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Temperature detection 

Resistance 
ΔR ~ kΔT 

Thermistor Bi-metallic  

mechanical displacement  

Liquid thermometer Thermocouple 

junction between two 
metals generates a voltage 

ΔT ~ ΔU  

INFRARED THERMOMETERS 
     

• measure temperature using blackbody 
radiation emitted from objects 

• non-contact thermometers  

(1) Spot Infrared Thermometer 

(2) THERMOGRAPHY 
•  measurement spatial distribution 

of temperature over wide areas 
by thermocamara 



Thermography and plants 

 

A. Measurement of stomatal conductance 

B. Water status of leaves detection  

C. Biotic stresses detection 

D. Mutant selection  

E. Thermogenesis of plant tissue  

F. Photosynthesis research 

G. Plant phenotyping 



Black-Body radiation 
• Every object emits electromagnetic radiation is directly related to their temperature 

(Black body concept) 

• Radiation of black body object is function of emissivity (ε) and temperature (T) 
according 

Planck radiation formula 



Black-Body radiation 

 

R = εσT4  

(1) Wien's displacement law – characterize peak of the emission at given [m, K]  

       (300 K  - peak of black body radiation at 10 μm ) 

 

 

(2) Stefan-Boltzman Law – total energy radiated per unit surface area [W m-2]  

        

T

3

max

10898.2

Detection of temperature 
from radiation measurement 

• True black body ε = 1  

• Real object ε < 1 (ε = 0.92-0.99 for leaf) 

 



Thermography – principles 1 

• Maximal infrared radiation (based on Wien’s replacement law) 

 

 

 

• Atmospheric window (minimal absorption of air) between 3-5μm or 8-14μm  
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max

10898.2

Used wavelengths 



Thermography – principles  
Thermocamera detects radiation is a sum of object (Re), background (Re) and air path (Re) 

radiation 

1 – direct radiation of measured object (Re,T) 

• reduced with distance 

• Function of object temperature 

2 – reflected background radiation (RA,Tb) 

• Function of amb. temp TA 

3 – radiation of air path (Rp,Tp) 

• Function of path temp Tp 

 

R = Re(T) + Rp + RA 
 

Thermocamera 

Environment 

                              

Air path 

Object 

Scheme of radiation pathways 
 

Detection of radiations from object (Re) 
with given temperature (T) 

Re ~  

RA ~  

Rp ~  



Thermal Cameras 
Detector type 

– Uncooled detectors  

• pyroelectric materials like Vanadium oxide 

• Lower sensitivity 

• Faster start of camera 

– Cooled detectors  

• Semiconductor materials like HgCdTe – Mercury-cadmium-
telluride 

• Higher sensitivity  

• Cooling range 4-110K 

• Slower start of camera because of cooling 

 

Detector arrangement 

– Object scanning  

• Varioscan by Jena Optic 

• Higher sensitivity 

• Lower frame rate 

– Array of detectors 

• e.g. Thermovision by FTIR systems 

• Lower resolution, higher frame rate 

Cooling system 

– Liquid nitrogen, Helium 

– Stirling Cooling 



Varioscan 3200  
 

• Producer infratech (optic by Jenoptik) 

• Principle of object scanning - image size 360x240 pixels 

• Chopper, vertical and horizontal scanner (mirrors) 

• Germanium lenses, silicon-germanium (anti-refraction coated) 

• Detection at 8-12mm (one MCT detector) 

• Sterling-cooled detector (or nitrogen) 

• Geometrical resolution of 1.5 mrad with 30
 

x20
 

 maximal field of 
view 

• Temperature resolution – 0.03K (high resolution camera) 

• Absolute accuracy < ±2K 

• Frame frequency 1Hz (for 360x240 image) 

• Electro-optical zoom (reduction in field view), maximal 6x 



Fast kinetic measurement of 
“leaf heating” – line scan 

• Simple kinetic of leaf heating in ms time scale 

• Effect of different rate of leaf heating for functional and 
non-functional photosynthesis 

