Role of Flux Networks in Benchmarking Land
Atmosphere Models

Dennis Baldocchi and FluxNet Team,

Deb Agarwal, Housen Chu, Marty Humphrey, Dario Papale,
Margaret Torn, Catharine van Ingen, Gilberto Pastorello
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Outline

e Status of FluxNet
— Map of Network
— Growth of Network
— Database, Site-Year Timeline
— Use of Network

e How FluxNet Serves the Broad Scientific
Community

e Examples of Findings
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Role of Flux Networks in Biogeosciences

Eddy covariance flux system

Global network of flux towers

Remote sensing and Earth system science
model user community Database
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http://fluxnet.ornl.gov/sites/default/files/political_fluxnet_networks-10-11.png

Fluxnet.Fluxdata.org — A Common, Shared Database
and Information System

Flux/Met
Data

BADM Data + Flux/Met
Gap-Filled/QA/Products
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Flux/Met ‘
Data —

Individual Sites
Office of
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Eddy Covariance Technique
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Annual Time Series of Trace Gas Exchange

Vaira Grassland 2001
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Attributes of Eddy
Covariance

ILAMB Workshop May 2016

Direct Flux Measurement of an
Integrated Population of Leaves
and Soll

Evaluates Fluxes on Diel,
Seasonal, Annual and Interannual
Time Scales

Individual Towers Represent Wide
EcoRegion and Footprints

Provides Process information on
How Fluxes Respond to
Environmental, Physiological and
Ecological Conditions

Provides Ground Truth for Satellite
Remote Sensing

Provides Priors and Model
Parameters for Data Assimilation
Models and Biophysical Models



Cons of Eddy Covariance

Nighttime Biases with Low
Turbulence

Smallish Footprint (< 1
km) compared to model
grid

Advection and Drainage
Biases in Complex Terrain

Network of Towers Is
Discrete in Space

ILAMB Workshop May 2016



Number of Sites
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Database Stats and Network Growth

(Data accessed in May, 2016)
(a) Registered Tower Sites

Total Registered Sites: 875
Total Site-Year: 6961
Active Sites in 2015: 451

% North_America
m Europe

Asia
South_America

Oceania
Africa II I

o e

(b) Tower Sites in La Thuile Dataset

Total Sites: 252
Total Site-Year: 965

__..ll!l!l

(c) Potential Tower Sites in FLUXNET2015 Dataset (potential)
Total Sites: 453

Total Site-Year. 2742 IIIIII
| uil .
1990 1995 2000 2005 2010 2015

ILAMB Worksh&g"May 2016



FLUXNET, circa 2016

OZO+ yr
() 15-19yr
® 10-14 yr
© 5 9yr
e 1-4yr
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Number of Sites
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(Data accessed in May, 2016)

“a) Fluxnet Sites Total Site: 252 /453

La Thuile Dataset . .
FLUXNET2015 Datasst (potential) g:}zg gg m 131 fﬁge

Sites (10-14 yr): 8/61
Sites (15+yr): 1/16
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Global distribution of Flux Towers Covers Climate Space Well

Mean Air Temperature (° C)
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Tower Representativeness by EcoRegion

Forrest Hoffman and Jitendra Kumar
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FLUXNET Data Services and Procedures

Conversion to Standard Format ;

L !

Single Variable Visual Check b[ Timestamp ]

A/QC

Check
¥

g
J Spike Detection / Data Flagging [ h\ﬁliiﬁla\llg;\aebcls

B

rSensibIe/Latent Ustar Threshold Calculation
L Heat Flagging )

-

rSensibIelLatent\
L Heat Filtering )

L

rSensibIe/Latent\
| Heat Gap-filling |

p ‘ § Reference NEE and
Energy Balance Uncertainty Quantification
Closure ) l

Flux Partitioning
Nighttime

4 ™
Prepare Files
\for Downscalingl

NEE Ustar Filtering | 1 8
ERA Met
|® Downscaling |

-

Met Variables A
Gap-filling

[

xt. )

L

Gap-filling

NEE Processing

Meteorological Variables

Sensible / Latent Heat Processing

Daytime Sundown

D. Papale [ Product Merging (End Products) ]
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What FluxNet can Do for Us:
Processes, Mechanisms

Assess Biophysical Roles of Weather, Ecosystems/Canopy
Structure and Function on Carbon, Water and Energy
Fluxes

— Clusters of Towers, Climate and Ecological Gradients

Assess Roles of Management and Disturbance on Fluxes

— Clusters of Towers
Biophysical Controls and Trends on Phenology;
Quantifying Biophysical Properties of the Land Surface

