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Energy Balance of a Surface

Ry = Net Radiation =

— Shortwave_in — Shortwave_out + Longwave_in — Longwave_out
S = Storage = d(Surface Energy)/dt = dE./dt

G = Ground heat flux

LE = Latent heat flux

SH = Sensible heat flux

AF,, = Lateral transport

S

Ry-G=LE+SH+S + AF_,

land or ocean







Green surprise? How terrestrial ecosystems
could affect earth’s climate

Jonathan A Foley', Marcos Heil Costa?, Christine Delire’, Navin Ramankutty', and Peter Snyder’

Frontiers in Ecology, 2003
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Koster et al., 2004

Land-atmosphere coupling strength (JJA), averaged across AGCMs




Potential Impact of Land Cover

_ S. America Soybeans
Change on Crop Yield

South America Soybeans Soil moisture
T fraction

A

|
&
XSO
&

X
&
&
&
&
&
&
&
&
&
&
&
&
&
&
&
&
&
&

Crop Yield

¢

>

=
o
Soil Moisture Fraction in Root Zone (-)

Precipitation

X

o
N
o

ol —0.65
40 60 80 100
Percent Area Devegetated (%) Bagley et al., 2012, ERL




te

Clare et al., in prep, J Clima




Snow Retreat Percentile
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Forests in Flux
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Enter eddy covariance flux towers

O A Eddy Covariance Systems for X
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A flux station for
every need

LI-COR eddy covariance systems are scalable— from
basic systems that measure carbon dioxide
exchange, evapotranspiration, and energy flux, to
advanced systems that measure methane flux and
additional biological and meteorological parameters.
Each flux station automatically calculates flux results
using EddyPro® Software on the SmartFlux® System.
With optional FluxSuite™ Software, your results can
be online—all the time.




Finnigan et al (2003)
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2029 towers!
(Feb 2019)
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George Burba, doi:10.13140/RG.2.2.25992.67844/1
Ameriflux: The Coalition of the Willing

Novick et al (2018) Agricultural and Forest Meteorology
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But...




September 2008 EDDY FLUX MEASUREMENTS

Ecological Applications, 18(6), 2008, pp. 1351-1367
© 2008 by the Ecological Society of America

THE ENERGY BALANCE CLOSURE PROBLEM: AN OVERVIEW

TuomAas FokEen!




US-Syv (Sylvania)
Desai et al., 2005, Ag For Met
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Energy Imbalance is Common But Variable in Space and Time
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Fig. 7. Variation over an average year in FLUXNET2015 site energy closure, based on regression slope. Site separated by northern hemisphere (black, n=132) and southern hemisphere
(grey, n=27). Bold lines shows monthly average regression energy closure at northern (bold black) and southern (bold grey) hemisphere sites,

Reed et al., 2018, Ag For Met
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Bad Instruments?




il METEOROLO
ELSEVIER Agricultural and Forest Meteorology 103 (2000) 279-300

www.elsevier.com/locate/agrforn

Correcting eddy-covariance flux underestimates over a grassland

T.E. Twine®*, W.P. Kustas®, J.M. Norman®, D.R. Cook¢, P.R. Houser®, T.P. Meyers!,
J.H. Prueger?, P.J. Starks®, M.L. Wesely¢

TE. Twine et al. /Agricultural and Forest Meteorology 103 (2000) 279-300
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All Sonic Anemometers Need to Correct for Transducer and Structural
Shadowing in Their Velocity Measurements*

JOHN M. FRANK

J. Atmos Ocean Tech, 2016
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Bad Flux Processing?
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Tower measurements:
Flux response, H and LE;
Meteo drivers, e.g. T, q
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Towers too tall?
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Time dependency of eddy covariance site energy balance

David E. Reed®™*, John M. Frank™¢, Brent E. Ewers”, Ankur R. Desai®

Agricultural and Forest Meteorology 249 (2018) 467-478

Growing Season With Storage

= ®) Energy Balance Energy Budget

Difference = 5.21 MJ m™2 Slope = 0.76
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Lateral Fluxes?




ELSEVIER Agricultural and Forest Meteorology 113 (2002) 223-243

www.elsevier.com/locate/agrformet

Energy balance closure at FLUXNET sites

Kell Wilson®, Allen Goldstein®, Eva FalFe ¢ Marc Aubinet ¢, Dennis Baldocchi ™,
Paul Berbigier“, Christian Bernhofer', Reinhart Ceulemans %, Han Dolman h
Chris Field!, Achim Grelle), Andreas Ibrom*, B.E. Law!, Andy Kowalski &,

Tilden Meyers®, John Moncrieff™, Russ Monson ", Walter Oechel“, John Tenhunen®,

Riccardo Valentini?, Shashi Verma“

230 K. Wilson et al. / Agricultural and Forest Meteorology 113 (2002) 223-243
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Comparison of horizontal and vertical advective CO, fluxes
at three forest sites

Christian Feigenwinter »%-*, Christian Bernhofer°, Uwe Eichelmann?,

Contribution of advection to nighttime ecosystem respiration at a
mountain grassland in complex terrain

Marta Galvagno®*, Georg Wohlfahrt”, Edoardo Cremonese?, Gianluca Filippa?,
Mirco Migliavacca®, Umberto Mora di Cella?, Eva van Gorsel ¢
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Mesoscale fluxes?

* Violation of assumptions:
— Ergodicity
— Homogeneity

— Stationarity
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Energy imbalance worsens with increased
regional spatial heterogeneity
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Landscape variance potentially drives stationary eddies
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Fig. 1 Schematic showing how quasi-stationary eddies cause an underestimation of the total sensible heat
flux H when using the temporal EC method to calculate H;. The single-point sonic measurement in the centre
is not able to resolve quasi-stationary eddies

Mauder et al., 2008, BLM; Kroniger et al., 2018, BLM




Can we get out of this mess?




