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INTRODUCTION 
Remote recognition and evaluation of plants is usually based upon spectral signatures 
or image processing in the visible (VIS; approx. 0.4 to about 0.7 µm), near infrared 
(NIR; 0.7 to 3.0 µm or 0.8 to 5 µm and others), and middle infrared (MIR; 3.0 to 25 µm 
or 5 to 40 µm and others). Infrared spectroscopy is a powerful tool for the study of 
molecules. In the far infrared range (FIR; 25 to 1000 µm or 40 to 400 µm and others), 
the rotation of molecules causes spectral lines and vibrations of molecules produce 
MIR-spectral lines. Harmonic vibrations and combination vibrations of molecular parts 
(CH-, OH-, and NH-bonds) determine the line shape and spectral intensity distribution 
in the NIR range. Thus the contents of sugar, oil, protein and water in plants and other 
media are measured by NIR spectroscopy. Whereas the „biological sensor“ of human 
eye defines the visible range of electromagnetic radiation, there is not such a clear 
measure for the subdivision of the infrared radiation into NIR, MIR, FIR, VFIR (very far 
infrared) or IR-A, IR-B, IR-C and other intervals. Therefore, several definitions and 
recommendations exist in parallel and different ranges and names will be found in 
literature.  
 
Spectral analysis of different plants and plant parts under different plant conditions and 
at nearly all wavelength has a tradition of more than 100 years, especially in 
connection with the study of the photosynthesis. Imaging as a new method for remote 
recognition started with the development of powerful and handy computing systems 
and camera systems with sensitive transmitters (sensors) for different wavelengths 
since the eighties of the last century. The development of imaging technologies was 
driven by applications in space research (military and civil) and industry (control and 
automation). As water and carbon dioxide molecules absorbs electromagnetic radiation 
at different wavelengths (water bands and carbon dioxide bands), there are only few 
“atmospheric windows” for space based remote sensing. Usually, thermal infrared 
imaging systems operate in the spectral ranges of 3 to 5 µm or 7 to 13 µm.  Since the 
maximum of the black body radiation at a temperature of 300 K lies near 10 µm, this 
wave range gives the best conditions for thermal imaging. 
 
If plant diseases influence the transpiration of plants, thermal imaging can be applied. 
The evaluation of thermal images is an approach in pathology to detect fungal plant 
diseases (Nilsson, 1995). The temperature of plant leaves and other plant parts 
depends on the degree of transpiration. Due to latent heat necessary for transpiration, 
the plant temperature decreases with increasing transpiration. Transpiration itself 
depends on the type and state of plant, on humidity and motion of the ambient air. Dry 
stress of plants reduces the transpiration of plants (Inoue, 1990). Fungal plant diseases 
influence the metabolism or the structure of cells of the host plant. Infected leaves of 
the plants are often coated by superficial hyphae (mycelia) or fructification structures of 
the fungi and such away may change the plant transpiration.  
 



 - 2 -

 
OBJECTIVES 
As changes in plant transpiration can be detect by thermal imaging, the question arose, 
if a combination of imaging at different wavebands could help in the diagnostics of plant 
diseases and recognition of infested plants. One working hypothesis was that the 
change in the surface structure of the plants, which may cause a change in the 
transpiration rate, could be made visible comparing images taken in NIR spectral 
ranges with and without water bands. Therefore, healthy and infested plants were 
studied by thermal and NIR imaging in laboratory experiments. Additionally, a project 
was launched, in which field measurements of sprayed and non-sprayed stripes were 
performed, in order to evaluate the practicability and reliability of MIR- and NIR-imaging 
under field conditions. 
 
MATERIALS AND METHODS 
Wheat plants (Triticum aestivum, variety “Kanzler”), artificially infected by powdery 
mildew (Blumeria [syn. Erysiphe] graminis DC. f. sp. tritici March.), were studied in 
several laboratory experiments since 2002. Optical and thermal images of healthy and 
infested plants were taken during the experiments in 2002. The optical images were 
gained with a conventional digital camera. Additionally, field experiments began in 
2003. Strips of nearly 3 meter width within an unsprayed area of a farmer field were 
treated with 1 l ha-1 of the fungicide JuwelTop®. Healthy and naturally infested plots 
were immediately side-by-side in the field experiments. Infrared imaging cameras 
served for the measurement of the thermal radiant flux (Table 1). In field experiments, 
usually the IR-cameras with Focal-Plane-Arrays (FPA) and uncooled microbolometers 
ThermaCAM SC 500 or ThermaCAM 545  (FLIR SYSTEMS) were used. The handier 
ThermaCAM 545 was taken for manual documentation of selected scenes. Routine 
images along the measuring path (fig. 1) of the field with sprayed stripes were get by 
the ThermaCAM SC 500, mounted together with the ALPHA NIR™ camera at the 
tractor (fig. 2).  The scanner IR-camera with Stirling cooled MCT-Sensor Varioscan™ 
3021-ST (Jenoptik Technologie GmbH) was additionally applied in laboratory 
measurements in cases where higher accuracy was required.  
 
