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Energy Balance of a Surface
• RN = Net Radiation = 

– Shortwave_in – Shortwave_out + Longwave_in – Longwave_out

• S = Storage = d(Surface Energy)/dt = dEs/dt
• G = Ground heat flux
• LE = Latent heat flux
• SH = Sensible heat flux
• DFeo = Lateral transport

RN - G = LE + SH + S + DFeo

Rs LE SH

DFeoS

land or ocean

BALANCE EQUATION

G





Frontiers in Ecology, 2003



Koster et al., 2004



Potential Impact of Land Cover 
Change on Crop Yield

S. America Soybeans
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East Asia Wheat
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Central Asia Wheat
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India Soybeans
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North America Maize
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South America Soybeans
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West Africa Maize
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*

Soil moisture 
fraction

Crop Yield

Precipitation

Bagley et al., 2012, ERL
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Rydzik and Desai, 2012; Clare et al ., in prep; figure by Michael Johnson



Bonan 2008



Enter eddy covariance flux towers



Finnigan et al (2003)



Burba and Anderson (2010)



w’

!

t’
c’ , q’ 

Sonic anemometer

Thermistor, hygrometer, 
barometer

Infrared gas 
analyzer

F ws w sa= ×r r~ ' '
LE = Latent Heat flux 

! w’q’

H =Sensible Heat flux 
! w’t’

Net radiation =
Net solar + net Longwave



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

2029 towers!
(Feb 2019)



US-CS1
Heartland Farm
Operating from Jun 30, 2018





But…





US-Syv (Sylvania)
Desai et al., 2005, Ag For Met



Solar incoming

Solar reflected



Solar incoming

Solar reflected

Longwave emitted

Longwave incoming



Solar incoming

Solar reflected

Longwave emitted

Longwave incoming
Net Radiation



Net Radiation



Net Radiation

Ground heat flux + storage



Net Radiation

Ground heat flux + storage

Sensible heat flux

Latent Heat flux



Net Radiation – Ground Heat Flux

Turbulent Fluxes + Storage

Rn-G = H + LE ?









Energy Imbalance is Common But Variable in Space and Time

Reed et al., 2018, Ag For Met



WHY!?!?



Bad Instruments?









J. Atmos Ocean Tech, 2016



NO!



Bad Flux Processing?



Foken 2003





NO!



Towers too tall?



Net turbulent flux
H + LE

Water and heat storage

Biomass heat storage (1-2%)
Photosynthesis (2-3%)
Soil moisture phase change (<1%)





NO!



Lateral Fluxes?







NO!



Mesoscale fluxes?

• Violation of assumptions:
– Ergodicity 
– Homogeneity
– Stationarity



Foken 2003



Energy imbalance worsens with increased 
regional spatial heterogeneity

Stoy et al., 2013, AFM

EBC=
H+Le
-------

Rnet-G

Greenness spatial variance



Landscape variance potentially drives stationary eddies

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

x xx x xxx xx xxx x xx

cold,wet cold,wet cold,wetwarm, dry warm, dry



Can we get out of this mess?





We can test 3 spatial eddy 
covariance methods that 
account for meso-scale 
eddies



Atmos Meas Tech 2017



Environmental Response Function (ERF) scaling method

Extracted relationships

Domain-projected turbulent
flux at measurement level

!"#"(ℎ)

63−1.0 0.0 0.5 1.0

0
50

15
0

25
0

cos (azi)   (27.3%)

H
 [W

 m
−
2 ]

290 295 300 305

0
50

15
0

25
0

theta [K]  (20.3%)
−1.0 0.0 0.5 1.0

0
50

15
0

25
0

sin (azi)   (14.3%)

10 15 20 25

0
50

15
0

25
0

q [mmol mol−1]  (10.4%)
291 293 295

0
50

15
0

25
0

LST [K]  (8.5%)
0.45 0.50 0.55

0
50

15
0

25
0

EVI   (7%)

0.00 0.10 0.20

0
50

15
0

25
0

zm/zi   (12.1%)

H
 [W

 m
−
2 ]

290 294 298

−1
0

−5
0

5

  θ [K]  (21.1%)

C
O

2 f
lu

x 
[μ

m
ol

 m
−
2 s−

1 ]

−1.0 0.0 0.5 1.0

−1
0

−5
0

5

sin (azi)   (18.5%)