Can data mining help eddy-covariance see the landscape? A large-eddy

simulation study

Authors: Ke Xu*", Matthias Sﬁhringz, Stefan Metzger3’1, David Durden’, Ankur R Desai’

Boundary-Layer Meteorology
https://doi.org/10.1007/510546-018-0387-x

RESEARCH ARTICLE ‘
®Cross

Trade-Offs in Flux Disaggregation: A Large-Eddy Simulation
Study

Matthias Siihring' @ - Stefan Metzger?3 . Ke Xu3 - Dave Durden? - Ankur Desai3

Surface sensible heat flux in LES
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Boundary-Layer Meteorol (2007) 123:77-98
DOI 10.1007/s10546-006-9133-x

ORIGINAL PAPER We can test 3 spatial eddy

covariance methods that
Spatial representativeness of single tower measurements account for meso-scale
and the imbalance problem with eddy-covariance fluxes: eddies

results of a large-eddy simulation study

Gerald Steinfeld - Marcus Oliver Letzel -

Siegfried Raasch - Manabu Kanda - Atsushi Inagaki I:F] — [W (@)] _I_ [w®;ﬂter] _|_ [w_@)b]

Boundary-Layer Meteorol
DOI 10.1007/510546-016-0161-x

RESEARCH ARTICLE

Exploring Eddy-Covariance Measurements  Beomb = (w"0") + (w)" (6)'

Using a Spatial Approach: The Eddy Matrix — ( 1 ) Zw: (((w)i — ) (6) — @), (3b)
M .

Christian Engelmann!-2 . Christian Bernhofer!

Boundary-Layer Meteorol (2008) 128:151-172
DOI 10.1007/s10546-008-9279-9

ORIGINAL PAPER

Measurement of the Sensible Eddy Heat Flux Based
on Spatial Averaging of Continuous Ground-Based
Observations

H=1u3(T —To) +uyT' ~u3z (T — [T]) + uyT’ = u3 (T — [T]) + H,

M. Mauder - R. L. Desjardins - E. Pattey - Z. Gao -
R. van Haarlem




Flux calculation of short turbulent events — comparison of three
methods

Carsten Schaller!->2, Mathias GockedeZ, and Thomas Foken!:

Atmos Meas Tech 2017
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Environmental Response Function (ERF) scaling method

Metzger et al., 2013, Biogeosci, Xu et al., 2017, AFM, Metzger, 2018, AFM, Xu et al., 2018, AFM
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Fig. 3. Ensemble-averaged heat fluxes at 49 m using 1 to 14 virtual towers, randomly chosen from
the 320 locations depicted in Figure 1, using different upscaling approaches: spatial eddy-
covariance (spatial EC), spatio-temporal eddy-covariance approach (S07 and M08), and
Environmental Response Function (ERF) for a) H, b) LE. Reference (blue line) is the 100% minus
storage flux. From Xu et al., in review, BLM




“Secondary circulation” = Mesoscale flux!

Turbulent  Energy at long transporting scales Atmospheric

flux skewness

91.3% 8.4% 101.3%

93.8% 8% 99.4%

92.7% 8.2% 99.8%

Table 1 Energy budget for traditional eddy-covariance turbulent flux, the secondary circulations (calculated as
the difference between SO7 domain-mean flux derived with one tower and with 14 towers), storage flux,
atmospheric skewness (calculated as the difference between ERF domain mean derived with one tower and
with 14 towers) and unmeasured components of sensible heat flux (H), latent heat flux (LE), and H + LE.




With 14 towers, we can recover highly
heterogeneous fluxes in LES with ERF

Surface sensible heat flux in LES ERF-projected H with 14 virtual towers [W m ]
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Surface-atmosphere exchange in a box: Making the control volume a
suitable representation for in-situ observations

Stefan Metzger™"*

Surface-atmosphere exchange in a box: Space-time resolved storage and net
vertical fluxes from tower-based eddy covariance

Ke Xu™*, Stefan Metzger™", Ankur R. Desai®

Geosci. Model Dev., 10, 3189-3206, 2017
https://doi.org/10.5194/gmd-10-3189-2017

© Author(s) 2017. This work is distributed under
the Creative Commons Attribution 3.0 License.

eddy4R 0.2.0: a DevOps model for community-extensible
processing and analysis of eddy-covariance data based
on R, Git, Docker, and HDF5

Stefan Metzger !, David Durden!, Cove Sturtevant!, Hongyan Luo!, Natchaya Pingintha-Durden!, Torsten Sachs?,
Andrei Serafimovich?, Jorg Hartmann®*, Jiahong Li°, Ke Xu?, and Ankur R. Desai>
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Does rectified surface atmosphere exchange help !
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Chequamegon Heterogeneous Ecosystem
Energy-balance Study Enabled by a High-density

Extensive Array of Detectors
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Experimental Design

10 km x 10 km (green box)
July-Oct 2019
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July-October allows us to sample landscape as it evolves from
homogenous LE (transpiration) driven, to patchier H and LE
patterns depending on ecosystem
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AERI (Atmospheric Emitted Radiance Interferometer)
at the US-PFa WLEF tall tower in Sept 2016
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What did we learn?

Surface fluxes of energy and carbon are an
important boundary condition on the climate
system

Eddy covariance flux towers have been used
extensively to measure them, but with a known
bias in energy fluxes that may affect carbon too

The bias is partly a result of larger scale motions
that can be corrected using novel computation
approaches with wavelets and machine learning

A bunch of CHEESEHEADs will soon find out how
reliable it is!
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