in a system created as it does
wark, His idea that the dimate maximizes its
entropy prosiuction’ stirred a flurey of inferest
ar the time. But it did liethe to balt the GEM
handwagen. And in time, even Paltodge
stopped working an it
Mrow b 1 hack o the case T the past con-

ple ol vears, Paltridge’s bypathesis of maxi-
mum entropy production {MEP) has been
given a new theoretical underpinning, And
although it's carly days, researchersare e
ing thecnncept as an explanation of the bebav-
oy of comples spstems, from the climate by
cells, organisms, eeosystenss and economies’.
Entropy eould even explain how linked com-
plex svitems interact, which could patentially
lend ﬁ:uilinucy 0 the contentiows theery af
Gain — the idea that living things act topether
w regulate Farth's climate to keep conditions
tavnuirabile for life,

I n thse mid - 197708, thse howe affair hetween

Cycla of violance

Paltridges original mode] was very simple
aplirtareg Earth into ten regiond, it used onlya
lew parameters, such as the srength of salar
energy and Earths meflectvity. More solar
energy falls on the equatorial region than on
the poles, and aur weather results from the
redustribwition of this energy, through winds,
cunrrents and water vapour Paltridge found that
if e praxivnized the rate at which the atros-
phereand oceans dissipated energy, his ruode
warld generated emperatures and diowd eover
very samilar to thase seen for real. Our climate,
]lcaltlm,cnm:mr}wrihmixnxlmlunlu
passible, given the amoant of crergy avmilable

Whigpping up a sterm: our clmate apts For the mostalebent weather It can, glven the energy avallable.

PR

The problem was that there was no clear
thenretical justification for why this should
b s The second law of thermadymamics
states that & elosed spsten will arvive at a stare
of maxinum entropy, but it savs nothing
abount bavat quichly st will gee there, or aboat
hws much entrapy a systern such as the cli-
matee, which expericnces a constant and mas-
sive input of encrpy, will produce. Over the

vears, Paliridge and a bew others tried in find
a theory for MER and faled. Perhaps the
resembilance hetween our dimateand a systern
muned b generate maximum disorder was
st eharsee

Bunt the discovery that MEP could apply 1
atmnaspheres besides Barths made it seem
leses el a enincidence. In 2001, Ralph Lorenz,a
planctary scientistat the University of Arimona
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Enow hope: lapanese researchers are useg a
model avalanche of styrene beads (inzat) tosee
it entropy theory can describe the real thing.

in Tuesan, was trying Lo modd the dlimate on
Samirm’s moon Titan, Titan is smaller than
Farth, has a thicker armw ere, and furns
e shvhy. This ought to mean that hear
moves quickly through its atmosphere,
roaking polar and cquatorial dlivares very
sarmilar, Yo Titars equakne is 4 "Cowarmer than
it poles. by when Lorenz applied an MEP
e could b produce the right iermperanire
difference’. The same approach alse
accurate predictions of the winds and
dicxide froms on Mars, which has a much
thinner atmasphere than Farth and whose
weather had similarby stumped comventional
climate madels,

NIEP s meot the same as maxinzing the rate
of heat transport. A systens entropy produc-
tion depends on it energy ingut, and —
crucially — on the emperature difference
between itsinteracting parts. Very rapad heat
trarsspart wintld bevel aut the terperature gra-
dient hetween Titan's equater and poles, and
50 recuce the amount of worl that its atmos
phere could di, as it a ball were rolling dowty
dowm a very gentle shape. Very slow heat trans-
port woald create a large terperature gradi-
ent, but the svstern would be close
ecouilibrivn, 2nd Linde woek would be done —
Iakez a ball trying e roll dowrs a steep bt sticky
dope. MEP needs o climate somewhere
between these o extremes. Lovenz becane

anentrogny erthisiast. *1 was evangelical shoat
it — it prsacde o much inbringe sense” be cays.
B srill thee thevwetseal proliben renveined,
The hreabthroog b camme in 2003, when Rod-
erick Dewar, a theoretscal phasicast urmed
ecasystem mideller working lor INRA, the
French agricultural research agency, in Bor
deanrx, turned to information theory — a
branch of rathematics dealing with comm-
nication and uncertainty. Thermodymamics
can be expressed in terms of information
theary: in the 19506, it had been slewon that
the entrapy of a systen nequilibriae, such as
asealed eontainer of gas, can be refoenmulared

a2 measure of missing information.

