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A Thermodynamic Basis for Thermal Remote Sensing: The Theory 

and Application to Natural and Managed Ecosystems Productivity



Nonequilibrium Thermodynamic Hypotheses 

Concerning Ecosystem Development

• Exergy- A measure of available work content of energy. It 
reflects the quality of the energy. Irreversible processes 
destroy exergy

• Forests – health, recovery, management

• Agriculture- yield & op<um nitrogen ferterilizer 
levels 

• Urban areas - urban climatology & public health
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1Schneider & Kay 1994

“We believe that these analyses are significant, in that we have calculated for the 
first ?me the entropy produc?on, exergy drop and available work destruc?on, 
resul?ng from these organizing events1. “



Schneider & Kay 1994

Dissipative Structures Produced by Self Organizing Systems  
Leads to More Effec.ve Dissipa.on of the Larger Driving Gradient



Schneider & Kay 1994



Second Law and Ecosystems

(H.T. Odum was right! If maximum work principle 
means extract the most available work from the 
energy source.)

Make use of as much of the exergy as possible to 
perform tasks.  Make the most effective use of the 
energy.  Win!

What is the thermodynamic game?
Store energy

Increase Biomass



1. The raEo (Rn/K*) of net all-wave radiaEon to net short-wave radiaEon (K*) received at the surface 
will be larger for more developed ecosystems  and these systems will have a lower surface 
temperature- Exergy u4liza4on will increase 

For agriculture crops lower surface temperatures are related to yield and op2um levels of 
nitrogen fer2lizer (Akbari 1995, Lawrence 2016, Alzaben 2020).

2. Spa4al varia4on of surface temperature (T) will be less for more developed ecosystems. The 
spaEal variaEon can be indexed using the beta index (Holbo and Luvall 1989). The more developed 
ecosystems will have a larger beta index. The departure from uniformity is a measure of constraints 
on the system and the nature of the departure is indicaEve of the nature of the constraint(s). This is a 
thermodynamic statement about the system at a point in Eme- Internal equilibrium will increase

3. More developed ecosystems will exhibit a smaller temperature change in response to a given 
amount of energy input (net radia4on). This is a thermodynamic statement about the system as a 
derivaEve of Eme. This can be measured using Thermal Response Number (TRN) (Luvall and Holbo 
1989). The more developed ecosystems should have a larger TRN - Internal equilibrium will increase

Nonequilibrium Thermodynamic Hypotheses Concerning Ecosystem 
Development

Ecosystems, which also include crop plant systems, develop so as to degrade exergy
more effectively, as revealed by surface temperature measurements, according to the 

exergy destruction principle1

1Prigogine 1977;Kay 1991; Schneider & Kay 1994;Kay et al., 2001;Fraser & Kay 2004;Schneider & Sagan 2006



Surface Radia,on and Energy Budgets

Q*= (K   + K  ) + (L   +  L   )
K =  Incoming Solar

K =  Reflected Solar

L = Incoming Longwave

L =  Emi7ed Outgoing Longwave 

Q* = H + LE    G
H = Sensible Heat Flux

LE = Latent Heat Flux

G = Storage Flux

The ra.o of net radia.on to change in 
temperature can be used to define a surface 
property referred to as the Thermal Response 

Number (TRN).1
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represents the total amount of net radia.on ( Q* )for that surface over 
the .me period between flights( Δt = t2 − t1 ) and ΔT is the change in 
mean temperature of that surface.

Typically a polygon of composed many  pixels is extracted from the 
surface of interest allowing the assessment of T variability for the Beta 
Index

where

1Luvall and Holbo 1989



Luvall & Holbo 1989

Thermal Infrared Multispectral Scanner (TIMS) 10m August 1985

US Forest Service - HJ Andrews Experimental Forest, Oregon, USA



Thermal Infrared MulQspectral Scanner (TIMS) 10m August 1985

US Forest Service - HJ Andrews Experimental Forest, Oregon, USA

Holbo & Luvall 1989

Beta Index



 
 

Quarry Clearcut  Douglas Fir 
Plantation 

Natural 
Forest 

400 year old 
Douglas Fir 

Forest 
T   (oC) 50.7 51.8 29.9 29.4 24.7 
Rn/K* (%) 62 65 85 86 90 
Beta Index 12.9 6.3 34.4 17.2 130.7 
TRN 168 406 1631 788 1549 

 

 

1Beta Index: Spatial variability in the surface temperature

2Thermal Response Number (TRN): For a given input of energy 
over  a given time, the change in surface temperature. Temporal 
variability.

Both are measures of inertia, so larger values means less  
variability.

