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1.  Satellite Basics 

         David Alt  1933-2015 
(Legendary UM Geology Professor) 



Special “viewer” for Landsat 1 imagery 

ERTS--Landsat 1--  in a high technology analog world (1973) 

Ground truthing with 
 a female computer 

1. Satellite Basics 



There are many ! 
(with different sensors 
 and resolution) 
 
2  Primary Satellites for ET: 
 
--Landsat series (5,7,8) 
 
--MODIS  
 Terra(ASTER) 
 Aqua 
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1.  Satellite Basics 

Thermal Infrared 
(5.6 microns to 1cm) 

Color Infrared Photo  
Infrared reflected 
energy to photo 
sensitive emulsion 
 
Thermal IR Image: 
Thermal scanner 
records photons 

Landsat 7— Band 6 (10.6  to 11.19) microns 
Landsat 8— Band 10 (10.6  to 11.19) 
       Band 11 (11.5 to 12.51) 



Evaporation= water  vaporized and 
 removed from the  evaporating surface. 

Transpiration= vaporization of liquid water 
contained in plant tissues and  vapor 
removal to the atmosphere. 

Evaporation  and Transpiration (ET) occur 
simultaneously and are a function of:  
f( energy, vapor pressure gradient and wind). 
   and:    --crop and growth stage 
 --soil  
 --water management   

2.  What is ET  ?              



Evaporation = Water Vapor Transfer: 
 
Energy from sun main driver of ET—but water vapor pressure difference 
 between ET surface and  surrounding air controls vapor removal: 
 
--vapor pressure is pressure of water vapor in the air above 
      leaf surface or field 
 
--saturation vapor pressure is pressure of water vapor in equilibrium 
       with liquid phase—increases with air temperature 
 
--if vapor pressure is  <  saturation vapor pressure  then molecules evaporate 
 
vapor pressure deficit--Latent Heat Flux is  strongly influenced by  
                                      difference between saturation and actual vapor pressure 
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  Why do we care about ET  ? 

ET is typically 10 to 50 (or > ) % 
   of annual water budget 

          ,

 
where 
 evapotranspiration

precipitation,
= outflow

      change in water storage              (lakes, reservoirs, groundwater)

   

ET = P - R -ΔS

=
=

=

ET
P
R
S

2.  What is ET  ?  



 
WHY IS EVAPOTRANSPIRATION   
from  IRRIGATED LAND  IMPORTANT ? 
 
        ~2.5 million acres ±500,00 acres of irrigated agriculture in Montana 
                    >90% of total water diverted for use, is diverted for irrigation; 
         of the total water consumed >90% is consumed  by irrigation. 
 
              Accurate information on ET  is essential for  good water management,  
     (hydrologic modeling, water planning, water rights administration).  
 
 
 
 
 
 
 

NRCS Photo 

2.  What is ET  ?  



3.  How is ET measured/calculated?             



ET from mass balance over large area: 
      (residual of watershed water budget) 

Key problem:  errors in inputs and outputs accumulate in ET 
                 (problem for all methods that calculate ET as residual) 
 

                 ,

 where  evapotranspiration
precipitation,

 O = outflow
            change in water storage
               (lakes, reservoirs, groundwater)

   
ET = P - O -ΔS

=
=

∆ =

ET
P

S

3.  How is ET measured/calculated?  



Assume  Known Values:    Outflow=   800 ac-ft ±5% 
                                Precip=1000 ac-ft ±10% 
                                ∆S=0 
   ET=(1000 - 800 - 0) 
   ET=200 ac-ft 
 
      if outflow is underestimated by 5% (800-40)=760 ac-ft 
                                   and, 
     Precipitation is overestimated by 10% (1000+100)=1,100 ac-ft 
 
                          THEN, 
 
                 ET  =  (1,100 - 760)=  340 ac-ft  
                                        True ET  overestimated by   1.7 times 
       

    Errors in Outflow and Precip  accumulate in  residual -- ET 

3.  How is ET measured/calculated?  



   Lysimetry:   weigh soil cube to measure ET 

Considered most 
accurate, but  
essentially a "point" 
measurement 

3.  How is ET measured/calculated?  

THE  gold standard --  Kimberly, Idaho—Dr. James L. Wright, USDA-ARS (ret.) (See  
http://extension.uidaho.edu/kimberly/2014/04/lysimeters-inovagri-2014-workshop/) 
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(measuring rangeland ET—Rick Allen) 

