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Wildland fire research and management 
need a real and reliable way to measure 
physical fire parameters 

“When you can measure what you are 
speaking about, and express it in 
numbers, you know something about it, 
when you cannot express it in numbers, 
your knowledge is of a meager and 
unsatisfactory kind; it may be the 
beginning of knowledge, but you have 
scarcely, in your thoughts advanced to 
the stage of science”

William Thomson, Lord Kelvin

https://www.goodreads.com/photo/author/5605433.William_Thomson_1st_Baron_Kelvin


Our lab has assisted with fire physics 
measurements for 15 years

• I consider myself an ‘instrumentation physicist’ and 
‘electronic engineer’

• Fire research at RIT started with a sizable Federal 
appropriation from a environmentally minded Republican 
congressman

• First deployed physics based fire measurement with FS RMRS 
gang on the Cooney Ridge Complex in 2003
– Measured fire radiated power and in-fire wind winds during a 

burn-out operation on a wildfire
– Learned about operating in a large suppression operation 

• Discovered some subtle radiative features of wildland fires 
(molecular  band emission and atomic line emission) 

• Over the years, figured out what to measure  to satisfy Lord 
Kelvin!



As an analogue for wildland fire studies of 
radiant emission, I refer us to astrophysics

• Arguably, astrophysics is one of the most successful 
scientific disciplines

• What do astrophysicists measure?
– ONLY radiant emissions from objects
– ONLY  electromagnetic radiations propagate great distances 

through space relatively unchanged
– Electromagnetic emission and absorption processes are some of 

the best understood ideas of physics
• What are the physical properties of radiant emissions 

that can be measured?
– Energy release rate (power or power density)
– Time history
– Spectra
– Total energy (time integral of energy release rate)



Thermal energy is transferred by 
conduction, convection and radiation 



Radiant energy release is the best way to 
quantify a wildland fire!
• Energy release from a wildland fire is primarily 

through convection (~80%) and radiation (~20%)
• Convection is very difficult to measure except at a 

point (nature of flow detectors) 
• If the first bullet is true and (fairly) constant, then we 

only need to measure radiation (which can be done 
easily at multiple scales)

• Radiation flux and energy is proportional to total 
energy release which directly affects fire behavior 
and fire effects

• Therefore…you only need to measure radiative 
power and energy (along with some yet-to-be-
developed models)



I will state some facts about radiant 
energy emission from a wildland fire

1. There is a relationship between fuel consumption and radiant 
energy release
Energy release is (generally) proportional to fuel consumption

2. There is a relationship between convective and radiant energy 
release (radiant and total energy release) 
There is a fixed (but widely variable) relationship between convective and 

radiative power
3. The spectra of radiant emissions from a fire are more complex 

than has been assumed
Previous assumption has had fire as black body radiation from heated soot 

particles in the ‘flame bag’. 
Consequences for measurement of total energy 

What are we missing if we only measure a specific wavelength?
Consequences for remotely sensed measurement of radiative energy

What has been lost in the atmosphere, and therefore, missed
4. Measuring radiant emissions alone, we should be able to infer 

fire effects on organisms
Dose-response based on thermo-physiological modeling



For example, let’s look at seedling mortality

Heat 
Release 
from Fire Tree

Seedling

Transport/absorption

C
Heat is released from the fire during combustion, 
transported to the target (seedling), absorbed by 
the target, transported to the tissues by conduction 
(C) and produces an effect based on 
time/temperature history of tissues. This is a classic 
‘toxicological’ problem.  (This example is a 
combination of radiative and convective transport)
All aspects determining seedling mortality can be 
modeled using standard heat transfer models.  



Seedling NDVI change is related to 
radiative dose

Smith et al, International Journal of 
Wildland Fire 25, no. 2 (2016): 158-166) 



To produce fire effects and fire behavior 
models many fundamental measurements 
are still to be made

• Energy partition relationships must be established
– Ratio of convective to radiative flux for any fuel and condition

• Basic thermophysical properties of wildland fuel 
materials must be measured

• Detailed analysis of the spectra and spectral energy 
density of radiation from wildland fire must be made

• For remote sensing of fires, modeling of radiation 
transport through the atmosphere must be taken 
into account considering the previous spectra

• Assumptions about the blackbody nature of the 
emitted radiation need to be checked and non-
blackbody sources identified.
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Verification of the linkage between fuel 
consumption and radiated energy



• Fuel consumption measured vs. derived from overhead 
radiation measurements: linear relationship of fuel 
consumption to radiation (for small fuel loads)
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• Fuel consumption rate may be inferred from fire 
radiated power density by inferring a total fuel energy  
and a fire radiative fraction (Kremens et al, International 
Journal of Wildland Fire 21, no. 6 (2012): 722-730 ) 

Fire Radiative Power & Total Energy
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Slope Correlations
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		60		9111.599749408		11835.8989474091		3786.0285404845		18643.5030509152		838.0938659516		1034.1851273807		2839.4937970322		710.0915577705				90		6284.0816721896		1865.8019308546		1189.9600741704		1223.3038052181		11909.1022363557		8988.0515014629		16629.6680856353		15781.4623653235				90		8.7457749961		7.5314462294		7.0816750344		7.1093105147		9.3850582805		9.1036513633		9.7189436132		9.6665912622																						1460		0.00		0.00		0.00		0.00		155.68		171.66		609.73		779.42												5.05		5.15		6.41		6.66																																				60		9111.599749408		9.1115997494		0.0455579987		0.1162743738		0.6459687433

		70		11835.2812324748		12752.4537764227		3672.4982611326		15197.574476588		885.338148271		1032.7741129208		4950.4867568244		1525.084524513				100		6153.6126010353		1668.8956230718		991.2489589462		800.489932556		12000.3928002308		9052.3144792428		16810.9912451759		14998.6655562542				100		8.7247946031		7.4199173831		6.8989657227		6.6852239559		9.3926946616		9.1107757476		9.7297881923		9.6157165132																						1640		0.00		0.00		0.00		0.00		43.38		163.02		377.40		510.83												3.77		5.09		5.93		6.24																																				70		11835.2812324748		11.8352812325		0.0591764062		0.17545078		0.9747265554

		80		12244.8774013714		12653.0876861632		3182.9752385374		9216.4544343322		1007.9072743316		918.603598076		7247.3957997124		2559.7247486701				110		6243.7544296079		1265.9788141061		1048.5516723301		775.6842345642		12344.3050255342		9067.5676653379		16490.5003314914		14620.7318324762				110		8.7393369518		7.1436008681		6.9551651313		6.6537455231		9.4209501042		9.1124593335		9.7105397566		9.590195789																						1820		0.00		0.00		0.00		0.00		37.06		92.08		196.49		334.51												3.61		4.52		5.28		5.81																																				80		12244.8774013714		12.2448774014		0.061224387		0.236675167		1.3148620387

		90		12202.3958290997		12266.7162059087		2846.3508300369		6105.5709446532		1120.5077899294		1098.5305940303		9265.7764840087		3739.379317874				120		5602.262840149		1089.2269835357		1426.3114925307		422.2456221494		12053.7202945592		8911.3921917246		15519.1519272043		14079.0017798084				120		8.6309258737		6.9932235342		7.2628470151		6.0455871877		9.3971286294		9.0950857587		9.6498301484		9.5524397309																						2000		0.00		0.00		0.00		0.00		30.50		47.22		101.14		213.97												3.42		3.85		4.62		5.37																																				90		12202.3958290997		12.2023958291		0.0610119791		0.2976871461		1.6538174784