Position of line  

2s 
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e 

Position on the line 

Light ON 



Thermopicture - Image processing 

1 2 3 4 5 6 7 8 9 10

1 19.1 19.0 18.9 18.9 19.1 19.4 19.7 19.9 20.0 20.1

2 19.0 19.0 18.9 18.8 19.0 19.4 19.7 19.9 20.0 20.1

3 19.0 18.9 18.8 18.8 18.9 19.4 19.7 19.9 19.9 20.0

4 19.0 18.8 18.8 18.7 18.9 19.4 19.7 19.8 19.9 20.0

5 18.9 18.9 18.7 18.7 18.9 19.4 19.7 19.8 19.9 20.0

6 18.9 18.8 18.7 18.7 19.0 19.4 19.7 19.8 19.9 20.0

7 18.9 18.9 18.8 18.7 18.9 19.4 19.6 19.9 19.9 20.0

8 19.0 18.8 18.8 18.6 18.9 19.5 19.7 19.8 19.9 20.0

9 19.1 19.0 18.8 18.7 19.0 19.4 19.7 19.8 19.9 20.0

10 19.2 19.1 19.0 18.9 19.1 19.5 19.7 19.9 20.0 20.1

• Thermoimage - One channel date with each pixel corresponding to a particular temperature 

• Data are stored as matrix with temperature values  

• Size of matrix is based on the resolution of thermoimage  

• Temperature of particular pixel - value gray in the particular pixel 

• Representation of picture by false colours – better visibility 

Matrix of temperatures in pixels (10x10) 

Thermopicture 



Spatial resolution of thermocamera 

a – angle of camera view 

w  - width of the imaged area 

z  - object distance 

n – number of pixels 

• Spatial resolution is greater for thin leaves because of their smaller lateral conductivity 

• Thicker leaves are more limited in detection of spatial distribution of stomatal conductance 

• Blurring effect due to lateral thermal diffusion (higher for thicker leaf) 

• Scattering of radiation from pixel for long distance measurement 

• changes optical field of view is changes by electro-optical zoom 

Width of camera image 

Blurring effect 

Pixel size 
n

w
p

Field of view 



Thermography and plants 

 

A. Measurement of stomatal conductance 

B. Water status of leaves detection  

C. Biotic stresses detection 

D. Mutant selection  

E. Thermogenesis of plant tissue  

F. Photosynthesis research 



Energy balance of leaf 
All applications of thermal imaging are based on energy balance of leaf  that characterizes energy 

fluxes in the leaf per leaf area  

Rn.  the radiant flux density absorbed 

M  heat produced by metabolism 

E  rate of heat loss through evaporation of water 

(transpiration) 

C rate of heat loss by conduction or convection to 

the environment 

S rate of increase of the “heat content” of tissue 

(ΔT, heat capacity, weight) 

leaf, cp lleaf, Tleaf  - density, specific heat, thickness and 

temperature of leaf 

RS. absorbed short-wave radiant flux density 

RLa.  absorbed long-wave radiant flux density 

RLa.  emitted long-wave radiant flux density 

RLa.  emitted fluorescence radiant flux density 

S
dt

dT
 lc  C - E  - M R leaf

leafpn leaf

FlRLeLasn R  R RR

Energetic fluxes in the leaf 

Leaf cooling  - Transpiration  

             -  Photosynthesis  

             -  Convection and conduction of heat 

Leaf heating - Thermogenesis (metabolic processes) 

             -  Irradiation 



A. STOMATAL CONDUCTANCE 

STOMATA - "GATE" for WATER and CO2  

• Stomata are necessary for controlling of CO2 (for photosynthesis), water 
content, and temperature 

• CO2 concentration is limited for photosynthesis - bioenergetics issue  

• CO2 and H2O diffusion proceeds through the stomata formed by two guard 
cells   

 



Water on leaf surface 

EVAPORATION OF WATER FROM LEAF SURFACE REQUIERS ENERGY  

  IT RESULTS IN DECREASES IN LEAF TEMPERATURE 
 

EVAPORATION ON LEAF 



Measured parameters  

• Tdry – covered by Vaseline 

• Twet – sprayed by wetting agent (washing up liquid) 

• Tleaf – temperature of leaf 

•  u – air velocity (for calculation of raH … 

STOMATAL CONDUCTANCE 

From:Jones 1999 PCE 

 

Known parameters 

 

• gaH  - Boundary layer conductance 
for heat  

• gHR - Overall heat conductance in leaf 

• gR  - Radiative conductance 

• pa  - Atmospheric pressure 

• cp  - Specific molar heat of air 

•  Molar latent heat of water 
vaporization - (44.1 kJ mol –1) 

• s - Slope of the curve “saturation 
water vapor pressure to temp.” 

