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We describe a calibration approach providing total ground-leaving radiative excitance (W 

m-2), also termed fire radiated flux density (FRFD), from the response of a limited-

bandpass infrared sensor. The resulting calibration relationships are specific to individual 

fires because spectral atmospheric transmission data are incorporated. Here we report 

calibration relationships for the RxCADRE 2011 and 2012 WASP data collections. 

Calibration of the WASP longwave infrared (LWIR) sensor (8 to 9.2 μm nominal 

bandpass) (Fig. AP1-1) involves relating total ground-leaving radiance (W m-2 sr-1) from 

0.1 to 20 µm (accounting for almost all fire radiation) to WASP raw output (digital 

number, DN) through a number of linked steps. The general calibration equation is 

்ܮ  ൌ ௅ௐூோܮܾ
ெ  (1) 
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where LT (W m-2 sr-1) is total ground-leaving radiance; LLWIR is detector-reaching radiance 

in the passband of the WASP LWIR detector during flights over wildland fires; and b and 

M are parameters relating restricted-bandpass to total radiance. The inclusion of a unit 

solid angle in steradians for dimensional consistency is implied (see Palmer and Grant 

2009, eq. 2.32). The WASP Indigo Phoenix LWIR camera (model IA126 LWIR) was 

built by Cantronic Systems Incorporated and has quantum-well, cooled detectors. The 

WASP LWIR camera has 14 bits of dynamic range and is cooled by a Stirling cooler to 

about 60°K.  

The first step in the calibration process is to relate DN to calculated blackbody 

radiance in the bandpass of the sensor. For calibration measurements, the blackbody and 

WASP sensor were placed well off the floor and surrounding areas wrapped in foil to 

avoid background effects on calibration measurements. The distance between the 

blackbody and sensor was set so that the blackbody filled more than 40 central pixels. In 

this near extended–source configuration (NES) (Palmer and Grant 2009, section 7.6.4), 

the blackbody is close enough to the sensor so that pixels are much smaller than the 

heated area and radiance reaching the front of the lens is equal to blackbody radiance. 

The average of pixel DN for a given blackbody temperature is calculated for only the 

central region of the blackbody where temperatures are uniform. A swing-in blackbody 

calibrator that is now used during WASP operation and shows that there is minimal drift 

in DN associated with camera lens temperature variation during flights. The image of the 

blackbody was flat-fielded to account for known variation in sensor response across the 

field of view. A 2-ms integration time was used in WASP flight operations in order to 
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avoid saturation yet provide as much background radiance information as possible during 

fire imaging missions.  

Radiance leaving the blackbody and causing a response by the detector (detector-reaching 

radiance, LLWIR) is a function of blackbody temperature and emissivity along with 

properties of the sensor. LLWIR is determined over a range of blackbody temperatures 

(280–1601°K) through integration of Planck’s radiation law, 

௅ௐூோܮ  ൌ ௅ݐߝ ׬ ݂ሺܶ, ఒܮ
ఒ೘ೌೣ

଴
, ܴఒሻ  (2) 

where the integral is evaluated from 0 µm to λmax (20 µm), ε is blackbody emissivity 

(0.95), tL is proportional transmission of infrared radiation through the lens (0.98), T is 

blackbody temperature (K), Lλ is spectral radiance (W m-2 µm-1 sr-1), and Rλ is 

proportional sensor spectral response (Fig. AP1-1). LLWIR is then related to DN, which is a 

second-order polynomial in the case of the WASP longwave infrared sensor (Fig. AP1-

2): 

௅ௐூோܮ  ൌ ݂ሺܰܦሻ ൌ ଶܰܦ10ି଺ݔ2 ൅  (3)  ܰܦ0.0176

The parameters b and M relating LT to LLWIR in Eqn 1 are estimated from the output of 

10,000 simulations of total radiative excitance from mixed-temperature fire pixels 

(Kremens and Dickinson 2014) (Fig. AP1-3). Estimates of total and restricted bandpass 

(i.e., LWIR) excitance were based on randomly generated assemblages of 30 sub-pixel 

areas representing the pre-frontal fuel bed, the flaming front, and the zone of post-frontal 

combustion and cooling. Different sub-pixel areas are defined by their temperatures and 

emissivities. Total excitance from these sub-pixel areas was calculated from the Stefan-

Boltzmann Law and summed to give LT. LLWIR is calculated as in Eqn 2, but with the 
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additional effect of atmospheric absorption so that it represents WASP LWIR detector-

reaching radiance during overflights: 

௅ௐூோܮ	  ൌ ௅ݐߝ ׬ ݂ሺܶ, ఒܮ
ఒ೘ೌೣ

଴
, ܴఒ,   (4)	ఒሻܣ

where Aλ is atmospheric spectral transmission calculated from MODTRAN (Table AP1-

1, Fig. AP1-4).  