		100		11538.0897368017		9838.756080717		2469.8527739833		2835.0472498943		1186.0560457604		1391.6503152333		10448.8189569123		5501.3966787041				130		4926.0664794661		1498.8420883053		1765.946624048		331.1425174793		11627.9793965399		8345.4572313148		16338.860981824		14743.9422581871				130		8.5022960742		7.3124481479		7.4764421565		5.8025488491		9.3611694898		9.0294726256		9.7013016586		9.598587583																						2180		0.00		0.00		0.00		0.00		0.00		27.04		52.50		116.04														3.30		3.96		4.75																																				100		11538.0897368017		11.5380897368		0.0576904487		0.3553775948		1.9743199711

		110		10793.6578823567		6904.6170263092		2622.6896386212		2240.7487371334		1280.5415867512		1636.2536478656		9897.3639690145		8182.5260673013				140		3974.3392951274		1413.7811695968		1699.0696764275		264.4326999246		11869.7562971296		8457.0250592287		15344.5412929363		14344.9661887776				140		8.2876137982		7.2540230746		7.4378361311		5.5775867763		9.3817489564		9.0427527429		9.6385150737		9.5711543714																																																																																												110		10793.6578823567		10.7936578824		0.0539682894		0.4093458842		2.2741438012

		120		10460.1827462103		4258.8822625012		1905.336700281		1703.8347237827		1592.4750483993		1786.961425391		11048.8720959557		11997.619082259				150		3303.2914476433		960.3129415862		1358.5262310533		266.378978671		11625.3380846047		8209.1257788106		15532.7541507487		14414.1092129067				150		8.1026746588		6.8672592122		7.2141557375		5.5849200267		9.3609423126		9.0130017143		9.6507062443		9.5759628123																																								Slope (exponent)		-0.009127215		-0.0080139231		-0.0198193379		-0.0132290202		-0.0033517791		-0.0031249567		-0.0025945031		-0.0023424916																																				120		10460.1827462103		10.4601827462		0.0523009137		0.4616467979		2.564704433

		130		9644.8136679803		2589.9996572228		1454.0096288462		1223.3038052181		1932.8602964682		1965.6653900377		11579.4639424661		15145.6870205893				160		2508.4229184751		687.0316655307		1247.0220716073		209.8019812112		11945.6990336177		7797.4630093563		14604.229033799		13849.8369033539				160		7.8274095153		6.5323803836		7.1285136453		5.3461641393		9.3881265791		8.9615537046		9.5890664256		9.5360287356																																								Intercept		9.3057632193		6.7361766181		9.8765695252		7.3894895125		10.2196373158		9.4658964797		9.9310708199		9.9021769841																																				130		9644.8136679803		9.644813668		0.0482240683		0.5098708663		2.8326159238

		140		8483.8248610239		2181.3056309719		1189.9600741704		800.489932556		1827.3605127221		2059.6561616417		12223.4894531748		16571.125601876				170		1980.2533416415		527.1801614899		1180.3286782275		181.49945772		11630.5987833124		7516.7876900036		13457.8257417809		14438.5103759026				170		7.5909800658		6.2675423525		7.0735482195		5.2012526659		9.3613947303		8.9248941568		9.5073160554		9.5776542476																																																																																												140		8483.8248610239		8.483824861		0.0424191243		0.5522899906		3.0682777255

		150		7277.8627095473		1865.8019308546		991.2489589462		775.6842345642		1903.3111435472		2135.5887480462		12830.4354441387		19174.6121787751				180		1755.7761549663		423.4151761508		813.7825329115		161.4384369321		11315.1295445606		7234.1778141784		14404.5585359283		13881.2262424717				180		7.4706662917		6.0483532016		6.7016931717		5.0841238745		9.3338960069		8.8865719925		9.5753000005		9.5382925762																																								Consumption estimate from model		0.4862059867		0.5806602532		0.1687418183		0.2929739512		1.9080692815		2.0995532184		2.7063803647		3.1113824092																																				150		7277.8627095473		7.2778627095		0.0363893135		0.5886793041		3.2704405785

		160		6284.0816721896		1668.8956230718		1048.5516723301		422.2456221494		2479.1663006522		2391.5247519857		11935.8863373796		20887.3947250186				190		1541.401344243		319.6952955621		576.827630278		135.2379586528		10457.6370908976		7127.9859255272		13241.9959854718		13749.7407023741				190		7.3404472454		5.7673683408		6.3575434875		4.9070358835		9.2550878126		8.8717839946		9.4911485723		9.5287752449																																								Measured Consumption		0.4101368049		0.3105471159		0.1562600157		0.3105656701		1.5722373344		2.1191463116		3.1518066578		3.3640056772																																				160		6284.0816721896		6.2840816722		0.0314204084		0.6200997125		3.4449984028

		170		6153.6126010353		1265.9788141061		1426.3114925307		331.1425174793		2816.7885804236		2379.6749696229		13711.0901415403		19346.897320229				200		1442.7722063241		254.7714987395		369.703722961		114.8567230287		11087.3143778216		6763.0952670528		12745.3895170459		13472.1931811833				200		7.2743216851		5.5403670601		5.9127019361		4.7436854649		9.3135568849		8.819235944		9.4529248787		9.5083830758																																																																																												170		6153.6126010353		6.153612601		0.030768063		0.6508677755		3.6159320861

		180		6243.7544296079		1089.2269835357		1765.946624048		264.4326999246		2948.8575533876		2434.9695008689		13637.8689859776		18586.8082183812				210		1541.6136015198		125.4603785449		255.5707432543		88.6364753234		11216.2511908998		6609.2672150475		12190.1510876321		12123.7805682011				210		7.3405849401		4.8319899999		5.5434992529		4.4845434583		9.3251190048		8.7962280666		9.4083836168		9.4029241391																																																																																												180		6243.7544296079		6.2437544296		0.0312187721		0.6820865476		3.7893697092

		190		5602.262840149		1498.8420883053		1699.0696764275		266.378978671		3289.8375998021		2548.9771594813		14945.2360627576		19574.6044377372				220		2376.528469958		17.547943278		229.1002054139		67.5127286104		11010.9800364657		6773.9301010684		11982.6408907965		11603.1086254086				220		7.7733960758		2.8649367509		5.4341594861		4.2123161521		9.3066482391		8.8208367146		9.391214289		9.3590283261																																																																																												190		5602.262840149		5.6022628401		0.0280113142		0.7100978619		3.9449881214

		200		4926.0664794661		1413.7811695968		1358.5262310533		209.8019812112		3581.2548114422		2478.6370922114		15780.6594971711		20548.8385494836				230		1872.6383817475		10.5397713068		248.4315857064		30.2126155643		10990.1889573473		6677.1715822631		12328.534087143		10924.2311719656				230		7.5351036148		2.3551558452		5.5151674986		3.4082595711		9.3047582408		8.806449761		9.4196716992		9.2987386442																																																																																												200		4926.0664794661		4.9260664795		0.0246303324		0.7347281942		4.0818233014