A. STOMATAL CONDUCTANCE 



A. STOMATAL CONDUCTANCE 

• Measurements of stomatal conductance (Jones HG 1999 PCE)  based on temperature changes 

• Calculations are based on energy balance equation   

STOMATAL CONDUCTANCE 

Standardization of method 

• independent measurement of boundary 
layer properties has to be done 

• known conductance of reference surfaces 
are necessary 

Conductance to water vapour glw 

Standard surfaces 
 

• Micropores membranes 

• Wet surface (sprayed by wetting agent) – 
no leaf resistance to water 

• Dry surface (covered by vazeline) – 
maximal leaf resistance to water 

 

From:Jones 1999 PCE 



Boundary layer of leaf 

• Important for function of leaf, Critical for gases and heat transfer 

• Type of air transfer is affected by leaf shape, surface, air velocity, 

trichoms (hairs) 

• Parameter of baondary layer are required for calculation of stomatal 

conductance 

• Thin layer on the leaf surface affecting transfer of heat and gases 

Air transfer can be laminar, turbulent or mix (based on 

Reynolds number) – changes in the heat transfer 



STOMATAL PATCHINESS 

• Coherent reas with different stomatal conductance 

• collections of tens to thousands of stomata can have similar 
conductances, different from those of surrounding stomata. This is 
the phenomenon of "stomatal patchiness." 

• It is induced by different stimuls, mechanism is unknown 

Mott and Buckley 2000 TPS 
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Top row: images of chlorophyll fluorescence from a leaf of Xanthium strumarium following a 

sudden decrease in ambient humidity at time zero.  

Mott K A , and Peak D Ann Bot 2007;99:219-226 

© The Author 2006. Published by Oxford University Press on behalf of the Annals of 

Botany Company. All rights reserved. For Permissions, please email: 

journals.permissions@oxfordjournals.org 

STOMATAL PATCHINESS 

Bottom row: pixels that tend to brighten over a period of a few 

minutes are coloured red, whereas those that tend to dim are 

coloured yellow. Pixels showing little change are black.  



Mott K A , and Peak D Ann Bot 2007;99:219-226 

© The Author 2006. Published by Oxford University Press on behalf of the Annals of 

Botany Company. All rights reserved. For Permissions, please email: 

journals.permissions@oxfordjournals.org 

STOMATAL PATCHINESS 

Measured from chlorophyll fluorescence only 

(NOT DIRECTLY) 



STOMATAL PATCHINESS - THERMOIMAGING 

• Stomatal patchiness observed after reduction in ambient humidity 

• Slow movement of stomata patch (20µm s-1), similar chla fluorescence and thermal 
pattern of movement 

• fluorescence patterns were largely the result of stomatal conductance patterns 

• both thermal and fluorescence images showed patches of stomatal conductance that 
propagated coherently across the leaf surface. 

West JD et al. 2005 PCE 
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B. WATER STATUS OF PLANTS 

• Pronounced increase in the leave temperature 

appears several days after stopping of irrigation at 3rd 

day of measurement (Chaerle et al 2005 TBT) 

• Water loss of detached 

wheat leaves  

Chaerle et al 2005 TBT Kaňa - unpublished 

OPTIMAL IRRIGATION 

NO IRRIGATION 



• Changes in the distribution of 

temperature can be used as indicator of 

water stress 

• Image classification is necessary (well 

watered-W, dry D, P measured plant) 

• Combination of infrared and visible 

camera 

• Application for plant identification 

Control (non-stressed) leaf Stressed leaf (non-watered) 

From: Leinonen and Jones 2006 JEB 

B. WATER STATUS OF PLANTS 



LEAF WATER POTENTIAL 

THERMOGRAPHY CAN BE USED FOR ROUGH ESTIMATION OF LEAF WATER POTENTIAL 

Water potential quantifies the tendency of water to move from one area to another due to 

osmosis, gravity, mechanical presure, or matrix effects (e.g. surface tension) 
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• Tnws – well watered crop 

• Tdry – non-transpirating crop 

• Tcanopy – canopy 

Crop water stress index (Idso’s) 

• Tleaf – leaf temperature 

• Twet – wet surface (with wetting agent) 

• Tdry – dry surface temp. – with Vaseline 

•  Standard relationship between Tcanopy- 

Tair and humidity has been developed for 

all crops 

• Changes in the relative error for different 

water pressure deficit 

Maximum stress 

Crop water stess index by Jones 

• Based on standard surfaces, for single leaf 

measurement 

Determination of leaf water potential 

• Based on on correlation between CWSI ans LWP 

• Remote sensing of field water status 

B. WATER STATUS OF PLANTS – STRESS 

INDICATOR 

Journal of Experimental Botany, Vol. 56, No. 417, pp. 1843–1852, July 2005 



Temperature distribution in canopy 

• Image processing requires overlying of thermal 

and visible image and subsequent classification 

of visible image 

• Different distribution of temperature  between 

sunlit and shaded leaves of Vitis vinifera  

• Role of different irrigation (rainfall vs artificial 

watering) 