Combining Equations 1 and 3 and converting to excitance (W m-2) by multiplication 

of both sides of the question by , the form of the final calibration equation for ground-

leaving excitance is: 

 ்ܲ ൌ ሻ൯ܰܦ൫݂ሺܾߨ
ெ

  (5) 

where b and M are given in Table 1 for individual fires. 
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Table AP1-1. Average atmospheric absorption estimated from MODTRAN for the large 2011 and 2012 burns 

Atmospheric profile data used in MODTRAN are from soundings collected from balloons launched before ignition. Relative humidity 

is averaged from the surface to 3000 m. Flight altitude used was representative of the VIIRS and MODIS overpass times. Parameters b 

and M from Eqn 1 are estimated from a power-law fit to untransformed data because this approach, in contrast to linear regression on 

log-log transformed data, resulted in the least bias in background fire radiative flux density (FRFD) 

Fire Date 

Launch 

time 

(UTC) 

Air 

temperature 

(°K) 

Relative 

humidity 

(%) 

Ignition time 

(UTC) 

Flight 

altitude 

(m) 

Average 

transmission 

(8-9.2 µm) b M Start End 

703C 06 February 2011 15:00 280 28 18:24 19:02 3030 0.88 5.216 1.374

608A 08 February 2011 14:50 285 37 18:25 19:55 2250 0.90 5.138 1.374

L1G 04 November 2012 20:31 300 48 18:30 19:46 3155 0.71 7.282 1.393 

L2G 10 November 2012 20:10 296 47 18:03 21:00 3160 0.75 7.006 1.380 

L2F 11 November 2012 21:49 297 50 18:23 19:05 1550 0.76 6.718 1.385 
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Fig. AP1-1. Spectral response of the WASP longwave infrared sensor. The nominal bandpass of 

the sensor is 8–9.2 µm, approximately the full width of the spectral response at 50% response 

(full width at one-half maximum) (FWHM). 
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Fig. AP1-2. Calibration relationship for radiance in the WASP longwave infrared passband 

determined from laboratory blackbody calibration (closed circles) and three field measurements 

(open circles). Field measurements are average WASP background DN during three fires and 

detector-reaching radiance estimated for the WASP passband at the observed air temperature 

(see above). The polynomial regression fit only included blackbody data.  
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Fig. AP1-3. Power-law relationship between untransformed (total) ground-leaving and detector-

reaching radiance for L2F from 10,000 fire pixel simulations. Results for other fires were similar 

(Table 1).  
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Fig. AP1-4. MODTRAN spectral atmospheric transmission for L2F based on an atmospheric 

profile from a mid-morning sounding conducted prior to ignition (see Table AP1-1).  
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MODIS fire detections were obtained from the MYD14 active fire product (e.g., Giglio et al. 

2003) and, of the four coincident MODIS overpass events for RxCADRE 2012 burns (S6, L1G, 

L2G and L2F), only two (L2G and L2F) were represented in MYD14. MODIS detected two fire 

pixels for the L2G burn with fire radiated power (FRP) totaling 130.9 MW, and three fire pixels 

from one complete scan for the L2F burn totaling 151.9 MW (see Table AP2-1, row 1). The S6 

burn signal was too small to be detected in the significantly-off-nadir MODIS pixels as can be 

seen in Fig. AP2-1. Although the MYD14 algorithm detected an elevated signal for the L1G 

burn, it classified it as cloud due to the significant cloud cover over or near the fire (see Fig. 

AP2-1). However, in spite of the extensive cloud cover, knowing that the detected signal was 

indeed from the L1G fire provided the rationale to utilize the available data to retrieve FRP. This 

was done and a cumulative total FRP of 110.8 MW was found over four pixels for the L1G burn 

(Table AP2-1, row 1). The extent of attenuation of FRP by cloud cover is unknown.  
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In an effort to get the most realistic estimates of FRP possible, different methodologies for 

calculating FRP from the MODIS data were implemented for the fires. For each burn, FRP was 

calculated in two modes: by summation of the individually retrieved fire detections, and by 

clustering together all of the MODIS pixels touching the burn blocks prior to FRP retrieval 