		210		3974.3392951274		960.3129415862		1247.0220716073		181.49945772		3751.6378905874		2670.8733054431		17265.5127676976		19848.7969760992				240		1297.4473466414		7.0412057272		268.6969230772		23.254592789		10300.3839746882		6264.6262735274		11724.7923684333		10789.1415675692				240		7.1681540336		1.9517794236		5.5935840644		3.1465026518		9.2399364526		8.7426742125		9.3694608847		9.2862954969																																																																																												210		3974.3392951274		3.9743392951		0.0198716965		0.7545998907		4.1922216151

		220		3303.2914476433		687.0316655307		1180.3286782275		161.4384369321		4145.4929819786		2876.9124821143		15904.7579769464		18251.1216412222				250		1088.1635802625		14.1118417238		182.355197132		17.5938265781		10086.8259192719		5919.563624242		12078.3423331054		10805.0343361059				250		6.9922467656		2.6470142835		5.2059564177		2.8675480779		9.218985487		8.686018013		9.399169238		9.2877674467																																																																																												220		3303.2914476433		3.3032914476		0.0165164572		0.771116348		4.2839797109

		230		2508.4229184751		527.1801614899		813.7825329115		135.2379586528		4608.8232748822		3415.0293302791		17514.0372838959		17095.386864394				260		971.8314259545		51.1682297485		95.3655852245		14.0677140233		9284.1486722154		5622.3660182559		11193.7024087709		10222.6433938478				260		6.8791823593		3.9351188267		4.5577177715		2.6438823862		9.1360637811		8.634507854		9.3231066142		9.2323604794																																																																																												230		2508.4229184751		2.5084229185		0.0125421146		0.7836584626		4.3536581253

		240		1980.2533416415		423.4151761508		576.827630278		114.8567230287		4929.3739847098		4040.2542512198		17869.5061902228		15781.4623653235				270		848.9608646885		62.7799545375		97.584354838		14.0603697384		8789.8844790693		5721.4253302853		11542.0000637849		9925.4713161095				270		6.7440130895		4.1396358273		4.5807171818		2.6433601832		9.0813568483		8.6519732369		9.3537478408		9.2028595922																																																																																												240		1980.2533416415		1.9802533416		0.0099012667		0.7935597293		4.4086651626

		250		1755.7761549663		319.6952955621		369.703722961		88.6364753234		5390.7441779882		4187.6799496821		17465.4938600717		14998.6655562542				280		713.0467545098		55.2776272028		99.19694429		14.0603697384		8474.4416199082		5664.5536062033		10777.7751293199		9719.9517203601				280		6.5695469926		4.0123682553		4.5971072103		2.6433601832		9.0448100445		8.6419833718		9.2852414344		9.1819359304																																																																																												250		1755.7761549663		1.755776155		0.0087788808		0.80233861		4.4574367224

		260		1541.401344243		254.7714987395		255.5707432543		67.5127286104		5887.961062224		4176.8628578745		16434.1497129066		14620.7318324762				290		633.9292169858		38.5304711256		13.8486764248		14.0750612624		8588.5293540629		5843.4888986654		10490.7543166834		9708.4401056827				290		6.4519373031		3.6514493861		2.6281896631		2.6444045266		9.0581827959		8.6730833116		9.258249607		9.1807509001																																																																																												260		1541.401344243		1.5414013442		0.0077070067		0.8100456168		4.5002534264

		270		1442.7722063241		125.4603785449		229.1002054139		30.2126155643		6690.25580743		3969.1711308078		16860.9324297286		14079.0017798084				300		615.612233486		44.07385158		14.2462454787		10.5673234485		8410.4415320278		5401.1738513924		9986.6477698119		9833.9028085456				300		6.4226172742		3.7858666719		2.6564933968		2.3577665463		9.0372292524		8.5943715888		9.2090042568		9.1935911647																																																																																												270		1442.7722063241		1.4427722063		0.007213861		0.8172594778		4.5403304322

		280		1541.6136015198		17.547943278		248.4315857064		23.254592789		7070.4234779226		4291.4066240564		16935.8136284417		14743.9422581871				310		551.9627527138		15.5109840266		10.3919508567		10.5728405187		7780.3671865349		5096.2179120128		9963.8982288779		9777.7140387488				310		6.313480567		2.7415484198		2.3410315504		2.3582884978		8.9593588123		8.5362539577		9.2067236624		9.1878609973																																																																																												280		1541.6136015198		1.5416136015		0.007708068		0.8249675458		4.5831530322

		290		2376.528469958		10.5397713068		268.6969230772		17.5938265781		7433.7575049571		4620.3439169204		16643.801784679		14344.9661887776				320		458.4957004141		15.5186865069		10.4137474321		10.5728405187		7332.9431866073		4840.6870268737		9813.1819486161		9689.3920901774				320		6.1279509141		2.7420448789		2.3431268017		2.3582884978		8.9001322404		8.4848119373		9.1914818576		9.1787869671																																																																																												290		2376.528469958		2.37652847		0.0118826423		0.8368501881		4.6491677119

		300		1872.6383817475		7.0412057272		182.355197132		14.0677140233		7975.9290429781		4949.8768262399		16581.6232670151		14414.1092129067				330		399.8941115509		15.5263916665		13.8995455479		10.5838812929		6903.6668034651		4678.9016089991		9589.9951316273		9488.3026499514				330		5.9911997909		2.7425412642		2.6318561452		2.359332211		8.8398079702		8.4508186624		9.1684756602		9.1578150189																																																																																												300		1872.6383817475		1.8726383817		0.0093631919		0.8462133801		4.7011854448

		310		1297.4473466414		14.1118417238		95.3655852245		14.0603697384		7950.2472004491		5102.2128589772		16531.8312928178		13849.8369033539				340		367.5144445176		15.5418100163		10.4355798409		7.0632872701		6452.5815567332		4678.3316854898		9051.4661320368		9883.4605358125				340		5.9067626227		2.7435338128		2.3452211059		1.9549105621		8.7722355711		8.4506968479		9.1106820271		9.1986179861																																																																																												310		1297.4473466414		1.2974473466		0.0064872367		0.8527006168		4.7372256488

		320		1088.1635802625		51.1682297485		97.584354838		14.0603697384		6898.7378339266		4871.1874879408		16629.6680856353		14438.5103759026				350		345.3684038531		10.6447633067		13.9213913803		10.6115218767		6160.5071663252		4475.4006428307		9230.8381341997		9890.656642386				350		5.8446116846		2.3650680629		2.6334266054		2.3619403803		8.7259143853		8.4063511558		9.1303051288		9.199345817																																																																																												320		1088.1635802625		1.0881635803		0.0054408179		0.8581414347		4.7674524149

		330		971.8314259545		62.7799545375		99.19694429		14.0750612624		7265.6981848285		4729.7198682531		16810.9912451759		13881.2262424717				360		384.0807654025		14.2078151702		10.4465094646		10.6115218767		5918.6413874369		4222.1101394135		8373.7153162475		9892.8239774447				360		5.950852857		2.6537921773		2.3462679001		2.3619403803		8.6858622062		8.3480903151		9.0328529499		9.1995649225																																																																																												330		971.8314259545		0.971831426		0.0048591571		0.8630005918		4.7944477323