‘Dut of arder

Diewar extended the theory 9 non-equilib
rinn systens — such a5 the planetary dimates
e led by Paleridge and Lorenz Inessence,
b shwwed that what is troe for a small con-
taarer of gas molecules, with noenergy inpat,
shiould also agply if gou pat an astronomical
nuznher of gas and water molecules into an
atmasphere-sized container and heat ther up.

Dwar's thevry cys that fora large, complex
ayaner, the snate of MEP is the mast probalide
sum of its mecrscopic parts™. One need
knenw omly the constraines that influence the
behaviour of the whole systern, and nothing
abewt the secthing comiplexity of all its con
stituent parts hecavse, at the large scale, all the
difterent microscopic arranpements ook the
e, “What we sec st the macmsoopes scale is
the myver prohabde behaviour, becanse g can be
realized in the greatest number of ways miceo-
serprically] Dewar says

Bair the theenry comes with strings attached.
First, the system must alao e free 1o choaose
letwicen different states. Far the climate this
shonld be no pralden: it has mvriad possilile
configurations, from the Incal changeahility of
wind and clowds, b switches hetween ice ages
ard interglacial periods. But the theory also
applies anby to systems in a steady state: that is,
encangh energy st be passing theough to pre-
serve brge-seale structure, but not somuels, or
sy lattle, that thas stractare i disrupted. Forthe
climate, this might not abways be the case
a woirld that was ratating very rapidly; had a
very thin stmwsphere; which was in a gheiated,
‘snawchall’ state; or which was experiencing
stromng man-made climate change, might be
preverited froam settling into MEP

These constraints may limit the: utility of
MEP for climate moddling, Although the cli-
e praghit [ in o steady stane on a planetary
scathe, and ower lomg tive-Frames, other seaks
things ane ahways changing. What's more, ice,
chowls and the acean ab different dipths and
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larimides respond to the same forces at vasthy
differerit rates, “Tr's pot just the end resulttlars
rapoetant, its bow you get there” savs Kevin
Trenberth of the Matienal Center for Atmas-
prleric Research in Boulder, Colorada.

Lowenz agpees that ¥IEP is unlikely 10 revo-
[utiomize the way we mode the climate — but
hn.'hdi«r\mrhu)cLamlldﬂmh-lMtngnug-
the trustworthiness of GCMS, 1 a miecdels ot
put is very far from MER, it should thrme up a
wearming flag, he suppests. Where MEP theory
will be meost useful, he adds, is a5 a means
of getting  broad -hrush pectare of dimates
about wibiich we s viery linthe, such as those
of extrasolar planets, or in Barthis distant has-
eory: MEP maodels allow surface temperatures
acrss a planet 1o he caloulated From knewing
anhy e much of its star’s light falls on it, haw
miach is reflected hadk into space, the tile of the
world's axis, and its absorhance of infrared
radiation. All these parameters can in prnci-
ple he mieasuned with a telescope”,

Natural disarray

Mo rescarchers are looking for other sysems
that might be amenable to madelling using
Dewar's theary, Plate weetonics, in which
dissipates heat generated by radinactivity as it
flews, might be complex enough 0 astain
MEF, s might the growth of crystals”. And
Hisashi Ozawa, a climatelogist at Himshima
Universicy in Japan, who has previoushy stud-
i the exitrepy production of seen currents’,
15 o sagareg amall avalanehes of posder in
i laboratory, b see if MEP can explain the
patterns that form at the front of the sliding
s, *There are many natural phenomena i
which the MEP hypoehiesis can be applicd,”
Crawa savs “It's attractive bocanse it's very
general: it'dmun'fd:p.:nd om specitic phll'xir:;l
and chemical propertics”

Larenz wonders ahout applications in eco-
nomics doneyand goods flow hetween pen-
prlein @ samilar way to heat in the atrospleene,
b sanes: *1 see a divect analogy hetwien termg-
eratuire gradients and price gradsents” But
ecomonils anerl petting carried away just vel.
“The deliberate nature ol human actions
miakes econpmic systems qualitatively differ
urrrhm'h e climate, and aclds an extra lmer of