 Varioscan™ 3021-ST ThermaCAM SC 500 ThermaCAM 545 ALPHA NIR™ 

Spectral 
range 8 to 12 µm 7.5 to 13 µm 7.5 to 13 µm 0.9 to 1.7 µm 

Measuring 
range -40°C to +1200°C -20°C to +500°C 

optional to +2000°C 
-20°C to +350°C 

optional to +1000°C 2x10-9 to <1 W cm-2 

Resolution 0.03 K at 30°C 0.07 K at 30°C 0.1 K at 30°C 1010 photons cm-2 s-1 

Absolute  
measurement 
accuracy 

< ± 2K, ±1% < ± 2K, ±2% < ± 2K, ±2% 

Linear dynamic range: 
66 dB 

Total dynamic range: 
69 dB 

Spatial 
resolution 1.3 mrad 1.3 mrad 1.5 mrad 1.2 or opt. 0.6 mrad 

Sensor type Scanner, HgCdTe, 
Stirling cooled 

FPA, uncooled 
microbolometer 

FPA, uncooled 
microbolometer 

FPA, InGaAs, 
thermoelectric 
stabilization 

Image size 360h x 240v pixel 320h x 240v pixel 320h x 240v pixel 320h x 256v pixel 

Frame Rate 1.1 Hz 50/60 Hz  
non-interlaced 

50/60 Hz  
non-interlaced 30 Hz 

 
Table 1 Selected features of IR imaging cameras   

Sources:  http://www.jenoptik-los.de/data/downloads/157/Varioscan_Prospekt_de.pdf 
 

http://tssi.com.my/img/flir/Brochures/545.pdf 
 

http://www.flir.com.hk/Download/Brochures/SC500_E.pdf 
 

http://www.indigosystems.com/product/alphanir_specs.html 

http://www.jenoptik-los.de/data/downloads/157/Varioscan_Prospekt_de.pdf
http://tssi.com.my/img/flir/Brochures/545.pdf
http://www.flir.com.hk/Download/Brochures/SC500_E.pdf
http://www.indigosystems.com/product/alphanir_specs.html
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Fig. 1 Scheme of the stripe arrangement at the experimental field and measuring path 
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Fig. 2 Tractor with mounted thermal IR and NIR cameras in the experimental field 
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The thermal image visualises the thermal self-radiation of the object superposed by 
reflected thermal radiation from surrounding sources. Radiation from these interfering 
sources must be prevented in careful measurements. NIR images were included in the 
experiments in 2003. As the intensity of electromagnetic self-radiation is to low in the 
NIR-wavelength band, only reflected radiation can be measured. Therefore, a 500 W 
halogen lamp was utilised as NIR radiation source in laboratory experiments. The NIR-
images were taken with the commercial camera system ALPHA NIR™ (Indigo Systems 
Corporation). This camera is sensitive in the range from 0.9 to 1.7 µm.  Few selected 
camera properties are listed in Table 1. 
 
To study the effects of water and, therefore, to differentiate between wave regions with 
and without water absorption, four AlphaTM wave band pass filter (LASER 
COMPONENTS GmbH) were used with a band pass (Full width at Half Maximum - 
FWHM) of 150 nm and center wavelengths of 1000, 1075 nm, 1175 nm, and 1420 nm 
in laboratory experiments. A special filter holding equipment has been adopted to the 
ALPHA NIR™ camera such a way that the measuring scene could be partially filtered 
(movable filter) or could be measured partially by two different filters (centric horizontal 
or vertical coupled filters). 
 
RESULTS AND DISCUSSION 
 Infested plants could be recognised by thermal imaging in all laboratory studies. The 
measured temperatures of the infested plants were in general lower compared to 
healthy plants. The temperature difference was in the range of 0.2 to 0.7 K during the 
measuring periods 2002 and 2003 (fig. 3). In the course of infection, the temperature 
differences increased. A higher transpiration rate at the surface of the infested plants 
cause this additional cooling. The biological effects, which produce this additional 
transpiration, will be not considered in this paper. 