  Scintillometery:   measure small changes in refractive index  
 of  air caused by changes in temp, humidity 

3.  How is ET measured/calculated?  



  Bowen  Ratio Energy Balance:   measure gradients of air    
 temperature and vapor pressure  in  near-surface layer to 
 solve energy-balance equation 
 
  Eddy Covariance:   uses statistical correlation (covariance)    
 between vertical fluxes of vapor or sensible heat within 
 upward and down ward “legs” of turbulent flux to solve 
 energy-balance equation 

  Sap flow: measure flow of water in trunk or branch of 
                         plant by velocity of heat pulse 

3.  How is ET measured/calculated?  



  Accuracy of  Remote Sensing/SEB Methods  
 Compared with other ET Methods 

3.  How is ET measured/calculated?  



Surface -Energy Balance Methods 
rely on Conservation of Energy to 
calculate energy balance  in 
boundary layer, and ET as residual 
of energy balance 

≈ boundary layer over field 
      (~2 to 3m for alfalfa) 

SURFACE-ENERGY BALANCE METHODS 

3.  How is ET measured/calculated?  



 
Heat that causes a change in 
temperature of substance (can 
measure with thermometer) 
 
Heat absorbed or released during 
phase change (liquid - gas)—heat 
causes change in state with no 
change in temperature 
 
 

≈ boundary layer over field 
      (~2 -3 m for alfalfa) 

3.  How is ET measured/calculated?  

SURFACE-ENERGY BALANCE METHODS 



Phase Diagram for Water 

Triple Point of Water: 
Conversion from liquid to 
vapor (evaporation)  consumes 
energy / conversion from vapor 
to liquid  (condensation)  
releases energy  

3.  How is ET measured/calculated?  



25 

Convert latent heat flux into mass flux of water 

 L = latent heat flux 
 ET = evapotranspiration rate (m s–1) 
 ρw = density of water (1000 kg m–3) 
 λv = latent heat of vaporization 

(2.5×106 J kg–1) 

 Latent heat exchange per unit area 
converts a volume of water (per unit 
area) to vapor 

 The energy required for this 
conversion is 
 the volume of water per unit 

area (E) 
 multiplied by the latent heat of 

vaporization 
 energy required to convert a 

kg of water to vapor 
 and by the density of water 

 which converts the mass per 
unit area to a volume per unit 
area 

ρ λ

ρ λ

=

=

-2 -2 -1
3

kg J mWm (Jm s )=
kg sm

or 

w v

w v

L ET

LET

?? 

3.  How is ET measured/calculated?  



Latent  heat  flux =energy      
 consumed by ET 

                    Rn = net radiation 
                            (sum of incoming and  
                            outgoing short and  long 
                            wave radiation at surface) 
                     G = sensible heat flux 
                            conducted to ground 
                      H=sensible heat flux to air 
  

H is the rate of convective/conductive 
 heat loss from surface to air—driven 
 by near-surface temperature gradient 
 that can be measured 

3.  How is ET measured/calculated?  



Important  ET Concepts 
Potential vs.  Reference ET 
 
Potential ET 
Penman (1940’s and 50’s): 
 “amount of water transpired in a given time by a short green crop 
  completely shading the ground, of uniform height and with 
               adequate water status in the soil profile”. 
     (problem—not tied to any specific  crop) 
 
Reference ET0 
Originated by Jensen in 1970, developed and standardized by Allen and others 
(Allen et al.1994; 1996, FAO 56; ASCE 2005; Pereira et al.  2015) 
 
ET0  is the evapotranspiration rate from a reference surface not short on water. 
                      In the west, typically 0.5 m tall, well-watered  alfalfa. 
                       