™ says economist Matthias Ruth, of
:In mecmq of Maryland in Collepge Parke

Dhewaar is nonw working toapply MEP thenry
i bisdogeal spsters ranging from cells to the
planet. At a sl scale, be is rying o se
whether the theory can explain when plants
apen and dose their stormata, tiny pores in the
Lemvees that meggualate the Bowe of and water
wvapaoar in and out. This has traditionally been
explained in terms of the plant's efforts to max
imize s photasynthesis and mininize its
weaker [nss; pertapsit iight be reinterpreted as
the leaf maxamizing the entropy produced by
s exchiarge [f so, thiswould indweare that the
hiologieally optimal state i also, in physical
Rermme, Lhee st probhable siate.

At the ecasytem bevel, cenlogasts have bong,
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The opening and closing of abeat's pores (pictured) may be govermed by entrogry.

used a metrie called the Shannon diversiny
index, hased on the number of species in a
given place and ther rdatve mumbers. This
index is mathematacally identical 1o a mesune
ol entropy. Dewar sispects that MEP theory
might e abletn predict the number of species.
ina place hased on its energy inpu, and possi

bly explain why the places with most energy.
the tropics, arealso the most dreerse — o in
ather wrrds, entropsc.

At the global scale, Dewar and his eol-
leagues are trying w0 pat nunshers on the
Hlumes of solar erergy, heat, water vapour and
carbin diside between plants and the atmeas-
phere. Previewsly, these have been added
o climate mndels as ad hac fu tactnrs:
MEP might allne them to he caleulated fram
tundamental principles.

Tatal anarchy

By linking vegetation and the climate, MEP
alan niffiers a e owist on the Gaia bypothesis,
The problem For Gaia theorists has been
r_"q'hlnm!( why Earthi onganisms shoald
en mdse wanl 1o maintain a stable dimate,
MEP might affer a way oul. says Axel Kleiden,
a bangeophysicist at the University of Mary
land. Accarding te his modds, pravided a
planet 15 suitable for Life in the first place, bio-
Togical sctrvity increases the entropy produc-
oo af the entire planetary systen, hath living
and nen-living. Italso mereases the rarmbier of
atates thar the syssem can adopt, be cys, so
makirg MEP mire likely' This would givea
versiom ol Imlm\hl:hl’lﬁ.un‘lnulput
the climate vits rwnends Instead, ifbath Jli-
mate and ecosystems tend to a stase of MEF,

“Maximum entropy production is
an arganizational principle that

potentially unifies biclogical

and physical proc

the stabulity of the elimane beoomesa by-prod-
uet oof this state, iwards which the syasem will
remirn when permirbed.

et the comeerns voiced regarding ather
applcations of MEP theory still apphy. 1 life at
the planctary scale, in a steady state? And is it
free to enter maximum n-nrrr\f'l roduction?
Mdnnhunwuldllng,'llmh.nknn‘ﬂul,hl
versity of East Anglia in Marwich, UK, one af
the leading lights of Gaia reseanch, 15 sceptical
“Gada would benefit from a sound theonetical
fonting, bt thaends anlla gap berwen Dewar's
very elegant theoretical treatmentand nanyof
the spstems we'ne interested n he savs

bﬁsmmlml:llLr\LamJ\mf]uLnrd'du
Centre far Ecalogy and Hydrology in Fdin
burgh is is also unsure whether MEP is com
patible with what we know about evohation
namiral selection might be & force strong
enauigh to prevent life from ataining masi-
it entrapy production. “The problem of
reconciling MEP and natural seleetion sill be
a focus of debate in eormang vears,” be gays, 1
see adaptation and constramts cverywhere in
hierlogy, and these aren’t accounted for in the
derivation af MEE"

Diewar is undaunted, and predicts that a
new nrcler will arise trom the current chans, as
thenrists wrestle with the varions potential
applications of *[ER “The underiying theory
sugpests that its entively general;” be says “Its
an organizational principle that patentally
unifies: biodogeeal and physcal procesaes™  ®
Johe Whitheld is 2 schence writer s Londos.
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