		340		848.9608646885		55.2776272028		13.8486764248		10.5673234485		9567.9610989827		5098.4264888285		16490.5003314914		13749.7407023741				370		451.8793009575		17.7690228453		10.4465094646		10.6115218767		5835.9626462423		3979.620204907		7421.8961124034		9204.8783745913				370		6.1134151109		2.8774566516		2.3462679001		2.3619403803		8.671794509		8.2889416678		8.9121898443		9.1274888806																																																																																												340		848.9608646885		0.8489608647		0.0042448043		0.8672453961		4.8180299786

		350		713.0467545098		38.5304711256		14.2462454787		10.5728405187		10333.2080993893		5695.8140450607		15519.1519272043		13472.1931811833				380		392.2343920322		17.7597689628		10.4355798409		10.6170566106		5758.9363477769		4181.0350832772		6820.5430419055		9292.8090084774				380		5.9718596		2.8769357286		2.3452211059		2.3624618221		8.6585080748		8.3383141224		8.8276943726		9.1369961552																																																																																												350		713.0467545098		0.7130467545		0.0035652338		0.8708106299		4.8378368329

		360		633.9292169858		44.07385158		10.3919508567		10.5728405187		9759.779688791		5850.980599308		16338.860981824		12123.7805682011				390		324.5427591678		17.7690228453		6.9606956902		10.6225935476		5440.0974233705		4131.7039260749		6874.194383025		8627.921387795				390		5.7824172969		2.8774566516		1.9402794248		2.3629831995		8.6015522484		8.3264451738		8.835529735		9.0627588962																																																																																												360		633.9292169858		0.633929217		0.0031696461		0.873980276		4.8554459778

		370		615.612233486		15.5109840266		10.4137474321		10.5838812929		10514.4701055421		6134.5023890467		15344.5412929363		11603.1086254086				400		284.6081201201		17.7690228453		10.4519776281		10.6170566106		4883.6610283955		3964.0423173342		6631.7484774504		8311.3074218313				400		5.6511132169		2.8774566516		2.3467912072		2.3624618221		8.4936504283		8.2850195708		8.7996237705		9.0253722066																																																																																												370		615.612233486		0.6156122335		0.0030780612		0.8770583372		4.8725463176

		380		551.9627527138		15.5186865069		13.8995455479		7.0632872701		12421.8047128329		6105.6861178058		15532.7541507487		10924.2311719656				410		258.9961515599		17.7690228453		0		10.600459023		4769.324768668		3810.0488366657		6328.1237284323		8810.7510686096				410		5.5568132027		2.8774566516		0		2.3608973042		8.4699600159		8.2453972861		8.7527590618		9.0837279671																																																																																												380		551.9627527138		0.5519627527		0.0027598138		0.8798181509		4.8878786163

		390		458.4957004141		15.5263916665		10.4355798409		10.6115218767		12513.9059512569		6152.0809118187		14604.229033799		10789.1415675692				420		218.2996812037		14.2152182763		0		10.5949309052		4610.6174344298		3710.5032935967		6216.7189761699		8383.6095150788				420		5.3858688032		2.6543131003		0		2.3603756702		8.4361170607		8.2189228051		8.7349975508		9.0340338305																																																																																												390		458.4957004141		0.4584957004		0.0022924785		0.8821106294		4.900614608

		400		399.8941115509		15.5418100163		13.9213913803		10.6115218767		12488.8539060188		6461.3618010748		13457.8257417809		10805.0343361059				430		204.2628226511		14.2152182763		0		10.5949309052		4271.8180060564		3611.2417493633		6225.6240452102		9024.7601097095				430		5.319407511		2.6543131003		0		2.3603756702		8.3597947782		8.1918069671		8.7364289645		9.1077272022																																																																																												400		399.8941115509		0.3998941116		0.0019994706		0.8841101		4.9117227777

		410		367.5144445176		10.6447633067		10.4465094646		10.6115218767		12231.8525561611		6780.8595012836		14404.5585359283		10222.6433938478				440		179.0412582632		14.2152182763		0		7.0706595648		4129.7630912723		3642.3276962073		6023.3926992099		8868.3796196527				440		5.1876162724		2.6543131003		0		1.9559537662		8.3259753214		8.2003782332		8.7034059509		9.0902473776																																																																																												410		367.5144445176		0.3675144445		0.0018375722		0.8859476722		4.9219315123

		420		345.3684038531		14.2078151702		10.4465094646		10.6170566106		12382.8679007073		6138.0871493394		13241.9959854718		9925.4713161095				450		179.0929037632		17.7597689628		0		7.0780377404		3787.3869368408		3633.1694541501		5932.073716691		8527.0149937293				450		5.1879046866		2.8769357286		0		1.956996714		8.2394315977		8.1978606742		8.6881291301		9.0509946371																																																																																												420		345.3684038531		0.3453684039		0.001726842		0.8876745142		4.9315250791

		430		384.0807654025		17.7690228453		10.4355798409		10.6225935476		12366.8323766198		6800.8276083788		12745.3895170459		9719.9517203601				460		186.472852849		10.6503112438		0		7.0780377404		3757.1388382107		3311.1625199327		5567.7907432951		8302.4554324693				460		5.2282856674		2.3655891165		0		1.956996714		8.2314129994		8.1050546212		8.6247536193		9.0243065853																																																																																												430		384.0807654025		0.3840807654		0.0019204038		0.8895949181		4.9421939892

		440		451.8793009575		17.7597689628		6.9606956902		10.6170566106		12232.4867986799		7164.2227923786		12190.1510876321		9708.4401056827				470		175.1620688792		10.6447633067		0		10.6225935476		3560.2615498092		3047.1399072488		5528.5277268714		8101.6333607801				470		5.1657116532		2.3650680629		0		2.3629831995		8.1775892902		8.0219586943		8.6176768252		8.9998209698																																																																																												440		451.8793009575		0.451879301		0.0022593965		0.8918543146		4.954746192

		450		392.2343920322		17.7690228453		10.4519776281		10.600459023		11789.8716800242		8051.8205748656		11982.6408907965		9833.9028085456				480		179.3506438338		14.1856234232		0		0		3425.959283091		2914.1555903915		5214.4448641417		7385.7110895354				480		5.1893427938		2.6522290168		0		0		8.1391367941		7.9773353794		8.5591879119		8.9073024787																																																																																												450		392.2343920322		0.392234392		0.001961172		0.8938154865		4.9656415918

		460		324.5427591678		17.7690228453		0		10.5949309052		11700.110067033		8618.6292113464		12328.534087143		9777.7140387488				490		172.110551099		10.6503112438		0		0		3306.5455361124		2973.4873847332		5016.7166214749		7533.5109994306				490		5.1481370093		2.3655891165		0		0		8.1036592787		7.9974907466		8.5205309392		8.9271164803																																																																																												460		324.5427591678		0.3245427592		0.0016227138		0.8954382003		4.9746566685

		470		284.6081201201		17.7690228453		0		10.5949309052		11909.1022363557		8874.3309712631		11724.7923684333		9689.3920901774				500		167.9469476194		10.6614137072		0		0		3241.5861500377		3074.9329764159		4773.8267728148		7345.9997938925				500		5.1236481416		2.3666310279		0		0		8.0838180415		8.0310383837		8.4709035207		8.9019111983																																																																																												470		284.6081201201		0.2846081201		0.0014230406		0.8968612409		4.9825624496