                      (Very specific operational definition not given here – see ASCE 2005 ) 
   
 

3.  How is ET measured/calculated?  



Benefits of Reference ET and standard, physics-
based method for calculation: 
 
 
-- ETo  is “tied” to a reference surface that exists 
               and can be identified in the field; 
 e.g. well-watered alfalfa 
 
 
 
 
 
-- ETo represents the primary weather induced effects on water consumption; 
 (can study effects of weather on evaporation independent of crop type) 
 

 
-- ETo  depends only on climatic/weather parameters and is independent of crop type. 
  (don’t need crop classification to apply reference ET) 

 
 

 
 

3.  How is ET measured/calculated?  



Reference ET provides a  
means to “scale” and 
estimate ET for all other 
surfaces: 
 -- ETo  is calculated for alfalfa and then 

adjusted by crop coefficients (Kc ) to give 
actual ETc 
 
--Satellite-based SEB methods  calculate 
   ETrF  (ET reference fraction ≈ Kc) for   
   each pixel and then scale as fraction of  
  ETo  to arrive at  ETc 
 

 
Alfalfa 

Well watered 

3.  How is ET measured/calculated?  

(modified from FAO56  2006) 



Many, many, many  ET equations to chose from ! 
    ASCE Standardized Reference ET Equation: 
      FAO Penman-Monteith  SEB  most reliable 
      if weather  data available--requires representative  
      measurements (or estimates) of air temperature, 
      humidity, solar  radiation, and wind speed.  
 
 
 
 

3.  How is ET measured/calculated?  



Penman-Monteith combines energy balance and mass vapor transfer 
methods into  a resistance-based equation that captures essential 
physics of energy and vapor transfer 
 

Resistance of vapor 
 flow through stomata 
 openings, leaf area 
  and soil surface 

Transfer of heat and  
water vapor from surface 
 into air above canopy  
 determined by 
 aerodynamic resistance 

3.  How is ET measured/calculated?  

(FAO56  2006) 



Key weather station 
 inputs to calculate 

ASCE Standardized 
 Reference ET Equation: 
(meaning that computation 
procedures are “fixed” /not 
benchmarked) 

3.  How is ET measured/calculated?  

(Allen et al. ASCE  2005) 



4.Remote Sensing Based, Surface-Energy                
   Balance Methods 

   Several “classes” of SEB methods and data products  
 
Global Scale 
 Generally based on MODIS—weekly to monthly frequency 
  at 1 km to 500 m (?) resolution. 
 
  MODIS-ET weekly to monthly at “low”  spatial resolution for 
    global climate and ecology applications. 
 
Basin or Field (operational scale) 
 Generally based on Landsat—daily, weekly, monthly 
               at 30 m scale. 
 
  METRIC- Landsat-ET at high (30 m) spatial resolution 
   and daily to monthly resolution. 



   METRIC provides: 
   -daily, weekly, monthly ET 
   -30 m pixel resolution 

SEBAL  provides: 
   -daily, weekly, monthly ET 
   -30 m pixel resolution 

4. Surface-Energy Balance Methods 

     Simplified Surface Energy Balance 
   Gabriel Senay ( USGS) 
 
 

SSEB  provides: 
  daily, weekly, monthly ET  
   -30 m pixel resolution 

“Popular” operational satellite SEB methods  include: 



‘ all this science I don’t understand, 
   it’s just my job five days a week’ 

METRIC 
Cook Book 

4. Surface-Energy Balance Methods 



4. Surface-Energy Balance Methods 

METRIC application requires good imagery, and weather station data, 
and inter-disciplinary knowledge and experience to operate METRIC 
with periodic, enlightened-user intervention, and assessment of results. 

Rick Allen 
Jeppe Kjaersgaard 

       METRIC in Progress            



4. Surface-Energy Balance Methods 
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4. Surface-Energy Balance Methods 



     Montana  METRIC  and SSEB Applications
                     

4. Surface-Energy Balance Methods 



Future direction ? 

4. Surface-Energy Balance Methods 



        MONTANA WATER SUPPLY  INITIATIVE 
                 (DNRC-WRD  2015 update of State Water Plan)  
                        
       Estimate  statewide consumptive use at 4th 
      code HUC scale:  focus on irrigated agriculture    
      
    Method:  Vegetation Index with thermal band adjustment 
  
 
 
 
 
 
             

4. Surface-Energy Balance Methods 



Vegetation Index methods may underestimate ET   

Vegetation Index: 
no irrigation 

METRIC shows 
     irrigation 

4. Surface-Energy Balance Methods 
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