Natural rainfall treatment Fully irrigated 

From: Leinonen and Jones 2006 JEB 



Temperature distribution in canopy 

• Field thermoimaginery – combination of 

thermo and visible camera 

• Different temperature distribution for 

sunlit and shaded leaves 

• Shaded -  lowered average temperature, 

broad temperature distribution 



C. BIOTIC STRESS 

• Salicylic acid produced as a signal in defense 
against pathogens close the stomata 
temperature increase 8 hour before visible 
cells death 

Chaerle L et al. 1998 

PRE-SYMPTOMATIC VISUALIZATION OF PLANT-VIRUS INTERACTIONS 



E. PLANT THERMOGENESIS 

• Thermogenesis in some special plant tissue in some 
species (spadix, flower, leaves etc.) 

• Excess temperatures vary from few degrease up to 
30°C (rapid incline – metabolic explosion) 

• Role of alternative oxidase (cyanide independent 
oxidase) in heat production 

• Protecting against cold nights, increase in odor of 
flowers etc. 

 

 

Thermogenesis in spadix of plant 

skunk cabbage at low 

temperature – maintaining of 

internal temperature around 20°C 

during reduction of ambient 

temperature below 0°C (Ito et al. 

2003 PCE) 

 

 

 

 
 

Thermogenesis in flowers of V. 

Cruciana  



F. PHOTOSYNTHESIS RESEARCH 

1. Relation between stomata conductance and primary or 

secondary photosynthetic reactions (Omasa 2003 PCP) 

2. Leaf heating  during stimulation of photoprotective non-

photochemical quenching (Kaňa and Vass 2009 EEB)  

3. Traspiration can reduce leaf temperature below critical 

levels – protection of photosynthesis  (the heat most 

sensitive metabolic process)  

4. Estimation of photosynthetic efficiency from energy 

balance 



STOMATAL CONDUCTANCE AND 

PHOTOSYNTHESIS 

Omasa  et al. 2003 PCP 



STOMATAL CONDUCTANCE AND 

PHOTOSYNTHESIS 

Omasa  et al. 2003 PCP 

LOW LIGHT 

HIGH LIGHT 

Independence of 

fluorescence and stomatal 

closure at high light 

fluorescence and stomatal 

closure correlation 



Thermoimaging and NPQ 

• Absorbed light can be utilized in photosynthesis (5-
30%), emitted as fluorescence (8%) dissipate as a 
heat 

• The extent of this dissipation is regulated by process 
called nonphotochemical quenching - NPQ 

• NPQ  can regulate light utilization in photosystem II 
- photoprotection  against damage  

• Complex process (dependent on PsbS protein, 
zeaxanthin formation, pH, antenna aggregation etc) 

                   Heat    ~ T 

Heat 

Heat 



Experimental setup 
• Thermocamera Varioscan 3200 ST (detection at 8-12 m, relative temperature 

resolution 0.03K, geometrical resolution 1.5 mrad, time response for picture 360x240 

pixel, one picture every 1 sec), Fluorescence measurement (PAM 101/102) 

• Role of transpiration in changes of temperature was checked by its elimination (by 

covering of leaf surface by vaseline jely) 

• NPQ increase was induced by exposition to high irradiancy (up to 6 hours) 



Elimination of transpiration 

Vaseline jelly -  elimination of evaporative cooling  

 

 

homogenization of leaf surface temperature during heating 

Homogeneity during irradiation 



Changes in temperature during 

irradiation 



ENERGY DISSIPATION IN NON-

PHOTOCHEMICAL QUENCHING 

Kaňa a Vass  2009 EEB 

TEMPERATURE 

PHOTOSYSTEM II 

HIGHER TEMPERATURE IN 

„QUENCHED“ SAMPLE 

HIGHER DISSIPATION BY NPQ 

IN „QUENCHED“ SAMPLE 



MUTANT SELECTION 

• Mutant selection (e.g. ABA insensitive mutant – Merlot S et al . 2002 PJ) 

• ABA can trigger closure of stomata pores  

• ABA insensitive mutants (Abi1-1) fails in stomata closure during draught stress – 
temperature decrease and water loss due to higher transpiration 

Abi1-1 mutant 



Prashar A, Yildiz J, McNicol JW, Bryan GJ, et al. (2013) Infra-red Thermography for 

High Throughput Field Phenotyping in Solanum tuberosum. PLoS ONE 8(6): e65816. 

doi:10.1371/journal.pone.0065816 

http://www.plosone.org/article/info:doi/10.1371/journal.pone.0065816 

Plant phenotyping 

http://www.plosone.org/article/info:doi/10.1371/journal.pone.0065816
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