		480		258.9961515599		14.2152182763		0		7.0706595648		12000.3928002308		8787.077444263		12078.3423331054		9488.3026499514				510		145.1883823788		7.1113121542		0		0		3032.4491902108		2889.605318985		5222.1655055283		7142.7741045138				510		4.978032088		1.9616867773		0		0		8.0171258856		7.968875204		8.5606674427		8.8738565099																																																																																												480		258.9961515599		0.2589961516		0.0012949808		0.8981562217		4.9897567871

		490		218.2996812037		14.2152182763		0		7.0780377404		12344.3050255342		8844.9742531615		11193.7024087709		9883.4605358125				520		126.106318017		10.6669682313		0		0		2780.5022224985		2719.5450283554		5167.8538988004		6748.6321029247				520		4.8371253449		2.3671518854		0		0		7.9303868459		7.9082198763		8.5502127747		8.8170951119																																																																																												490		218.2996812037		0.2182996812		0.0010914984		0.8992477201		4.9958206671

		500		204.2628226511		14.2152182763		0		7.0780377404		12053.7202945592		8843.5599692832		11542.0000637849		9890.656642386				530		131.5889996956		10.6614137072		0		0		2568.8043961488		2520.0201422947		4945.2937876081		6651.3580377191				530		4.8796834265		2.3666310279		0		0		7.8511958541		7.8320221734		8.5061916533		8.802576329																																																																																												500		204.2628226511		0.2042628227		0.0010213141		0.9002690342		5.0014946344

		510		179.0412582632		17.7597689628		0		10.6225935476		11627.9793965399		8598.742538775		10777.7751293199		9892.8239774447				540		112.6171971734		10.6669682313		0		0		2476.8082877121		2312.3293856185		4909.6133306672		6334.6819927181				540		4.723994432		2.3671518854		0		0		7.8147260295		7.7460106875		8.4989504663		8.753794893																																																																																												510		179.0412582632		0.1790412583		0.0008952063		0.9011642405		5.0064680027

		520		179.0929037632		10.6503112438		0		0		11869.7562971296		8483.7420346374		10490.7543166834		9204.8783745913				550		107.1380562091		14.2300332653		0		0		2353.9362858054		2171.824577937		4444.6980533069		6148.0535637566				550		4.6741182478		2.6553547498		0		0		7.7638442211		7.6833229126		8.3994672161		8.723890817																																																																																												520		179.0929037632		0.1790929038		0.0008954645		0.902059705		5.0114428056

		530		186.472852849		10.6447633067		0		0		11625.3380846047		8283.9761532685		9986.6477698119		9292.8090084774				560		94.0326707883		14.2300332653		0		0		2289.4010138571		2124.1476776474		4050.0891047181		5665.9036823858				560		4.5436422835		2.6553547498		0		0		7.7360454963		7.661125908		8.306494161		8.642221681																																																																																												530		186.472852849		0.1864728528		0.0009323643		0.9029920693		5.0166226071

		540		175.1620688792		14.1856234232		0		0		11945.6990336177		8793.9211428327		9963.8982288779		8627.921387795				570		67.6321823411		14.2300332653		0		0		2059.2322448464		2229.3575335965		4170.0563879392		5838.2775390926				570		4.2140839399		2.6553547498		0		0		7.6300884956		7.7094687214		8.335684837		8.6721910904																																																																																												540		175.1620688792		0.1751620689		0.0008758103		0.9038678796		5.0214882201

		550		179.3506438338		10.6503112438		0		0		11630.5987833124		9212.8442930899		9813.1819486161		8311.3074218313				580		52.5101472594		14.2152182763		0		0		1840.6517629034		2275.5170217845		3991.5013426437		5441.4276200785				580		3.9610064321		2.6543131003		0		0		7.5178750069		7.7299625679		8.2919227155		8.6017967356																																																																																												550		179.3506438338		0.1793506438		0.0008967532		0.9047646328		5.0264701824

		560		172.110551099		10.6614137072		0		0		11315.1295445606		9472.1281609502		9589.9951316273		8810.7510686096				590		52.5101472594		14.2004149917		0		0		1794.3385684057		2298.3642421124		3709.6177820178		5195.5284319646				590		3.9610064321		2.6532711889		0		0		7.4923917474		7.7399529498		8.2186841266		8.5555536177																																																																																												560		172.110551099		0.1721105511		0.0008605528		0.9056251856		5.0312510311

		570		167.9469476194		7.1113121542		0		0		10457.6370908976		9944.150763467		9051.4661320368		8383.6095150788				600		46.0929091946		14.2078151702		0		0		1699.266878147		2135.495465479		3543.2359610078		5065.7341460641				600		3.8306591246		2.6537921773		0		0		7.4379521889		7.6664539669		8.1727957019		8.5302543511																																																																																												570		167.9469476194		0.1679469476		0.0008397347		0.9064649203		5.0359162241

		580		145.1883823788		10.6669682313		0		0		11087.3143778216		10375.7366247693		9230.8381341997		9024.7601097095				610		39.807308349		0		0		0		1672.2761720507		1975.897444555		3516.5425426259		4909.7805098832				610		3.6840505223		0		0		0		7.4219409547		7.5887779764		8.1652335537		8.4989845171																																																																																												580		145.1883823788		0.1451883824		0.0007259419		0.9071908622		5.0399492347

		590		126.106318017		10.6614137072		0		0		11216.2511908998		10852.8920651066		8373.7153162475		8868.3796196527				620		39.807308349		0		0		0		1519.2662272802		1814.0818404073		3560.9303393537		4662.2736084361				620		3.6840505223		0		0		0		7.3259827521		7.5033347456		8.177777121		8.4472585069																																																																																												590		126.106318017		0.126106318		0.0006305316		0.9078213938		5.043452188

		600		131.5889996956		10.6669682313		0		0		11010.9800364657		10720.0394424088		7421.8961124034		8527.0149937293				630		33.4748726239		0		0		0		1474.3435443802		1824.4858187188		3679.7431688491		4589.447360538				630		3.5107950865		0		0		0		7.2959681151		7.5090534832		8.2105982377		8.4315148951																																																																																												600		131.5889996956		0.1315889997		0.000657945		0.9084793388		5.047107438

		610		112.6171971734		14.2300332653		0		0		10990.1889573473		9419.5704534827		6820.5430419055		8302.4554324693				640		33.4748726239		0		0		0		1453.8456620736		1730.8543459182		3666.4366051671		4852.3584460499				640		3.5107950865		0		0		0		7.2819675053		7.4563704072		8.2069755171		8.4872201433																																																																																												610		112.6171971734		0.1126171972		0.000563086		0.9090424248		5.0502356934

		620		107.1380562091		14.2300332653		0		0		10300.3839746882		9348.741013413		6874.194383025		8101.6333607801				650		19.4376578658		0		0		0		1369.2556583908		1770.0234566761		3609.7030256319		4749.8703616589				650		2.9672123116		0		0		0		7.2220225561		7.4787480778		8.1913807836		8.4658726044																																																																																												620		107.1380562091		0.1071380562		0.0005356903		0.9095781151		5.0532117505

