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[THE METHANOLOGICAL CYCLE]

FORECAST: A DELUGE OF METHANE

Methane undergoes a short-
term cycle (black) much like
the water cycle on Earth.
Over geologic time there is
an episodic one-way flow
(white) of methane from
interior reservoirs to the
upper atmosphere, where
solar radiation converts it to
ethane and heavier hydrocar- |
bon—forming the haze. The Mt ie loaks

i out through
particulates settle onto the volcanoes or
surface as what Carl Sagan surface cracks 6
called “manna from heaven.” 4,'
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Underground
reservoir of

methane :

Methane clouds over
south polar region

Lorenz and Sotin, Scientific American, March 2010
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Titan’s North-South Haze Asymmetry and Polar Hood may show their most
dramatic year-to-year change shortly after equinox (i.e. now — 2010 !)
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Why are lakes more widespread in northern polar regions? Presently northern
spring - seasonal effect (unlikely, can only evaporate few m/yr) ? Surface
control (maybe, but not topographical difference N-S) Astrononomical control
(S. summer shorter and hotter at present) - Croll-Milankovich cycles on Titan?




Titan's north and south polar regions appear different. Are we
confronting a puzzle similar to that on Mars? What are the relative
roles of topography and orbital/radiative forcing on the transport
and accumulation of volatiles ?

Is this forcing constant with time - Croll-Milankovich cycles on
Titan ?
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A purely radiative model can
roughly reproduce Titan’s
temperature profile (with
shortwave opacity
proportional to longwave,

depending on pressure)
McKay, Lorenz and Lunine, Analytic
Solutions for the Antigreenhouse Effect:
Titan and the Early Earth, Icarus, 1999
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McKay et al. The Thermal Structure of Titan’s Atmosphere, Icarus, 1989

Uses laboratory haze optical properties (Khare et al) and CIA opacity from
Borysow et al. Then performs radiative equilibrium solution, convective
adjustment, haze microphysics, and iterate until converged
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Convective adjustment in
1-D Radiative-Convective
models

|dentify where profile is
superadiabatic*, adjust to
keep energy balance

* Choice of adiabat may
be judicious
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Hazy atmosphere ‘puffs up’ under
insolation increase — only modest

1 increase in surface temperature.

- But when star reddens, photochemical
| production drops, atmosphere clears,
temperature jumps

10



Greenhouse Effect Surface-Atmosphere
Equilibrium

Temperature J

Temperature

Amount of Volatile Amount of Volatile

Climate (in)stability
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equilibria
(+1
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Runaway Greenhouse
vs collapse
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Introduction of condensible greenhouse feedback means that wide excursions in
surface temperature and pressure are possible...

But this is just a 1-D model..



But thickness of atmosphere is controlled by the
coldest point on the surface - poles. So need to know
how much temperature varies across the surface -

equator-to-pole heat transport



Simple 2-box LR . ?51
Energy Balance / / / /

model : low ana - Tropizs F=DAT Poies
high latitudes | —
T, T,
U_EU_F=O |1_E1+F=O

We can solve this problem if we know I,,l,, E=f(T) and D
For present Earth, 1,300 Wm-2, 1,~170 Wm-2

E(T)=A+BT. For present Earth B~2 Wm-=K-1, but
generally something like 40T3/(1+0.757)

But whatis D ?

Lorenz et al, Geophysical Research Letters, 2001
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Shaded areas are actual low and high latitude temperatures, averaged over the
year. Solid lines are model low and high latitude temperatures (T,,T,), converging
to an isothermal planet as D->infinity and F->(l,-1,)/2. Dotted curve is entropy
production (arbitrary scale) F/ T,-F/T,. This function has a maximum at the
observed climate state.

A rescaled curve of work production, F(T,-T,)/T,, is essentially indistinguishable in
shape and location of peak. State of maximum entropy production and maximum
work production (= maximum dissipation, in steady state) are near-equivalent.



An important clue

Heat transfer coefficient that describes

Earth's climate is empirically
~ 1 Wm-—2K-"

Entropy production of the Earth (since
Tearth<<Tsun) is F/T 4, ~300 Wm-=/ 300K

~ 1 Wm'ZK'1 , Space
b A Sun
> CON _rj 5800 K
Coincidence 7 ~ /7 N — Q
| think not. " Earh - _

2
250-300K J[ Y-
/

q
¢ The global climate system
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Titan data suggests (now confirmed by better data) 2-4K AT

Yet Pressure, rotation rate, planetary size all suggest D,,>D
But D~D__, gives AT~0.01K.

Get AT~1-2K for D~0.02 Wm-2K-'

T~100K F~4 Wm=2K-1.d S/dt~ F/T ~ 0.04 Wm~K-" !
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Mars - Hard to say on basis of annual average

temperatures - low D seems to work, as approximately
does ~Dearth/2



But, Mars models using P-scaling predict very cold
winter temperatures.

