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Outstanding Questions

Only half of the CO; Global Fossil Fuel CO, Emissions

produced by human 3 | . , . | . | .
activities is remaining in | i
the atmosphere o y
Where are the sinks that ¢ °f Annual Emissions — = T
are absorbing over 40% £ st T YearMean g (i:{Jp !
of the CO, that we emit? = ,| Amount \

— Land or ocean? ©)

— Eurasia/North America? 2 3T 1
Why does CO, buildup % 2 | :
vary dramatically with E | pthore i
nearly uniform 0 | L L
emissions? 1950 1960 1970 1980 1990 2000

. : Global fossil fuel CO,, emissions with division into portions that remain airborne
How will CO, sinks or are soaked up by the ocean and land.
respond tO Climate Source: Hansen and Sato, PNAS, 101, 16109, 2004. 5

change?



Atm Carbon Models
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Atmospheric Inverse Modeling of CO,
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What we’ve got:

 Sources/Sinks S known approximately or not well
constrained

e C,,. (actually mixing ratios X,,.) biweekly, at ~100
stations near the surface

 “Decent” transport model (winds, turbulent mixing)

What we want:

« where has the fossil fuel CO2 gone? {Better estimates

of the magnitude and distribution of S (e.g. land
exchange)}

« How did the fossil fuel CO2 get there? {improved

understanding and representation of processes, e.g.
« F_=LUE*AvailableLight; = =exp(aT);




What we've got: (1) The Model: NCAR climate model

Source: Fossil fuel combustion
C(x,y,z)at steady state
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What We've got: The data: Atm CO2 (for now)

Measurement Programs
NOAA ESRL GMD Carbon Cycle
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GMD Carbon Cycle operates 4 measurement programa.  Semi-continuous moasuremants are made st 4 GMD baseline cbservatories and rom tall towers
Discrete samples from the cooperative air sampling network and aircra® are measured st GMD, Presently, atmosphenc carbon diodde, methane, carbon
monoude, hydrogen, nirous oxide, sulfur hexaffluoride. and the stable sotopes of carbon dioxide and methane are measured, Contact: Dr. Pieter Tans
NOAA ESAL GMD Carbon Cycle, Boulder, Colorado, (303) 497-6678 (pleter tans@nosa. gov, hitp./iwww crmdl.noaa.govicogg).



What We've Got: (3) The Flux Priors

C + 3(C) = 5|
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"well -known"*

extrapolation of sparse obs

SOURCE: ANDRES, MARLAND, FLNG & MATTHEYE (1905)
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Mean Annual Air-Sea Flux for 1995 (NCEP 41-Yr Wind, 940K, W-92)
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Example I: A Simpler Model - reduce 3D atm
to 2 hemisphere
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as simulated by NCAR CCR
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Example |: Interhemispheric Mixing:
Two-Box Model, everything is perfect.
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Example 1. Interhemispheric Mixing:
Two-Box Model, everything is perfect.

My __My-Ms

. S <>
ot T N Ms M
A A
Ms _ My -Ms o
ot T S, Sy
d(My - M My -M
( Nat s)_ _pMn > + (SN - Sg ) =0 @ SteadyState
T
o9 My — Mg Interhemispheric exchange time t
SN - Sg determined from inert tracers (e.g.

CFC, with S_=0): ~1-2 years



Ex |: 2-Box Model Applied to the Carbon Cycle

T
My —Meg=—(Sy =S
N S 9 ( N S ) MS < > MN
Consider the case Sy =6 PgClyr; S, =0 A A
T=1yr S S,

Recall 1 PgC — 0.5 ppmv if mixed in entire atm.
1 PgC — 1ppmv if mixed in a hemisphere.

S XNcqumn _Xscolumn - 3 ppmv

Guess (3D model) surface gradient 1.5x column mean gradient
— X" - X% = 4.5 ppmv

Britt Stephens: new obs of vertical profile



Ex |: 2-Box Model Applied to the Carbon Cycle

Forward problem: If My - Mg =%(S,\I -Sg)
100% FF CO2

remained in atm Sy =6 PgClyr; Sg =0

T=1yr

.
— X% - X% =45 ppmv
But (X" - X< ) = 2.5 ppmv

Obs = only 50% of FF ~ |d(My + Mg)
CO2 remalins In atm ot

o(My +Mg)
ot

sources = 6 PgClyr

— SInksy +Sinksg =3 PgClyr

=Sy + Sg = sources — sinks

= 3 PgClyr

obs




Ex |: 2-Box Model Applied to the Carbon Cycle

T
Model: My —=Me =—(S,\ =S
Inverse N S 2( N~ Ss )

problem Given: (X% - X:5°),c =25 ppmv

Obs s (XNcqumn _XScqumn )obs = 1.7 ppmv
operator  |—= My - Mg =1.7 PgC
X=HM) " |1nvert model — Sy - Sg =2 My -Ms _ 54 PgClyr