		630		94.0326707883		14.2300332653		0		0		10086.8259192719		9337.9644510528		6631.7484774504		7385.7110895354				660		16.2066401083		0		0		0		1340.139466419		1816.3980789485		3515.1141596177		4582.8830575645				660		2.7854210415		0		0		0		7.2005289669		7.5046107416		8.1648272816		8.4300835676																																																																																												630		94.0326707883		0.0940326708		0.0004701634		0.9100482785		5.0558237692

		640		67.6321823411		14.2152182763		0		0		9284.1486722154		8965.1414706668		6328.1237284323		7533.5109994306				670		16.1980482215		0		0		0		1247.0266675475		1751.087737167		3490.2000871389		4374.3587201508				670		2.7848907548		0		0		0		7.1285173308		7.4679924379		8.1577143451		8.3835152098																																																																																												640		67.6321823411		0.0676321823		0.0003381609		0.9103864394		5.0577024409

		650		52.5101472594		14.2004149917		0		0		8789.8844790693		8928.0192241647		6216.7189761699		7345.9997938925				680		19.4376578658		0		0		0		1190.5176395619		1636.7412318601		3563.8022785372		4600.8949299199				680		2.9672123116		0		0		0		7.0821434828		7.4004624903		8.1785833096		8.4340061135																																																																																												650		52.5101472594		0.0525101473		0.0002625507		0.9106489901		5.0591610561

		660		52.5101472594		14.2078151702		0		0		8474.4416199082		9110.4088694722		6225.6240452102		7142.7741045138				690		16.2066401083		0		0		0		1190.7430105921		1563.3914842785		3731.5934811945		4133.5614709697				690		2.7854210415		0		0		0		7.0823327699		7.3546127688		8.2245906282		8.326894656																																																																																												660		52.5101472594		0.0525101473		0.0002625507		0.9109115408		5.0606196713

		670		46.0929091946		0		0		0		8588.5293540629		8988.0515014629		6023.3926992099		6748.6321029247				700		16.2066401083		0		0		0		1126.6401938348		1592.5221824415		3711.5427620461		4231.4062395957				700		2.7854210415		0		0		0		7.0269952029		7.3730743167		8.219202908		8.3502896611																																																																																												670		46.0929091946		0.0460929092		0.0002304645		0.9111420054		5.0619000299

		680		39.807308349		0		0		0		8410.4415320278		9052.3144792428		5932.073716691		6651.3580377191				710		12.9584385772		0		0		0		1126.8521788976		1496.7528919867		3748.5925693172		4285.9423052476				710		2.5617472035		0		0		0		7.0271833421		7.311053302		8.2291357337		8.3630957147																																																																																												680		39.807308349		0.0398073083		0.0001990365		0.9113410419		5.0630057885

		690		39.807308349		0		0		0		7780.3671865349		9067.5676653379		5567.7907432951		6334.6819927181				720		12.9584385772		0		0		0		1184.0621965023		1374.6259105229		3682.6825947321		4337.1562754798																																																																																																																690		39.807308349		0.0398073083		0.0001990365		0.9115400785		5.064111547

		700		33.4748726239		0		0		0		7332.9431866073		8911.3921917246		5528.5277268714		6148.0535637566				730		12.951568167		0		0		0		1145.4181927695		1345.7525989409		3338.3977880074		4410.7729725329																																																																																																																700		33.4748726239		0.0334748726		0.0001673744		0.9117074528		5.0650414046

		710		33.4748726239		0		0		0		6903.6668034651		8345.4572313148		5214.4448641417		5665.9036823858				740		9.7188289329		0		0		0		1118.5246150378		1299.8333198105		2925.1644409914		4592.3725332693																																																																																																																710		33.4748726239		0.0334748726		0.0001673744		0.9118748272		5.0659712622

		720		19.4376578658		0		0		0		6452.5815567332		8457.0250592287		5016.7166214749		5838.2775390926				750		9.7291415211		0		0		0		1137.7250991753		1240.0686634422		2685.0502560701		4322.0895061124																																																																																																																720		19.4376578658		0.0194376579		0.0000971883		0.9119720155		5.0665111971

		730		16.2066401083		0		0		0		6160.5071663252		8209.1257788106		4773.8267728148		5441.4276200785				760		9.7291415211		0		0		0		1059.6000060526		1186.8642790497		2514.6240486678		3928.1800610716																																																																																																																730		16.2066401083		0.0162066401		0.0000810332		0.9120530487		5.0669613816

		740		16.1980482215		0		0		0		5918.6413874369		7797.4630093563		5222.1655055283		5195.5284319646				770		9.7394634036		0		0		0		1020.2640511261		1166.9513512239		2468.5060122811		3734.8092407602																																																																																																																740		16.1980482215		0.0161980482		0.0000809902		0.9121340389		5.0674113273

		750		19.4376578658		0		0		0		5835.9626462423		7516.7876900036		5167.8538988004		5065.7341460641				780		9.7394634036		0		0		0		1024.5482888902		1129.9214895119		2551.8964279673		3794.5661387846																																																																																																																750		19.4376578658		0.0194376579		0.0000971883		0.9122312272		5.0679512623

		760		16.2066401083		0		0		0		5758.9363477769		7234.1778141784		4945.2937876081		4909.7805098832				790		9.7394634036		0		0		0		987.467939746		1138.0849481396		2393.4469116579		3660.9605277083																																																																																																																760		16.2066401083		0.0162066401		0.0000810332		0.9123122604		5.0684014467

		770		16.2066401083		0		0		0		5440.0974233705		7127.9859255272		4909.6133306672		4662.2736084361				800		9.7446278292		0		0		0		966.9461542508		1152.3275068402		2454.1105226971		3445.0119470982																																																																																																																770		16.2066401083		0.0162066401		0.0000810332		0.9123932936		5.0688516312

		780		12.9584385772		0		0		0		4883.6610283955		6763.0952670528		4444.6980533069		4589.447360538				810		9.7497945772		0		0		0		949.4232778621		1170.6286478203		2541.3069890727		3372.4935715948																																																																																																																780		12.9584385772		0.0129584386		0.0000647922		0.9124580858		5.0692115878

		790		12.9584385772		0		0		0		4769.324768668		6609.2672150475		4050.0891047181		4852.3584460499				820		12.9928371057		0		0		0		881.518310195		1161.3438190259		2512.8400684743		3135.6842812978																																																																																																																790		12.9584385772		0.0129584386		0.0000647922		0.912522878		5.0695715444

		800		12.951568167		0		0		0		4610.6174344298		6773.9301010684		4170.0563879392		4749.8703616589				830		9.7394634036		0		0		0		823.2304267576		1139.8100029965		2416.0877056679		3231.3574945311																																																																																																																800		12.951568167		0.0129515682		0.0000647578		0.9125876358		5.0699313102

		810		9.7188289329		0		0		0		4271.8180060564		6677.1715822631		3991.5013426437		4582.8830575645				840		9.7497945772		0		0		0		805.2343525741		1093.5882101823		2523.1878899758		3072.2575772264																																																																																																																810		9.7188289329		0.0097188289		0.0000485941		0.91263623		5.0702012777

		820		9.7291415211		0		0		0		4129.7630912723		6264.6262735274		3709.6177820178		4374.3587201508				850		6.5033090981		0		0		0		778.1331127922		1093.7604939909		2620.3262189975		3032.3993117783																																																																																																																820		9.7291415211		0.0097291415		0.0000486457		0.9126848757		5.0704715316

