From eddies to the
" breath of the planet

Flux towers, data assimilation,

and the global carbon cycle

Atmospheric CO, at Mauna Loa Observatory
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PROLOGUE




There’s gold in dem hills...

* It’s alive...
— Living organisms are strongly influenced by the atmosphere

— And vice versa: living organisms play a large role in
regulation of atmospheric composition, surface boundary
conditions, air mass modification, and climate.

* You can play too!




Ask not what Earth system science
can do for meteorologists...

* Ask: What can meteorologists do for Earth system
sciences!

— Apply/develop novel tools for observing and modeling Earth
systems

* Atmosphere as the great mixer
* We have the best toys




We really do have the best toys

* Example: Atmospheric inversion
— d Concentration / dt = Flux X Transport
— If you know dC/dt and T, solve for F

— A giant matrix inversion

BT Inverse Modeling

Observatony

_ = . Source: NOAAESRL | Changes in CO, in the air
W GOW 20w 20 BOE 10C tell us about sources and sinks




Outline

* What is the carbon cycle!?

 How do we observe it?
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Living planet, pt 1

e Sarmiento and Gruber, 2002, Physics Today
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A global experiment
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Living planet, pt 2

e Sarmiento and Gruber, 2002, Physics Today
— —

Atmosphere
590 + 161

A A T
0.2 59.6 60 1.9 Land 1.7 Land
sink

NPP & | Use
Weathering Respiration

Vegetation
Soil & Detritus

Surface Ocean | Marine Biota

~~~~~ L9000 +18 =13
: |

Intermediate
& Deep Ocean

37,100 + 100

Surface sediment
150



Interannual variability

* Peylin et al., 2005, GBC

GBl1O11 PEYLIN ET AL.: REGIONAL CO; FLUX VARIATIONS GB1O11
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An uncertain future

* Friedlingstein et al., 2005, J. Clim
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Moral

* We need a way forward...

* Can meteorology help ecology!?

— Can we go beyond local to global and universal?

* Observations and models need a unifying
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My friend eddy...

* Tracers in boundary layer primarily transported
by turbulence

* Ensemble average turbulent equations of motion
and tracer concentration provide information
about the effect of random, chaotic turbulence on




Eddy flux
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What we see
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What we see

 Lots of variation, some coherence

Lost Creek




What we don’t see

* Fluxes in low turbulence

* Constant “footprint”

E (fraction of monthly mean)

* Components of flux

* Energy balance Pt

barren/road deciduous mixed confier/ forested
deciduous wetland




What we all see

* Fluxnet database is growing!

NETWORK

A AmeriFlux

O AsiaFlux

A CARBOMONT
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What it means

. Example Carbon-water interactions in wetlands
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What it means

* Micrometeorological forcing (air/soil temperature, light,
water) explains much of hourly and daily fluxes

* Synoptic forcing is important for understanding subweekly
variability
* Larger time lags exist in seasonal forcing (snow melt,




What it doesn’t mean

e Cannot directly observe / constrain flux components (e.g.,
GPP)

* Parameters for many equations are not directly found
from EC observations

* Large heteroscedastic noise in EC observations and high
frequency of low turbulence events makes long term




Moral

* Observations are a good thing

* But they have no meaning without quality control

* Moreover, they have no meaning without good
interpretation
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Why a model?

* Complex, non-linear interactions are not easily
understood with linear theory and empirical
regression

* Meteorological models are sensitive to initial
conditions




Why data assimilation?

* Old way:
— Make a model

— Guess some parameters

— Compare to data




Why data assimilation?

* New way:

— Constrain model(s) with observations

— Find where model or parameters cannot explain
observations




The basic idea of assimilation
[A|B] = [AB] / [B]

[P|D] = ([D|P] [P]) / [D]

(parameters given data) = [ (data given parameters)X




The basic idea of assimilation

* Courtesy of D. Nychka, NCAR




Model of the day: Sipnet

o o . Autotrophic
+ A simplified model of e l I
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Hip-hop sensation: MC MC

* Markov Chain Monte Carlo (MCMC)

— A quasi-random walk in parameter space
(Metropolis-Hastings algorithm)

— From a prior parameter distribution, move in
parameter space to minimize model-data RMS




Case study 1: Sipnet Niwot Ridge

* D. Moore, in review, Ag. For. Met.
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Case study 1: Sipnet Niwot Ridge

* D. Moore, in review, Ag. For. Met.
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Case study 2: Sipnet WLEF

* Part of ChEAS project...
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Case study 2: Sipnet WLEF

Prior Posterior
Growth related parameters
photosynthetic capacity (amax) 112 58.6 +/- 2.2
growth respiration fraction 0.33 0.34 +/- 0.06
VPD modifier slope 0.05 0.066 +/- 0.009
Half saturation PAR 17 9.0+/-0.76
Light attenuation 0.5 0.67 +/- 0.02
WUE factor 10.9 13.4 +/- 0.46"
Decomposition parameters
Lloyd-Taylor EQ 309 448 +/- 121
Lloyd-Taylor TO -46 -59.5 +/-10.6
Turnover rate 0.03 0.19 +/- 0.02




Case study 2: Sipnet WLEF
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Case study 2: Sipnet WLEF
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Caveat: Interannual variability

* Ricciuto et al, in prep, Ag. For Met.
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A brief word on other techniques

« MCMC isn’t good for slow models and for real-
time forecasting

* Variational assimilation, Kalman filters, matrix
inversion, etc... all have potential (mostly
underutilized)




Case study 3: ACME 2007
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Case study 3: ACME 2007
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Case study 3: ACME 2007
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Case study 3: ACME 2007




Case study 3: ACME 007
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Moral

* Data assimilation and parameter estimation help
us move beyond scratching heads over errors in
observations and model logic

* Formal ways to estimate fluxes and parameters
are not necessarily hard to understand or
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Remember this?
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What's up?

* Eddy covariance is a mature technology, but QC and
fundamental physics issues do remain

* We're just at the stage with the flux tower network to
get major global results on ecosystem-atmosphere

interactions
— Potential to even impact weather forecasting




What my lab does or plans to do
 ChEAS

— Carbon-hydrology-climate interactions in small wetlands
and lakes

— Ecosystem modeling and data assimilation with flux tower
mesonets and long-term datasets

— Scaling of regional land-atmosphere fluxes from top-down
and bottom-up techniques

— Forest management and climate change interactions




Moral

* The grand global experiment isn’t stopping
anytime soon

* There’s lots to do and lots of data!

e Multidisciplinary work is hard, but rewardin
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