(sourcesy —sinksy )—(sourcesg - sinksg ) = 3.4 PgClyr
(6 PgC/yr —sinksy )- (0 -sinksg ) =3.4 PgClyr
— sinksy —sinksg = 2.6 PgClyr

Obs Carbon Budget Sinksy +Sinksg = 3 PgClyr




Where are the Carbon Sinks?
Budget sinksy + sinksg = +3 PgClyr
Gradient sinksy —sinksg = 2.6 PgClyr
— sinksy = 2.8PgClyr; sinksg =0.2 PgClyr

Mean Annual Air-Sea Flux for 1995 (NCEP 41-Yr Wind, 940K, W-92)
S S I R “Data/Obs”: Huge C
| ST . \S sink in the large

expanse of southern

ocean; but large

uncertainty in obs
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N ocn “better observed” = large Northern land sink!!!




Example lI: Perfect 3D atm circulation model.
Steady state

60

1 R . .y N ol
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(1) Forward Step

« Premise: Atm CO, = linear Qi N
combination of response to s B )
each source or sink — . f

 Divide surface into “basis

o N S

I’egionS" ‘ saE 3 12&)E 3 T80
o Specify unitary source (e.g. ~
1 PgClyear) each year from St (X . y)
each region
 Simulate atm CO, “basis” < —>
response with atm general Sk (.X, y) Ck (X, y’ <y t)

circulation model

N EMk X §k(x9y)

 Reconstruct fluxes and k—regions
concentrations: unknown p, C(X,y,Z) = Euk X Ek (x,y,z)

k—regions



Ex II: (Step 2) Bayesian Inversion: perfect
circulation model
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Measurement Programs
NOAA CMDL Carbom Cycle Greenhonse Gases
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= lnversion: Seek the optimal
» source/sink combination {u,} to

=1, match atmospheric CO, data:
1. minimize

[y ﬁ _
s [ [C,, (stn) - E - w, xc, (sm)])

- k—regions
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I'he NOAA CMDL Carbon Cyele ("rrw‘nhuux("rlmgmup aperates 4 Insitu arcn'ld: ﬂz CMDL
nsseline hnervnh ries: Barraw, Alaska; Mauna Les, Hawsii ;'I'atuila, American Samoaa; mdSou!h Pal Antarctica. * }weonpeﬂ air sampling k
netwark includes samples fram fixed sites and commerdial ships. Meuumnami fram tall tawerm and aircraft began ‘302 Preamtly
atmaspheric carbon dioxide, methane, carban ide, h sulfr ide, and the stable muhpuufwbn n dioxide
indmethanearemeasured. Ur. Pieter'lans, Carban Cyele Greenhouse Gases, B ml&f Calarada, (303149 7-667R. ptansi@emd).nasa.gov. prlor

k-regions

*Obs. Network —
—mainly remote marine locations
Trying to infer information over land

Undetermined; non-unique solutions; prior estimates of
source/sinks as additional constraints
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Ex lla: Posterior from
many “perfect”
circulation models

rior rior
W0 P

Model m:
{Mmkposteriorigmkposterior}

% Mean,std_dev (u,,,Posterio)

O Mean (Gmkposterior)

Little innovation in tropics, Africa
Great InnQyation in.,0cean

urney e 005



What next? Anticipating satellite data
Separating transport, initial conditions & surface fluxes

Kalnay x,*' = M(x!) Analysis at time i => forecast at time i+1

Nychka x;" = ®(x")+ G(u')

transport Fluxes, parameters

xV = xgn'or 4D Variational methods: adjust initial

—_— conditions to better match future data
Initial conditions

1 0 0 T p-1,..0 0 T .1
J(x)= 5{(x — xp”.m,) B (x - xpn.o,,) + [yo — H(x)] R [yo — H(x)]
Deviation of initial Deviation of x
conditions from “prior” from “observations”

+(u — upm.o,,)T P'(u- upn.or)}

Deviation of fluxes
from “prior”