— Albedo, Surface Roughness, Surface Conductance

ILAMB Workshop May 2016



Ecosystem Respiration Scales Tightly with Ecosystem Photosynthesis,
But Is with Offset by Disturbance

4000

vV
@ Undisturbed /

3500 A . . . . .
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Baldocchi, Austral J Botany 2008

ILAMB Workshop May 2016



Interannual Variations in Photosynthesis and Respiration are Coupled

Interannual Variability in F

1000 A o
Coefficients:
b[0] -4.496
750 b[1] 0.704 )
rz 0.607 -
n =164 -
K 500 A
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E 250 -
O
2
= 0 -
\n:
L
© 250
-500 A
e
-750 A
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Baldocchi, Austral J Botany, 2008 ILAMB Workshop May 2016



Net Ecosystem Carbon Exchange Scales with Length of Growing Season

® Temperate and Boreal Deciduous Forests
v Deciduous and Evergreen Savanna

200

-200 -

-400 -

Fy (@Cm?yr?

-600 -

-800 -

'1000 I I I I I I
50 100 150 200 250 300 350

Length of Growing Season, days
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Soil Temperature:
An Objective Indicator of Phenology??

Soroe, Denmark
Beech Forest
1997

20

® NEE, gCm2dl

0 50 100 150 200 250 300 350

Data of Pilegaard et al. ILAMB Workshop May 2016



Soil Temperature:
An Objective Measure of Phenology, part 2

Temperate Deciduous Forests
160 ~
e
150 - -
140 A
130 A
? ® Denmark
HJJ 120 v Tennessee
Z O Indiana
= 110 1 A Michigan
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100 © California
// B France
90 A 7 v € Massachusetts
@ € Germany
80 H v ltaly
B Japan
70 1 1 1 1 1 1 1 1 1
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Baldocchi et al. Int J. Biomet, 2005 ILAMB WOI'kShOp May 2016



Effect of Plant Functional Types

Duke, 2004

NEE (gC m?d™

@® Deciduous Forest, -896 gC m?y™*

-14 1 @ Conifer Forest, -863 gC m?y™* @
-16 T T T T T T T
0 50 100 150 200 250 300 350
Day of Year

Deciduous: Higher Capacity, shorter Growing Season
Conifer: Lower Capacity, longer Growing Season
Net Difference in NEE is small; similar finding for oaks
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24

E. Falge et al 2002 AgForMet; Baldocchi et al 2001 BAMS
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Terrestrial carbon balance in a drier world:
the effects of water availability in southwestern North America
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Global Change Biology
pages 1867-1879, 15 FEB 2016 D(ptm:gl\(%yk%p May 2016
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Linking Water and Carbon:

Potential to assess G, with Remote Sensing

Xu + DDB, 2003 AgForMet
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http://static.howstuffworks.com/gif/satellite-radio.jpg

Slope of Surface Conductance-GPP model

Plant Group Mean Std
slope dev
Crop 9.379 3.222
Deciduous Broadleaved Forest 12.78 4.331
Evergreen Broadleaved Forests 16.76 6.241
Evergreen Needleleaved Forests 15.14 6.707
Grassland 22.30 19.48
Mixed Forest 17.17 5.552

ILAMB Workshop May 2016



What FluxNet can Do for Us:
Spatial-Temporal Upscaling of Fluxes

e Upscaling of Carbon Fluxes, Net and Gross
Primary Productivity
— Neural Networks
— Regression Tree
— Light Use Efficiency Models

e Upscaling Evaporation

e Upscaling Fields of Surface Radiatibn
Measurements

— PAR, Shortwave, Net Radiation, Longwave, Diffuse
Radiation, Albedo, fpar

ILAMB Workshop May 2016



Mapping NEE, GPP, Reco

J. Xiao et al. / Agricultural and Forest Meteorology 197 (2014) 142-157
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0 500 1000 1500 2000 0 500 1000
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Data Driven Global Primary Productivity

3500

3000

12500

12000

11500

1000
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Beer et al., 2010 Science

ILAMB Workshop May 2016



Machine Learning, Data Driven Evaporation Map
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ET UpScaling

e Rigden and Salvucci
e Gentine and Salvucci

Flagstaff Wildfire Grassland, AZ

SH [W/M?]

LE [W/M?]

SH [W/M?]
g

50 Y

[+ 100 200 300
Niwot Forest, CO

SH [W/M?]