Models are then ‘corrected’ by pinning to CO, frost-
point : a justifiable procedure, since seasonal polar
caps can be observed (corresponding to ~1m of CO,

frost)

But.... 1m of CO, frost represents latent heat transport
of ~109 Jm-2 over half a martian year, or about 25
Wm-=. This is consistent with the heat flow suggested

by MEP...

MEP predicts atmosphere must ‘do something’ to
transport the heat.... so Mars consistent with MEP
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Early attempts at Malkus wheel type model — balance work output from climate system
against friction. But get a unique answer which depends on friction coefficient, not on
MEP.

System too constrained.



Heuristic model. Many different modes of heat transport, with
different amounts of dissipation (vertical axis) for each unit of
heat transport (horizontal axis). More combinations possible at
maximum work output, therefore more probable ?
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Simpler case even than planetary climate

/ GTd4 / O'Tn4

AL Winds
1‘: mmsm)  Day Side Night Side
L 4
D.,=B/4.
AT~T/3

Lunine and Lorenz, LPSC Conference. Submitted/rejected from Ap.J
Submitted/rejected from Icarus... gave up.
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LETTERS

A map of the day-night contrast of the extrasolar
planet HD 189733b

Heather A. Knutson', David Charbonneau’, Lori E. Allen’, Jonathan J. Fortney™?, Eric Agol®, Nicolas B. Cowan®,
Adam P. Showman®, Curtis S. Cooper® & S. Thomas Megeath®
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Heat Engine

Heat Flow F.
applied at ) Heat F_ rejected

temperature T, at temperature T,

Possible local
reabsorption R of
work as frictional
heat

Mechanical Work
output W

Energy Balance :F,,=F_,,+(W-R), but usually R<<W, W<<F

out

2nd Law : W<F, (T,-T)/T,



Day:Night transport on HD189733b is ~50 kW/m?

Implies Dissipation (mechanical ?) of ~ 10kW/m2

Could this be buried in the interior (see poster by Pont et al;
see also Guillot and Showman, 2002)

Goodman (Ap J, 2009) notes that dissipation must occur for
steady state

On Earth, climate work ~few Wm-2. Frictional dissipation
(0.5pC,V3) ~ 1Wm~ [Not always book-kept in climate
models, despite being comparable with some greenhouse
gas forcings].

Mechanical work in falling precipitation ~mgh
~1000kgx10ms=2x3000m / yr ~ 1 Wm-

(see ‘dehumidifier’ discussion in Pauluis and Held, Renno)



Methane clouds detected spectroscopically since 1995. Near-IR imagery showed
massive solstice cloud activity around south pole

2 Sep. 2004 2 Oct. 2004 7 Oct. 2004

Titan weather - big storms, long droughts
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Cloud patterns changing - northern L0 N —— . %
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Thermodynamics of a Global-Mean State of the Atmosphere—A State of

Journal of Climate,

1997
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Maximum Entropy Increase

HisasHr Ozawa® anp AtsumMu OEMURA

(Manuscnpt received 3 Apnl 1996, mn final form 10 July 1996)

ABSTRACT

Department of Geography, Swizs Federal Inztitute of Technology (ETH), Zurich, Switzerland

Vertical heat transport through thermal convection of the earth’s atmosphere 1z mvestizated fom a thermo-
dynamic viewpoint. The postulate for convection considered here 1z that the zlobal-mean state of the atmosphers
15 stabilized at a state of maximum entropy increase in a whole system through convective transport of zensible
and latent heat from the earth’s surface into outer space. Results of an investization using a simple vertical zray
atmosphere show the existence of a2 unique set of vertical distributions of air temperaturs and of convective and
radiative heat fluxes that reprezents a state of maximum entropy mcrease and that resembles the present earth.
It 13 suzgzested that the globzl-mean state of the atmospheric convection of the earth, and that of other planets,
15 stabilized s0 as to Increase entropy in the universze at a poszible maximum rate.
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Usual approach 'convective adjustment' is to compute radiative equilibrium, then
adjust where lapse rate exceeds threshold and recompute. Ozawa and Ohmura
suggest instead choose Fc to maximize E.P. - both methods seem to work, but O&O
IS more general.
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ek GEOPHYSICAL RESEARCH LETTERS, VOL. 34, L12606, doi:10.1029/2007GL030208, 2007
Hg?o
Full

Article

Thermodynamics of irreversible transitions in the oceanic general

circulation

. . . . 2
Shinya Shimokawa' and Hisashi Ozawa®

g o x10" (WK™ O » . §
A .
dS/dt b= 5
[ ©
<] o
a a
9 >
5 g
< c
& o
o
v
reduction of "dynamic potential®




MEP as a selection criterion among ensemble runs ?

dS/dt

Choose state with MEP

Alternate system states

Time (or some other

parameter
e.g. Ammonium Chloride Crystal growth appears to

select between modes using an EP criterion



Dissipation in

\“H’
River Networks =
TEEELTT W dp /dt _ dT/dx
T H T
Minimum-length spanning trees can be e OF Y
discriminated by dissipation ZHAL e P
w.,Q l( EI"“f_,.—-H. H,
| r— “:JH +H,
(Fixed boundary condition — unit rain
flux in each position, constrained to o
.. ) . T: absolute temperature (elevation) ‘o
drain into single sink at center) H: heat flow rate (water flow rate)
(- entropy Base level ”s 1.