(Table AP2-1, column ‘Mode’). In addition to using the MYD14 default background 

characterizations, the small number of burns in this experiment allowed us the flexibility to 

manually inspect the background pixels of the MODIS fire detections. This was done to ensure 

that any non-clear background pixels were properly excluded from the analysis (Table AP2-1, 

column ‘Background’). The fact that the differences between rows 1 and 3 and between 2 and 4 

in Table AP2-1 are relatively small corroborates the clustering methodology. These small 

differences are due to the different order of calculations and the slightly different selection of 

background pixels. Thus, for L1G that has a high level of cloud contamination in the 

background, the difference between the pixel and cluster modes using the default background 

characterization is greater than the others. Having corroborated the clustering technique, more 

complete FRP values could be obtained by clustering all the pixels containing any portion of the 

burn plot on the ground (Table AP2-1, column ‘Cluster Size’). 

The official MYD14 product corresponds to the first row of Table AP2-1, although the value 

for L1G was not available in the product but was calculated in this study based on the MYD14 

algorithm. When a manual inspection of the background was done to ensure that none of the 

selected background pixels were contaminated (by clouds, water, smoke, significant shadows, 

etc.), the FRP values for L2G and L2F remained in close agreement with the MYD14 product 

(Table AP2-1, row 2). However, the stricter manual implementation of cloud detections yields a 

noticeable decrease in FRP for L1G to 94.4 MW. This value is an underestimate of L1G FRP 
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because, although the background was properly classified, the fire pixels still contain many 

clouds that lower the fire signal. Because we have confidence in the clustering method (see 

above), we used this method to calculate FRP for all pixels that overlap the burn blocks (see Fig. 

AP2-1). The clustering method yields values shown in Table AP2-1, rows 5 and 6, that are 

significantly higher than the corresponding prior estimates. Note that the cluster analysis was not 

successful for L1G in this case due to the great variability in brightness temperatures of pixels 

covering the fire because of the extensive cloud cover in that area. Therefore, the inclusion of 

non-detected parts of a fire can mitigate satellite underestimation of the whole-fire FRP output. 

We have the greatest confidence in the FRP estimates that are derived from the cluster method 

and that manually select background pixels. These FRP estimates are 151.4 MW for L2G and 

174.6 MW for L2F. Due to the increased uncertainty in the L1G case from cloud attenuation of 

the fire signal that prevented FRP estimation using the whole-fire clustering technique, we can 

state with confidence only that FRP from L1G was greater than 94.9 MW. 
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Table AP2-1. FRP values generated using different methodologies from MODIS data for 

the L1G, L2G and L2F burns 

Each method can be described by its FRP-retrieval ‘mode’, background characterization, and by 

cluster size (if applicable). Under the ‘Mode’ column, ‘pixels’ denote hot spot determination of 

individual pixels followed by aggregation of their FRP values, whereas ‘cluster’ denotes pixel 

aggregation covering the fire followed by a single FRP retrieval for the whole cluster. Under the 

‘Background’ column, ‘default’ denotes when the default MYD14 characterizations are used to 

select the background, and ‘manual’ denotes when the background pixels are manually selected. 

Under the ‘Cluster Size’ column, ‘default’ refers to the use of only pixels flagged as fire in the 

‘pixels’ Mode, and ‘all’ refers to the use of all pixels that include any portion of the burn block 

on the ground (see Fig. AP2-1) 

Methods of generating FRP Fire radiated power  

Mode Background Cluster size Burn unit 

L1G L2G L2F 

 (MW) 

Pixels Default – 110.8 130.9 151.9 

Pixels Manual – 94.4 130.1 155.6 

Cluster Default Default 123.8 134.7 160.8 

Cluster Manual Default 94.9 133.7 158.5 

Cluster Default All 149.6 152.6 179.1 

Cluster Manual All – 151.4 174.6 
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Fig. AP2-1. Diagrams of the MODIS 1-km pixels superimposed on MODIS 250-m imagery for 

units S6, L1G, L2G and L2F. The burn blocks are outlined in yellow, and the MODIS pixels that 

cover all or a portion of the burn block, keeping in mind the MODIS triangular response function 

that reaches halfway into the neighboring pixels along-scan, are outlined in red (Table AP2-1, 

rows 5 and 6). Individual pixels whose signals were strong enough to be deemed as fire 

detections are shown with a red dot (Table AP2-1, rows 1 and 2). Pixels excluded from the 

background characterization are ‘X’ed out: clouds are shown in purple, water is shown in blue, 

and user-selected contaminated pixels are shown in thick black. 

 