0.05 0.15 0.25

−1
0

−5
0

5

zm/zi   (13.8%)
291 293 295

−1
0

−5
0

5

LST [K]  (12.1%)

−1.0 −0.6 −0.2 0.2

−1
0

−5
0

5

cos (azi)   (11.5%)

10 15 20

−1
0

−5
0

5

q [mmol mol−1]  (11.9%)

C
O

2 f
lu

x 
[μ

m
ol

 m
−
2 s−

1 ]

0.46 0.50 0.54

−1
0

−5
0

5

EVI   (11.1%)

a

b

 N  S

 N S

  W  E

 W  E

−1.0 0.0 0.5 1.0

0
50

15
0

25
0

cos (azi)   (27.3%)

H 
[W

 m
−2

]

290 295 300 305

0
50

15
0

25
0

theta [K]  (20.3%)
−1.0 0.0 0.5 1.0

0
50

15
0

25
0

sin (azi)   (14.3%)

10 15 20 25

0
50

15
0

25
0

q [mmol mol−1]  (10.4%)
291 293 295

0
50

15
0

25
0

LST [K]  (8.5%)
0.45 0.50 0.55

0
50

15
0

25
0

EVI   (7%)

0.00 0.10 0.20

0
50

15
0

25
0

zm/zi   (12.1%)

H 
[W

 m
−2

]

290 294 298

−1
0

−5
0

5

  θ [K]  (21.1%)

CO
2 f

lux
 [μ

m
ol 

m
−2

s−1
]

−1.0 0.0 0.5 1.0

−1
0

−5
0

5

sin (azi)   (18.5%)

0.05 0.15 0.25

−1
0

−5
0

5

zm/zi   (13.8%)
291 293 295

−1
0

−5
0

5

LST [K]  (12.1%)

−1.0 −0.6 −0.2 0.2

−1
0

−5
0

5

cos (azi)   (11.5%)

10 15 20

−1
0

−5
0

5

q [mmol mol−1]  (11.9%)

CO
2 f

lux
 [μ

m
ol 

m
−2

s−1
]

0.46 0.50 0.54

−1
0

−5
0

5

EVI   (11.1%)

a

b

 N  S

 N S

  W  E

 W  E

Metzger et al., 2013, Biogeosci , Xu et al., 2017, AFM, Metzger, 2018, AFM, Xu et al., 2018, AFM



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!

Table 1 Energy budget for traditional eddy-covariance turbulent flux, the secondary circulations (calculated as 
the difference between S07 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.

Turbulent

flux

Energy at long transporting scales Atmospheric

skewness

Sum

H 91.3% 8.4% 1.6% 101.3%

LE 93.8% 8% -2.4% 99.4%

H + LE 92.7% 8.2% -1.1% 99.8%



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

Original RetrievedXu et al, in review, BLM





Park Falls/Chequamegon National Forest region, WI

68

Tall Ameriflux Park Falls
WLEF tower; Measurement 
in 2011 Aug at 30, 122 m.

Credit: Matt Rydzik (U Wisconsin)
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Xu et al., 2018, AFM



Does rectified surface atmosphere exchange help ?

volume-rectified

tower-observed
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So how does that lead to this?



Chequamegon Heterogeneous Ecosystem 
Energy-balance Study Enabled by a High-density 
Extensive Array of Detectors (CHEESEHEAD) 

NSF: U Wisc Madison-U Wisc Milwaukee-NASA GSFC-NCAR-U Wyoming-KIT IFU-Montana State

Lead PI: Desai



Experimental Design
• 10 km x 10 km (green box)
• July-Oct 2019

• 1 very tall tower (black dot)
• 8 in situ atmospheric profilers 
• 19 eddy flux towers (yellow dots)

• Weekly sampling of NPP and 
phenology

• Monthly  hyperspectral and 
seasonal LiDAR mapping of 
domain

• 3 week-long intensives (Jul-Sep)
• Flux and PBL profiling aircraft at 

100 and 400 m (red/blue lines)
• 3-hourly radiosondes
• LES simulations in each





July-October allows us to sample landscape as it evolves from 
homogenous LE (transpiration) driven, to patchier H and LE 

patterns depending on ecosystem

Bowen ratio = H/LE

Forest

Wetland



AERI (Atmospheric Emitted Radiance Interferometer)
at the US-PFa WLEF tall tower in Sept 2016





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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