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At Issue:

How can satellites help to estimate the

Surface Energy Budget  (SEB)

One Component of SEB:

Surface Radiation Budget (Review)

Other components:

Surface Turbulent Fluxes of heat and moisture

Heat into ground

How do we evaluate the turbulent fluxes?

Overview of Eddy Covariance Principles



Radiation Balance at the Earth Surface

The net flux of radiation at the earth’s surface results 
from a balance between the solar and terrestrial 

radiation fluxes:

Fsfc
rad = FSW + FLW

The short-wave and long-wave radiation balance can 
be expressed:

FSW = FSW↓ - FSW↑

FLW = FLW↓ - FLW↑

The net radiation balance being:
Fsfc

rad = FSW↓ - FSW↑ + 

FLW↓ - FLW↑



• The incident solar radiation FSW↓ is the sum of the 
direct and diffuse solar radiation.  It has a 
pronounced diurnal and seasonal variation, and is 
also strongly affected by clouds. The outgoing 
short-wave solar radiation is the part reflected by 
the surface FSW↑=AsfcFSW↓, where Asfc is the 
surface albedo so that the net short-wave 
radiation is:

FSW =  (1 – Asfc) FSW↓

• The outgoing long-wave radiation FLW↑ is given by 
the Stefan-Boltzmann law, assuming a given 
emissivity є for the earth’s surface.

• The net radiation flux at the surface is then given 
by :

Fsfc
rad = FSW↓ (1 – Asfc) – σєT4

sfc + FLW↓



Energy Balance at the Earth Surface

The main part of the energy absorbed at the surface is used 

to evaporate water, another part is lost to the 

atmosphere as sensible heat, and a smaller part is lost to 

the underlying layers or used to melt snow and ice. Thus, 

there are essentially four types of energy fluxes at the 

earth’s surface. They are the net radiation flux Frad, the 

(direct) sensible heat flux FSH↑, the (indirect) latent heat 

flux FLH↑, and the heat flux into the subsurface layers 

FG↓. Under steady conditions the balance equation for 

the energy is given by

Fsfc
rad - FSH↑ - FLH↑ - FG↓ - FM = 0



These surface fluxes are associated with 

land processes and depend on:

� vertical stability; roughness

� surface temperature

� subsurface heat conduction

� vegetation

� surface hydrological balance

� potential evapotranspiration

� radiative flux



• Theoretical aspects of satellite remote sensing of energy balance

• Thermal equilibrium at the surface is maintained by a combination of 
thermodynamic and physiological processes. 

• The net energy absorbed by the surface through radiative processes, 
net radiation Rn, must be balanced by that transported to the 
atmosphere and ground (sensible, latent, and ground heat flux):

• Rn = H + LE + G.                                    (1)

• Rn is simply the difference between the incident and reflected 
shortwave radiation and the incident and emitted long wave 
radiation at the surface, that is:

• Rn = S{1 - α} + Lwd - Lwu,                       (2)

• where S is downwelling shortwave radiation energy flux (Wm-2).



Surface energy balance formulae

For the sensible and latent heat components in eq. 1, closed-form 
solutions cannot be obtained.  Commonly used semi-empirical 
relations are:

For Sensible heat:

H = ρCp (Taero - Ta)/ra (3)

• where H     sensible heat flux, W m-2; ρ density of air, kg m-3;

• Cp specific heat of air, J kg-1 oC-1; 

• Ta reference height air temperature, oC;

• Taero canopy temperature, oC;

• ra aerodynamic resistance for heat and water vapor, s m-1.



• In this formulation the aerodynamic resistance, ra, 

relates the vertical gradient in temperature, Taero - Ta, 

to the sensible heat flux. 

• The ra value is semi-empirical and is intended to 

characterize the efficiency of the very complex 

transfer of heat by turbulent air movement through 

the canopy into the air above; ra is normally derived 

using empirical arguments to adjust the surface 

momentum transfer coefficient, a term that relates 

the vertical gradient in boundary layer wind speed to 

surface shear stress. 

• A number of such empirical formulations are 

available for ra ( see Hall et al,. 1991), such as:



where U is windspeed, m s-1; z is reference height for 
measurement of Ta and U ; h is height of canopy (m); and g is 
gravitational acceleration, m s-2.
For more details and additional formulation for Aerodynamic 
Resistance see the provided paper:

Measurement and estimation of the

aerodynamic resistance

S. Liu, D. Mao, and L. Lu
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• For latent heat:

LE = ρCp[e*(Taero)- ea)](gcga)/γ(gc + ga),              (5)

•

• where         ea vapor pressure at reference height, mbar;

• Ta air temperature at reference height, ok;

• e*(Taero) saturated vapor pressure in the canopy air space, 
mbar;

• γ psychometric constant, mbar ok-1;

• ρCp as defined in (2);

• gc bulk stomatal conductance of canopy, m s-1;

• ga bulk aerodynamic conductance of canopy (1/ ra), m 
s-1.

•

• These first-order solutions to the turbulent transport equations 
served as the primary model for investigating relationship 
between the properties of land surface vegetation, energy-
mass balance, and remote sensing of these interactions in FIFE.



Sensible heat

• For H in (3), remote sensing measures of surface 

radiometric temperature have been evaluated as a 

surrogate for Taero. 

•

• However, Taero is not explicitly Trad but, as discussed 

above, a theoretical construct that parameterizes a 

“convective” temperature.  Vining and Blad (1991)

investigated the relationship between Taero and Trad.