Real systems adjust topography too....

(a) L;=90: P=574k (b) L=303.3: P=303k (c) Ly=90; P=151k




UNDERSTANDING Springer:
COMPLEX SYSTEMS COMPLEXITY

Non-Equilibrium Thermodynamics
and the Production of Entropy

Axel Kleidon Life, Earth and Beyond
Ralph D. Lorenz

Editors Springer, 2005 260pp

Non-equilibrium
Thermodynamics

Includes discussion on many of the

topics raised in this talk (Plus entropy
and the budget in photosynthesis, biotic

Prod u(tion feedbacks, Daisyworld, cosmic
evolution etc..)
of Entropy

Life, Earth,and Beyond

with a Foreword
by Hartmut Grafil

_@_ Springer




'‘Darwinian' - high-
throughput systems
grow faster than low-
throughput systems
and therefore supplant
them

G cc F AT — APE —» wasted by
. thermal dissip.

positive feedback

A
G M dG
or dG aaG

G F L0
L | R
AT | F

0 | F>

Static state Extreme mixing

Cf Intelligent Design vs Evolution.

'Statistical' - system
displays a range of
modes which run in
combinations, whos
probabilities are largest
for a maximum
throughput

4

Does it really matter what you believe is

'true'? Question is what lets you make useful predictions......



SURFACE TEMPERATURE {C)

N. Renno, Multiple Equilibria in radiative-convective atmospheres, Tellus, 49A,
423-438, 1997

5

8

Finds optically thin atmosphere behaves linearly and has small dissipation. The

optically thick solution (runaway greenhouse) is highly nonlinear and is in a state

of large dissipation. (But these require explicit hydrological cycle controlling
humidity - typical radiative-convective models impose a humidy profile.)

EMANUEL 2.02

NET FORCING (W/m2)

340 '

)
£
I

300

280

260

SURFAGCE TEMPERATURE. (K)



2976 JOURNAL OF CLIMATE VoLuME 14

Possible Bounds on the Earth’s Surface Temperature: From the Perspective of a
Conceptual Global-Mean Model™

HsiEN-WANG Ou

TROPOPAUSE

Uses MEP to select Bowen ratio for 280 —

model closure. Result is Earth - Ny o9

temperature that is fairly insensitive to = 5

solar evolution i . '
270 L. o [P e T Pt [ 1o K (N Lo SA"'SO

0.5 1 1.5



Conclusions — Titan

Several Titan GCMs being used to explore aspects of current
climate. Observation of seasonal change under way

-Predict winds for future missions

- Explore angular momentum balance (spin up/down of solid body
rotation measured by Cassini radar)

- Evaluate near-surface winds and dune formation

- Examine seasonal changes in atmospheric main and detached
haze layers

- Study methane hydrology and Croll-Milankovich forcing of liquid
methane/ethane distribution

However, all Titan GCMs use a version of the McKay R-C code (or
even simpler models)

No ‘real’ paleoclimate work underway (e.g. different solar constant)

Collision-Induced Opacity coefficients need re-examination (e.g. De
Kok et al, 2010)



Conclusions — Thermodynamics

MEP a useful approach for choosing transfer coefficient in 1-D
EBMs? But optimization is only as clever as the constraints it
Is performed under. (challenging if vertical+horizontal flows)

MEP a useful selection principle among dynamically-permitted
states in GCMs ?

Thermodynamic constraints useful in defining subscale
parameterizations? Useful in defining clouds ?

Book-keeping of mechanical energy may be important for
terrestrial climate models and for Exoplanet temperatures and
evolution.

The complexity of the universe around us arises because of
the laws of thermodynamics, not in spite of them.



Convective Flux (Wm™)
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[carus 165 (2003) 407413

ICARUS

www.elsevier.com/locate/icarus

A simple expression for vertical convective fluxes in planetary

atmospheres

Ralph D. Lorenz®* and Christopher P. McKay®
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Fo=Fo(1/(C+D1)), F,=140 Wm™
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Empirical fit to grey
radiative-convective model

F.~F(t/(1+t)) where t is
infrared opacity, F, is
shortwave flux deposited at
base of atmosphere and F_
is the vertical convective
flux.