		830		9.7291415211		0		0		0		3787.3869368408		5919.563624242		3543.2359610078		4600.8949299199				860		9.7653087509		0		0		0		767.7172838693		1034.9892927363		2530.3902647591		2828.0350109197																																																																																																																830		9.7291415211		0.0097291415		0.0000486457		0.9127335214		5.0707417856

		840		9.7394634036		0		0		0		3757.1388382107		5622.3660182559		3516.5425426259		4133.5614709697				870		6.5136565226		0		0		0		750.8893325642		1007.25275769		2339.7426061299		2867.5188241142																																																																																																																840		9.7394634036		0.0097394634		0.0000486973		0.9127822187		5.0710123262

		850		9.7394634036		0		0		0		3560.2615498092		5721.4253302853		3560.9303393537		4231.4062395957				880		0		0		0		0		758.9202600229		932.6383853885		2217.7132586972		2752.010921812																																																																																																																850		9.7394634036		0.0097394634		0.0000486973		0.912830916		5.0712828669

		860		9.7394634036		0		0		0		3425.959283091		5664.5536062033		3679.7431688491		4285.9423052476				890		0		0		0		0		779.6136784771		923.650352785		2240.0068271815		2859.7961298468																																																																																																																860		9.7394634036		0.0097394634		0.0000486973		0.9128796134		5.0715534075

		870		9.7446278292		0		0		0		3306.5455361124		5843.4888986654		3666.4366051671		4337.1562754798				900		0		0		0		0		759.1003360051		943.6243370091		2203.2177577405		2676.2458029402																																																																																																																870		9.7446278292		0.0097446278		0.0000487231		0.9129283365		5.0718240916

		880		9.7497945772		0		0		0		3241.5861500377		5401.1738513924		3609.7030256319		4410.7729725329				910		0		0		0		0		713.3844121984		963.5708084313		1970.6452356012		2453.051955008																																																																																																																880		9.7497945772		0.0097497946		0.000048749		0.9129770855		5.0720949192

		890		12.9928371057		0		0		0		3032.4491902108		5096.2179120128		3515.1141596177		4592.3725332693				920		0		0		0		0		733.022900285		990.3992537109		1790.4031670777		2334.7607888331																																																																																																																890		12.9928371057		0.0129928371		0.0000649642		0.9130420496		5.0724558314

		900		9.7394634036		0		0		0		2780.5022224985		4840.6870268737		3490.2000871389		4322.0895061124				930		0		0		0		0		731.4709438466		867.5556811325		1772.4438915614		2290.3382925528																																																																																																																900		9.7394634036		0.0097394634		0.0000486973		0.913090747		5.072726372

		910		9.7497945772		0		0		0		2568.8043961488		4678.9016089991		3563.8022785372		3928.1800610716				940		0		0		0		0		705.2085261699		826.9349407156		1698.6733770619		2327.317581027																																																																																																																910		9.7497945772		0.0097497946		0.000048749		0.9131394959		5.0729971997

		920		6.5033090981		0		0		0		2476.8082877121		4678.3316854898		3731.5934811945		3734.8092407602				950		0		0		0		0		677.8342940452		810.8231237102		1670.8999724052		2485.0871595286																																																																																																																920		6.5033090981		0.0065033091		0.0000325165		0.9131720125		5.0731778471

		930		9.7653087509		0		0		0		2353.9362858054		4475.4006428307		3711.5427620461		3794.5661387846				960		0		0		0		0		620.5745041215		770.8774306798		1604.7081344502		2523.1016265992																																																																																																																930		9.7653087509		0.0097653088		0.0000488265		0.913220839		5.0734491057

		940		6.5136565226		0		0		0		2289.4010138571		4222.1101394135		3748.5925693172		3660.9605277083				970		0		0		0		0		589.538889871		725.3376822938		1526.3318722146		2415.1300253031																																																																																																																940		6.5136565226		0.0065136565		0.0000325683		0.9132534073		5.0736300406

		950		0		0		0		0		2059.2322448464		3979.620204907		3682.6825947321		3445.0119470982				980		0		0		0		0		571.7796390951		745.0232888527		1518.3101876964		2466.0753022506																																																																																																																950		0		0		0		0.9132534073		5.0736300406

		960		0		0		0		0		1840.6517629034		4181.0350832772		3338.3977880074		3372.4935715948				990		0		0		0		0		560.9866172451		716.1778063605		1482.6997522164		2385.4750658917																																																																																																																960		0		0		0		0.9132534073		5.0736300406

		970		0		0		0		0		1794.3385684057		4131.7039260749		2925.1644409914		3135.6842812978				1000		0		0		0		0		551.3929763666		687.0718670788		1551.4438617638		2139.6838963936																																																																																																																970		0		0		0		0.9132534073		5.0736300406

		980		0		0		0		0		1699.266878147		3964.0423173342		2685.0502560701		3231.3574945311				1010		0		0		0		0		536.339809557		680.1931982408		1531.0188437175		2083.4718921718																																																																																																																980		0		0		0		0.9132534073		5.0736300406

		990		0		0		0		0		1672.2761720507		3810.0488366657		2514.6240486678		3072.2575772264				1020		0		0		0		0		525.0399464759		699.0810453423		1524.4280165695		1837.958110601																																																																																																																990		0		0		0		0.9132534073		5.0736300406

		1000		0		0		0		0		1519.2662272802		3710.5032935967		2468.5060122811		3032.3993117783				1030		0		0		0		0		494.346095881		640.9532388245		1483.972590563		1857.1256321464																																																																																																																1000		0		0		0		0.9132534073		5.0736300406

		1010		0		0		0		0		1474.3435443802		3611.2417493633		2551.8964279673		2828.0350109197				1040		0		0		0		0		504.6632923759		627.6999256063		1389.5630430902		1855.8988798712																																																																																																																1010		0		0		0		0.9132534073		5.0736300406

		1020		0		0		0		0		1453.8456620736		3642.3276962073		2393.4469116579		2867.5188241142				1050		0		0		0		0		496.6961844506		602.4934177515		1363.6581599158		1771.3333509638																																																																																																																1020		0		0		0		0.9132534073		5.0736300406

		1030		0		0		0		0		1369.2556583908		3633.1694541501		2454.1105226971		2752.010921812				1060		0		0		0		0		475.7624080117		594.3367344976		1385.2175572452		1658.4047033727																																																																																																																1030		0		0		0		0.9132534073		5.0736300406

		1040		0		0		0		0		1340.139466419		3311.1625199327		2541.3069890727		2859.7961298468				1070		0		0		0		0		468.9885033711		586.4959014988		1444.4142035905		1562.7261213202																																																																																																																1040		0		0		0		0.9132534073		5.0736300406

		1050		0		0		0		0		1247.0266675475		3047.1399072488		2512.8400684743		2676.2458029402				1080		0		0		0		0		458.3895773935		585.5386345621		1443.6425239307		1517.5243164255																																																																																																																1050		0		0		0		0.9132534073		5.0736300406

		1060		0		0		0		0		1190.5176395619		2914.1555903915		2416.0877056679		2453.051955008				1090		0		0		0		0		437.0820586565		604.6959249464		1469.4336197525		1509.8507589054																																																																																																																1060		0		0		0		0.9132534073		5.0736300406