1Holbo & Luvall 1989; 2Luvall & Holbo 1989

US Forest Service - HJ Andrews Experimental Forest, Oregon, USA



Comparing ECOSTRESS1 Surface  Temperature to Biodiversity and Biomass

59 2x2m plots
In three fields surveyed for 
all plants by professionals 
2007-2017 

Three areas (yellow) were 
unseeded controls

3 paired areas were 
compared

1ECOSTRESS early adopter-Hamberg et al., 2020



Mean temperature decrease -1.5 % pts. per year. 
Equals approximately -4.5 °C in 12 years on a summer day

Hamberg et al., 2020



DAIS Thermal Imagery, Obtained During the Summers of 1998 and 2001 in 
the Sandy and Sandy Loam Regions of Flanders (Belgium)1

1Maes et al., 2011

“ We conclude from the simula2ons that, in 
agreement with the ecosystem exergy theory, 
succession from non-vegetated land to forests will 
increase the energy dissipaJon, through an
enhanced evapotranspiraJon and surface length, 
whilst reducing the ecosystem’s dependence on 
unpredictable factors for its energy dissipaJon.”

“This is confirmed by the observational data. 
Dissipation increased in this study with 
increasing maturity or naturalness of major land 
use classes (forests > agricultural landscape and 
gardens > buildings). In addition, more mature 
(medium-aged and old) pine (in Brasschaat) and 
poplar (Gorsem) stands dissipated more energy 
than young forests. “



Airborne ATLAS 5m Thermal Data



Changes in canopy temperature differential 
of corn as a function of nitrogen level and 

grain yield.

Arkbari 1995

Early Field Studies

Surface - air temperature differential for 
various fields



Corn Field Trials Where the Corn is Stressed With an Analog Weed (wheat)

Lawrence 2016



Greenhouse Nitrogen Trials

Lawrence 2016

Leaf Whorl Thermocouple Temperature Measurments



Field Studies -The mean leaf surface temperature as influenced by 
nitrogen rate in July over different years

2016 2017

2019Alzaben 2020

Decreasing surface temperature with 
nitrogen rate increase and yield increase



The average leaf surface temperature decreases 
with increasing nitrogen rate from a

thermal camera data

Greenhouse Studies

Surface temperature decreased with increasing supplied 
nitrogen rate 

Alzaben 2020



An “energy fingerprint” of urban surfaces in Puerto Rico. The unique 
“energy print” represents how the surface is processing energy and can be 
used to provide a functional classification of urban surfaces which drive the 
microclimate important in vector borne disease habitat. (Luvalll 2018)

5 m Resolu.on ATLAS Thermal Data (2004) from San Jaun, PR



Both managed and natural ecosystems, develop so as to degrade exergy more effectively, 
as revealed by surface temperature measurements, according to the exergy destruction 
principle.1

Thus the ecosystem T, Rn/K*, TRN and the Beta Index are excellent indicators of 
ecological integrity that can be formulated from first principles of thermodynamics and 
physics. The required measurements can be measured using thermal* remote sensing2.

The potential for these methods to be used globally for ecosystem functional 
classification, health/integrity, fire recovery, restoration, & biodiversity is apparent. In 
agriculture systems the ability to estimate yield and optium nitrogen fertilizer levels will 
provide significant enhancement to the ability to manage these ecosystems.

With current the ECOSTRESS thermal data products and planned HyTES European field 
campaigns this summer along with the future Trishnia, SBG and LSTM satellite missions, 
there are significant pontienal for application of these techniques for studying natural & 
managed ecosystems.

1Prigogine 1977;Kay 1991; Schneider & Kay 1994;Kay et al., 2001;Fraser & Kay 2004;Schneider & Sagan 2006
2Luvall & Holbo 1989;Holbo & Luvall 1989;Luvall et al.; 1990;Akbari 1995;Maes et al., 2011;Lawrence 2016;Hamberg 2020;Alzaben 
2020 

*albedo is also required



References

Alzaben, Eba, 2020. Investigating the Exergy Destruction Principle Applied to Precision Agriculture Using Thermal Remote Sensing 2020. PhD 
Dissertation, University of Waterloo.