 
Fig. 3  Thermal Image (8 - 12 µm) of wheat plants (Triticum aestivum, variety 
“Kanzler”).  Measurement on 07/05/2002, T=22.5°C, RH=47%. 
Left pot: infected by powdery mildew (Blumeria [syn. Erysiphe] graminis DC. f. sp. tritici 
March.) 
Right pot: healthy 
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Fig. 4  Thermal images (left) and NIR images (right) of winter wheat crops at the 
experimental field with non-sprayed (spot 6, upper images) and sprayed (spot 4, lower 
images) stripes. Measuring spots according fig. 1, measurement on 12/06/2003, air 
temperature T= 30.5 °C and humidity RH=42.5%  (20 cm above crop). The mean 
temperature of spot 4 is 2.0 K higher than the mean of spot 6 (see fig. 5 and 6). 
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Fig. 5 Temperature difference between ambient air and crop at the measuring spots. 
Measurement on 12/06/2003, air temperature measured 20 cm above crop at the 
borderline of adjoining measuring spots. Adjoining spots are marked by the connection 
line. The values indicate the intensity of transpiration cooling, e.g. at spot 6 (∆T = 4.8 
K) the crop is cooler than at spot 4 (∆T= 2.8 K). The crop is always cooler than ambient 
air. 
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The evaluation of the field experiments gave the first result that in average on all 
measurements the mean temperature of thermal images from sprayed stripes 
(assumption: less infestation) was higher than the mean from non-sprayed stripes (fig. 
4, 5 and 6). This was just the opposite result as could be expected from the laboratory 
studies having infestation by mildew and other organism, which might increase the 
transpiration rate of the plants. Later on, after detailed analysis of all collected data 
(temperature in and above crops, humidity, wind intensity, sun intensity and direction of 
sun radiation in relation to direction of measurement) the conclusion is that the local 
conditions at each spot (plant density and height variation of the plants) produce local 
different shadow effects. These effects produce different heating of plant parts and soil 
surface parts followed by local variable convection and temperature distribution. Finally 
this dominates the thermal image. 
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Fig. 6 Temperature difference between adjoining measuring spots (sprayed minus non-
sprayed). Measurement on 12/06/2003 
 
The possible changes of temperature due to infestation are smaller and cannot be 
separated at present. As 2003 was an extreme dry year, only negligible occurrence of 
spotblotch (Drechslera tritici-repentis [Died.] Shoem.) and septria leaf blotch (Septoria 
tritici Rob. Ex Desm.) were obtained in the field trial. Therefore, the chance to find 
results in recognition of infested plants was low in 2003. Nevertheless, at practice 
working conditions, it should be difficult to utilise thermal imaging as a simple and fast 
surveying method for the measurements of crop infestation because of the physically 
caused local variability of soil and crop temperature.  
 
In case of NIR imaging, no striking effects could be found in the first experiments 2003 
(fig. 4 field experiments and fig. 7 laboratory studies). Although the intensity distribution 
is slightly influenced by the different NIR wave band filters (fig. 3, 1075 ± 75 nm filter 
range with low water absorption, 1420 ± 75 nm filter with stronger water absorption), 
the differences between healthy and infested plants are much weaker compared with 
the measured temperature differences in laboratory experiments. 
 
 
 
 



 - 7 -

1075 nm, 12-09-2003 1420 nm, 12-09-2003

1075 nm, 15-09-2003 1420 nm, 15-09-2003

 
Fig. 7  NIR Images of wheat plants (Triticum aestivum, variety “Kanzler”) with NIR 
band-pass filters (B=150 nm) at 1075 nm and 1420 nm, palette grey with red (high 
intensity) and blue (low intensity).  
Measurement on 12/09/2003, T=22.9°C, RH=57% and Measurement on 15/09/2003, 
T=23.1°C, RH=47%. 
Left pot: infected by powdery mildew (Blumeria [syn. Erysiphe] graminis DC. f. sp. tritici 
March.) 
Right pot: healthy 
 
 
CONCLUSIONS 
Wheat plants, infested by powdery mildew, produce a higher temperature difference 
related to the ambient air than healthy plants. Therefore, infested plants could be 
distinguished from healthy plants by thermal imaging in all laboratory studies. The 
temperature difference between infested and healthy plants was in the range of 0.2 to 
0.7 K. In the course of infection, the temperature differences increased.  
 
The field experiments demonstrate that the local temperature variability of soil and 
plants under natural conditions will superpose temperature changes due to infestation. 
Thus this natural temperature variation will considerably hamper the application of 
thermal imaging for fast crop surveying. 
 
Infested plants produce no clear, reproducible, and measurable effects in NIR images. 
Therefore, NIR imaging as stand alone method is not suitable for recognition of 
infested plants. Further studies are necessary to decide, if a combination of NIR 
imaging and thermal imaging will improve the recognition probability.   
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