Figure 2. U.S. map of ETRHEQ ET (cm-yr '). Circles represent ET predictions at the stations, and diamonds represent watershed water
budget ET estimates. The map background is ETRHEQ ET predictions, which are interpolated to a grid using a multivariate thin-plate

smoothing spline (section 2.6.1).

ILAMB

orkshop May 2016

The ETRHEQ method estimates

the surface conductance to water vapor
transport, which is the key rate-limiting
parameter of typical ET

models, by choosing the surface
conductance that minimizes the vertical
variance of the calculated relative
humidity profile averaged over the day.



What FluxNet can Do for Us:
Trends, Leads, Lags, Extremes

e Providing a statistically robust data set to assess the role
of extreme events on mass and energy exchange;
— Extreme Droughts and Heat/Cold Spells
— Pulses and Switches due to Rain

e Providing a Statistically Long Time Series, > Decade, to
Assess Factors Causing Interannual Variability of Carbon
and Water Fluxes

— Roles of Elevated CO2, Regional Warming and Drying
— Roles of Antecedent Conditions or Legacy Effects

e Detecting changes in soil moisture/ground water coupling;

ILAMB Workshop May 2016



Interannual Variation and Long Term Trends
in Net Ecosystem Carbon Exchange (F,), Photosynthesis (F,) and Respiration (Fg):
Are They Sustainable???

Harvard Forest
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Urbanski et al 2007 JGR ILAMB Workshop May 2016



NEE (gC m?y™)

Extended Record with New Fluxnet Data set

Harvard Forest

800

600 -

400 A

200 H

-200

-400 -

-600 -

-800 T T . T
1990 1995 2000 2005 2010 2015

Year

ILAMB Workshop May 2016



Time Since Disturbance Affects Net Ecosystem Carbon Exchange

Conifer Forests, Canada and Pacific Northwest
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Baldocchi, Austral J Botany, 2008
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Don’t Forget Ecology
Stand Age also affects differences between ET of forest vs grassland

Plynlimon, Wales
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Marc and Robinson, 2007 HESS
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Sustained and Elevated Respiration after Fall Rain

Vaira 2008
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What FluxNet can Do for Us:

Model Validation and Parameterization

Providing Ground Truth and Lessons Learned for Land Surface
Modeling and Land-Atmosphere Interactions;

Providing data for Data-Model Fusion Schemes for Carbon Cycle

Providing Ground Truth and Parameterization Data for Light
Use Efficiency Models, coupled to Satellite Remote Sensing
— MODIS, Hyperion

Providing Ground Truth to New Product derived from Satellite
Radar Platforms

— SMAP, COSMOS

Resource on Site MetaData for Synthesis and Distillation g
— Soil Properties (Polaris)
— Structure and Function (TRY)

— Phenology (PhenoCam)
ILAMB Workshop May 2016
— LIDAR




Many C Cycles Model Don’t Simulate
GPP-Light Response, Well

— O
s - hseryed _
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B

4

Caily Average
2
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If One Doesn’t Get C Inputs Right,
How can one Compute the Carbon Cycle Right?

Schaeffer et al 2012, JGR BiogegasiaRe@op May 2016



"Those who cannot remember the past
are condemned to repeat it",

George Santayana
ILAMB Workshop May 2016



We Need to Simulate the Light Environment on
Sun and Shaded Leaves Because the
‘Mean of the Function Does Not Equal

Function of the Mean’

BIOMETEOROLOGY IN INTEGRATED PEST MANAGEMENT

C.T. de Wit HILGARDIA KW

Institute for Biofogical and Chemical Research
on Field Crops and Herbage, Wageningen

SIMULATION OF MICROCLIMATES

. . A Model for Simulating Photosynthesis
Photosynthesis of leaf canopies in Plant Communitics John M. Norman

Department of Agronomy
University of Nebraska
Lincoln, Nebraska

W. G. Duncan, R. S. Loomis, W. A. Williams, and R. Hanau

1967
1965 ILAMB Workshop May 2016 1979



Ignore Biometeorology at Your Peril:
Marked Improvement with Sun-Shade Models
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Seasonality of Photosynthetic Capacity
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Optimizing Seasonality of Vcmax improves Prediction of Fluxes
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Testing Light Use Efficiency Models
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Do Snap-Shot C Fluxes, inferred from Remote
Sensing, Relate to Daily C Flux Integrals?
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MODIS GPP Algorithm Test
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Emergent Scale Process:
CO, Flux and Diffuse Radiation
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*\We are poised to see effects of Cleaner/Dirtier Skies and Next Volcano
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Eddy Flux Data and Model-Data Fusion