Latent heat

For latent heat estimation (eq. 5) the main focus 
of remote sensing techniques is the 
conductance term gc and the Taero term in 
estimating canopy air-space vapor pressure.  
The canopy conductance term gc can be 
modeled after Jarvis (1976) as a product of 
functions with range (0, 1) where each function 
characterizes the dependence of gc on APAR 
(absorbed PAR), δe, T, and leaf water potential 
ψ. 



• That is:

• gc = g*
c(APAR)g(δe)g(Taero)g(ψ)                     (6)

• where g*
c (APAR) is “unstressed” canopy 

conductance and g (δe), g (Taero), g (ψ) are 
functions with ranges (0, 1) describing the 
fraction of stomatal closure by vapor pressure 
deficit, leaf temperature, and leaf water 
potential.

• The most accurate method to estimate turbulent 
fluxes is the “Eddy Correlation Method “to be 
explained in what follows:



What is Flux

Flux – how much of something moves through a unit 

area per unit time

Flux is dependent on: (1) number of things crossing 

the area; (2) size of the area being crossed, and (3) 

the time it takes to cross this area



Flux Measurements

• Flux measurements are widely used to estimate 

heat, water, and CO2 exchange, as well as methane 

and other trace gases

• Eddy Covariance is one of the most direct and 

defensible ways to measure such fluxes

• The method is mathematically complex, and 

requires a lot of care setting up and processing 

data .



“A Brief Practical Guide to Eddy Covariance Flux 

Measurements: Principles and Workflow Examples for 

Scientific and Industrial Applications”

G. Burba and D. Anderson of LI-COR Biosciences

To help a non-expert gain a basic understanding of 

the Eddy Covariance method and to point out 

valuable references

To provide explanations in a simplified manner first, 

and then elaborate with specific details



Introduction

The Eddy Covariance method is one of the most 

accurate, direct and defensible approaches available

to date for measurements of gas fluxes

and monitoring of gas emissions from areas with sizes

ranging from a few hundred to millions of square 

meters

• The method relies on direct and very fast 

measurements of actual gas transport by a 3-D wind 

speed in real time in situ, resulting in calculations

of turbulent fluxes within the atmospheric 

boundary layer

•



• Modern instruments and software make this 

method easily available and potentially 

widely-used in studies beyond 

micrometeorology, such as in ecology, 

hydrology, environmental and industrial 

monitoring, etc.

• Main challenge of the method for a non-

expert is the shear complexity of system 

design, implementation and processing the 

large volume of data



• The Eddy Covariance method provides 

measurements

of gas emission and also allows measurements of 

fluxes of sensible heat, latent

heat and momentum, integrated over an area.

• This method was widely used in micrometeorology

for over 30 years, but now, with firmer 

methodology  and more advanced 

instrumentation, it can be available to any 

discipline, including science, industry, 

environmental monitoring and inventory.



Several networks have been established over 

the globe to measure turbulent fluxes

Existing Flux Networks:

Fluxnet, Fluxnet-Canada, AsiaFlux, CarboEurope
and AmeriFlux networks    

They collect   Eddy Covariance information.

http://gcmd.nasa.gov/records/GCMD_AMERIFLU
X_SHIDLER-CDIAC.html

http://terraweb.forestry.oregonstate.edu/chair2.
htm

































• Remote sensing the surface energy budget

• The First International Satellite Land Surface 
Climatology Project (ISLSCP) Field Experiment (FIFE) 
was an international, land-surface-atmosphere 
experiment centered on a 15 x 15 km test site near 
Manhattan, Kansas. 

• The objectives of FIFE:   to better understand the role 
of biology in controlling the interactions between the 
atmosphere and the vegetated land surface and to 
investigate the use of satellite observations for 
inferring climatologically significant land surface 
parameters.  Specifically:



• to verify the basic flux relationships for the 
homogeneous patches; 

• to assess the ability to remotely sense parametric 
inputs to these relationships; 

• to examine how these relationships and remote 
sensing algorithms scale from the patch level to 
heterogeneous collections of patches at the meso-
scale level; 

• to determine how well existing calibration, 
atmospheric correction, and radiometric rectification 
techniques permit to extend satellite observations 
between dates and sensors

• to determine to what degree existing and future 
satellite designs satisfy the requirements for periodic 
monitoring of surface energy balance components 
on a global scale.



• Below are a few examples of the sources of information on the various 
methods of flux measurements, and specifically on the Eddy Covariance 
method:

• Micrometeorology, 2009. By T. Foken. Springer-Verlag.

• Handbook of Micrometeorology: A Guide for Surface Flux Measurement and 
Analysis, 2008. By X. Lee; W. Massman; B. Law (Eds.). Springer-Verlag.

• Principles of Environmental Physics, 2007. By J. Monteith and M. Unsworth. 
Academic Press.

• Microclimate: The Biological Environment. 1983. By N. Rosenberg, B. Blad, S. 
Verma. Wiley Publishers.

• Baldocchi, D.D., B.B. Hicks and T.P. Meyers. 1988. 'Measuring biosphere-
atmosphere exchanges of biologically related gases with micrometeorological

methods', Ecology, 69, 1331-1340

• Verma, S.B., 1990. Micrometeorological methods for measuring surface fluxes 
of mass and energy. Remote Sensing Reviews, 5: 99-115.

• Wesely, M.L., D.H. Lenschow and O.T. 1989. Flux measurement techniques. In: 
Global Tropospheric Chemistry, Chemical Fluxes in the Global Atmosphere.

• NCAR Report. Eds. DH Lenschow and BB Hicks. pp 31-46