Alzaben, H., Fraser, R., Swanton, C., 2021a. Effects of Nitrogen Stress on Crop Surface Temperature and Leaf Thermal Emissivity: A Greenhouse 
Case Study. 2021 Ieee Int Geoscience Remote Sens Symposium Igarss 00, 6296–6299. https://doi.org/10.1109/igarss47720.2021.9553079

Alzaben, H., Fraser, R., Swanton, C., 2021b. The Role of Engineering Thermodynamics in Explaining the Inverse Correlation between Surface 
Temperature and Supplied Nitrogen Rate in Corn Plants: A Greenhouse Case Study. Agriculture-london 11, 101. 
https://doi.org/10.3390/agriculture11020101

Comarazamy, D.E., Gonzalez, J.E., Luvall, J.C., 2013a. Quantification and mitigation of long-term impacts of urbanization and climate change in 
the tropical coastal city of San Juan, Puerto Rico. Int. J. Low Carbon Technol. 10, 87–97. https://doi.org/10.1093/ijlct/ctt059

Comarazamy, D.E., GonzáLez, J.E., Luvall, J.C., Rickman, D.L., Bornstein, R.D., 2013b. Climate impacts of land-cover and land-use changes in 
tropical islands under conditions of global climate change. J. Clim. 26, 1535–1550. https://doi.org/10.1175/jcli-d-12-00087.1

Fraser, Roydon, Kay, J., 2004. Exergy Analysis of Ecosystems: Establishing a Role for Thermal Remote Sensing. pp. 282–334.
González, J.E., Ramamurthy, P., Bornstein, R.D., Chen, F., Bou-Zeid, E.R., Ghandehari, M., Luvall, J., Mitra, C., Niyogi, D., 2021. Urban climate and 

resiliency: A synthesis report of state of the art and future research directions. Urban Clim. 38, 100858. 
https://doi.org/10.1016/j.uclim.2021.100858

Hamberg, L.J., Fraser, R.A., Robinson, D.T., Trant, A.J., Murphy, S.D., 2020. Surface temperature as an indicator of plant species diversity and 
restoration in oak woodland. Ecol Indic 113, 106249. https://doi.org/10.1016/j.ecolind.2020.106249

Holbo, H.R., Luvall, J.C., 1989. Modeling surface temperature distributions in forest landscapes. Remote Sens. Environ. 27, 11–24. 
https://doi.org/10.1016/0034-4257(89)90033-3

Luvall, J.C., 2018. A thermodynamic paradigm for using satellite based geophysical measurements in public health applications.Rev Inst Adolfo 
Lutz.

Luvall, J.C., Holbo, H.R., 1989. Measurements of short-term thermal responses of coniferous forest canopies using thermal scanner data. 
Remote Sens Environ 27, 1–10. https://doi.org/10.1016/0034-4257(89)90032-1

Luvall, J.C., Lieberman, D., Lieberman, M., Hartshorn, G.S., Peralta, R., 1990. Estimation of tropical forest canopy temperatures, thermal 
response numbers, and evapotranspiration using an aircraft-based thermal sensor. Photogrammetric Engineering & Remote Sensing 56, 
1393–1401.

Luvall, J.C., Quattrochi, D.A., Rickman, D.L., Estes, M.G., 2015. Boundary Layer (Atmospheric) and Air Pollution | Urban Heat Islands. 
https://doi.org/10.1016/b978-0-12-382225-3.00442-4



Maes, W.H., Pashuysen, T., Trabucco, A., Veroustraete, F., Muys, B., 2011. Does energy dissipation increase with ecosystem succession? Testing 
the ecosystem exergy theory combining theoretical simulations and thermal remote sensing observations. Ecol Model 222, 3917–3941. 
https://doi.org/10.1016/j.ecolmodel.2011.08.028

Minkel, JR, 2002. The Meaning of Life. New scientist 30–33.
Quattrochi, D., Luvall, J., 2004. Thermal Remote Sensing in Land Surface Processing. https://doi.org/10.1201/9780203502174-f
Rickman, D., Luvall, J.C., Shaw, J., Mask, P., Kissel, D., Sullivan, D., 2003. Precision Agriculture-Changing the Face of Farming. Geotimes, 

Precision Agriculture-Changing the Face of Farming.
Schneider, E.D., Kay, J.J., 1994. Life as a manifestation of the second law of thermodynamics. Math Comput Model 19, 25–48. 

https://doi.org/10.1016/0895-7177(94)90188-0
Schneider, E.D., Sagan, D., 2006. Into the Cool: Energy Flow, Thermodynamics, and Life. University of Chicago Press.
Wagendorp, T., Gulinck, H., Coppin, P., Muys, B., 2006. Land use impact evaluation in life cycle assessment based on ecosystem 

thermodynamics. Energy 31, 112–125. https://doi.org/10.1016/j.energy.2005.01.002
Waltner-Toews, D., Kay, J., 2005. The Evolution of an Ecosystem Approach: the Diamond Schematic and an Adaptive Methodology for 

Ecosystem Sustainability and Health. Ecol Soc 10. https://doi.org/10.5751/es-01214-100138

References