Site = US-Syv Site = US-Ho1 Sita = US-MMS

EDC median
EDC 50% C.R.
S5TA median
S5TaA 50% C.R.
AMERIFLU X

2002 2003 2004
yaar year yaar

Constraining ecosystem carbon dynamics in a data-limited world:
integrating ecological ‘“‘common sense” in a model-data fusion
framework

A. A.Bloom'" and M. Williams!

1School of GeoSciences, University of Edinburgh, Edinburgh, UK
“now at: Jet Propulsion Laboratory, California Institute of Technology, Pasadena, USA
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FLUXNET Data use to Test Algorithms in the Community Land Model, CLM

G02026 BONAN ET AL.: COMMUNITY LAND MODEL CANOPY SCALING G02026
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Canopy Structure
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FLUXNET database
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Initial Conditions for Forced Restore Model of Soil Heat Flux

FLUXNET Database
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Coefficients:
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What FluxNet can Do for Us:
Technology and Methods

e Refining and advancing the development and application
of the eddy covariance method

— Stable Boundary Layers, Complex Terrain, Heteogeneous Source
Fields, Decoupled Fluxes, Dual Flux Systems, Advection, Energy
Balance Closure

e Providing multi-scaled data set for the application of
information and complexity theory

— Granger Causality

— Transfer Entropy

— Mutual Information Theory

— Neural Networks

e Proof of Concept as a System and Model for the sharing
and distributing complex and multi-sourced
. ILAMB Workshop May 2016
environmental data.



Relative Information on CO, Flux
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Links to Other National/International
Programs and Networks

Phenology, Phenocam
Solil Moisture, SMAP and Cosmos

Soll Characteristics, POLARIS,
SURRGO

Land Parameterization, ILAMB
Radiation Fields, ARM
Plant Functional Traits, TRY

ILAMB Workshop May 2016



Conclusions and Directions @ 20 Years

Continued Development of Data System to Serve
the Community

Continued Site Comparison Studies to Maintain
Quality of Data

Expand into other Trace Gases, e.g. Methane

Continue to Recruit Site Metadata information,
including LIDAR, Soils, Physiological Capacity.

New Generation of Studies on Trend Detection
and Sources of Interannual Variability
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Early Questions

e What is the Annual Sum of Ecosystem
Carbon Exchange, as a function of Climate
Zone, Plant Functional Type, Time since

Disturbance, Weather, and Size of the
Network?
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Day-Night sampling Enables Us to Partition Net Carbon Exchange
Into Carbon Assimilation and Ecosystem Respiration

Published Data, March 2014
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Forest Evaporation
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Structure, Function, Traits and
Emerging Processes
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Spatial Variations in C Fluxes

:\'a
B

First Global Photosynthesis from MODIS

Daily rates over the period June 17 - June 24, 2000

gC/m2/day
University of Montana SCF / NTSG
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Spatial Variations in C Fluxes
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Limits to Landscape Classification by Functional Type

« Stand Age/Disturbance
« Biodiversity

* Fire

* Logging

* Insects/Pathogens

« Management/Plantations
 Kyoto Forests

* Functional Traits Trump
Functional Types
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LE, W m™

Evaporation vs Humidity Deficits
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Baldocchi, unpublished

LE/Rn

1.2

1.0

0.8

0.6

0.4

0.2

0.0

Biodiversity and Evaporation on Annual Time Scales

® Coefficients:
b[0]00.5918072042
b[1]0-0.0316243545
r2110.1263967329

1 2 3 4 5 6 7

Number of Species
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Annual Fluxes by Functional Group
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Std.dev 0.909

Deciduous 4.086
broadleaved forest
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The Advantages of Evergreeness vs Deciduousness
In Mediterranean Oak

TaBLE 2. Analysis of deciduous vs. evergreen leaves (mean *=
SE) for annual total gross primary productivity (GPP),
ecosystem respiration (Rq..), and evapotranspiration (ET).

Variable Units Deciduous Evergreen LSD
GPP o Cm2yr ! 1251 £69 1288 = 83 152
Reco o Cm 2yr ! 1050 = 56 958 =49 137
ET mm/yr 343 = 37 368 = 29 46

Notes: The database consists of 11 site-years for deciduous
oaks and 15 site-years for evergreen oaks. For all variables and
both leat types., each flux pair was found to be i1dentical
according to Duncan’s test. LSD 1s least significant difference at
o = 0.05.

Baldocchi et al 2010. Ecol Applications ILAMB Workshop May 2016



Potential and Real Rates of Gross Carbon Uptake by Vegetation:
Most Locations Never Reach Upper Potential
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