		1070		0		0		0		0		1190.7430105921		2973.4873847332		2523.1878899758		2334.7607888331				1100		0		0		0		0		415.6891170541		584.5879437005		1324.7814943748		1500.2080839647																																																																																																																1070		0		0		0		0.9132534073		5.0736300406

		1080		0		0		0		0		1126.6401938348		3074.9329764159		2620.3262189975		2290.3382925528				1110		0		0		0		0		421.8254657592		566.1874542292		1250.4111508652		1482.8169303245																																																																																																																1080		0		0		0		0.9132534073		5.0736300406

		1090		0		0		0		0		1126.8521788976		2889.605318985		2530.3902647591		2327.317581027				1120		0		0		0		0		406.752717043		559.4579850724		1224.1725431843		1513.2646035529

		1100		0		0		0		0		1184.0621965023		2719.5450283554		2339.7426061299		2485.0871595286				1130		0		0		0		0		401.1775648085		529.2821302954		1213.3533735525		1544.6770908646

		1110		0		0		0		0		1145.4181927695		2520.0201422947		2217.7132586972		2523.1016265992				1140		0		0		0		0		393.5240921201		517.4295590178		1183.0484001745		1438.4201342043

		1120		0		0		0		0		1118.5246150378		2312.3293856185		2240.0068271815		2415.1300253031				1150		0		0		0		0		386.8348827961		509.1306137023		1145.4628049917		1310.9537594175

		1130		0		0		0		0		1137.7250991753		2171.824577937		2203.2177577405		2466.0753022506				1160		0		0		0		0		375.2086187493		478.7113488443		1117.0899847047		1302.1810821932

		1140		0		0		0		0		1059.6000060526		2124.1476776474		1970.6452356012		2385.4750658917				1170		0		0		0		0		361.2071989183		460.938948662		1088.9246777608		1237.2384709106

		1150		0		0		0		0		1020.2640511261		2229.3575335965		1790.4031670777		2139.6838963936				1180		0		0		0		0		354.2205186784		442.3087006188		1081.4345835134		1219.9111485434

		1160		0		0		0		0		1024.5482888902		2275.5170217845		1772.4438915614		2083.4718921718				1190		0		0		0		0		350.773229767		442.3494780036		1051.1947046022		1198.9905825566

		1170		0		0		0		0		987.467939746		2298.3642421124		1698.6733770619		1837.958110601				1200		0		0		0		0		354.3108326741		434.599618759		963.131551176		1154.8665557115

		1180		0		0		0		0		966.9461542508		2135.495465479		1670.8999724052		1857.1256321464				1210		0		0		0		0		324.4823613676		413.8258353682		925.333899538		1155.0202450657

		1190		0		0		0		0		949.4232778621		1975.897444555		1604.7081344502		1855.8988798712				1220		0		0		0		0		317.2269944839		395.7140935693		912.7659399367		1127.5095913114

		1200		0		0		0		0		881.518310195		1814.0818404073		1526.3318722146		1771.3333509638				1230		0		0		0		0		317.2689718003		395.7140935693		881.8388337941		1119.4000775355

		1210		0		0		0		0		823.2304267576		1824.4858187188		1518.3101876964		1658.4047033727				1240		0		0		0		0		306.3524166447		366.8936386389		863.6229819643		1142.6400916174

		1220		0		0		0		0		805.2343525741		1730.8543459182		1482.6997522164		1562.7261213202				1250		0		0		0		0		298.9330091784		366.9688666405		822.6808139492		1157.2743838702

		1230		0		0		0		0		778.1331127922		1770.0234566761		1551.4438617638		1517.5243164255				1260		0		0		0		0		306.5236386899		356.9965423894		775.7434301155		1110.4020782806

		1240		0		0		0		0		767.7172838693		1816.3980789485		1531.0188437175		1509.8507589054				1270		0		0		0		0		306.5664083885		349.5289496162		761.0725317285		1081.4725199735

		1250		0		0		0		0		750.8893325642		1751.087737167		1524.4280165695		1500.2080839647				1280		0		0		0		0		310.4162531462		349.5289496162		728.3625800839		1141.8657270107

		1260		0		0		0		0		758.9202600229		1636.7412318601		1483.972590563		1482.8169303245				1290		0		0		0		0		302.6351683375		328.031653072		708.7101368544		1112.1566483162

		1270		0		0		0		0		779.6136784771		1563.3914842785		1389.5630430902		1513.2646035529				1300		0		0		0		0		302.7088926709		310.1255034981		674.5614427657		1046.1892746487

		1280		0		0		0		0		759.1003360051		1592.5221824415		1363.6581599158		1544.6770908646				1310		0		0		0		0		310.6914003402		310.1615720489		668.1199434723		1008.7744902671

		1290		0		0		0		0		713.3844121984		1496.7528919867		1385.2175572452		1438.4201342043				1320		0		0		0		0		299.4965345098		299.4772152562		644.0119358826		972.8055865987

		1300		0		0		0		0		733.022900285		1374.6259105229		1444.4142035905		1310.9537594175				1330		0		0		0		0		277.6989642708		299.5510754065		627.8928525678		991.1009517123

		1310		0		0		0		0		731.4709438466		1345.7525989409		1443.6425239307		1302.1810821932				1340		0		0		0		0		248.2149136577		306.5354493505		600.1013796215		1011.9389503978

		1320		0		0		0		0		705.2085261699		1299.8333198105		1469.4336197525		1237.2384709106				1350		0		0		0		0		241.038264193		291.9288472403		592.2198845427		1058.868646971

		1330		0		0		0		0		677.8342940452		1240.0686634422		1324.7814943748		1219.9111485434				1360		0		0		0		0		236.7257312376		281.0830772882		615.9003733105		1048.5684378358

		1340		0		0		0		0		620.5745041215		1186.8642790497		1250.4111508652		1198.9905825566				1370		0		0		0		0		213.4125856652		270.2036560806		644.3882468237		973.8396045005

		1350		0		0		0		0		589.538889871		1166.9513512239		1224.1725431843		1154.8665557115				1380		0		0		0		0		206.4535144559		273.9497775448		655.444822559		969.7897258084

		1360		0		0		0		0		571.7796390951		1129.9214895119		1213.3533735525		1155.0202450657				1390		0		0		0		0		193.8255366485		284.2627541979		642.7700222258		903.3760905647

		1370		0		0		0		0		560.9866172451		1138.0849481396		1183.0484001745		1127.5095913114				1400		0		0		0		0		187.1845409625		222.924394921		644.7521252716		876.3142748283

		1380		0		0		0		0		551.3929763666		1152.3275068402		1145.4628049917		1119.4000775355				1410		0		0		0		0		187.1845409625		196.4030925417		665.355103711		868.826624515

		1390		0		0		0		0		536.339809557		1170.6286478203		1117.0899847047		1142.6400916174				1420		0		0		0		0		168.1751162581		206.8781715477		613.4876759749		907.5336758676

		1400		0		0		0		0		525.0399464759		1161.3438190259		1088.9246777608		1157.2743838702				1430		0		0		0		0		168.1751162581		175.0186239793		589.6329224157		919.6109873914

		1410		0		0		0		0		494.346095881		1139.8100029965		1081.4345835134		1110.4020782806				1440		0		0		0		0		155.5282441882		130.0254714153		586.0708552661		948.0047870586

		1420		0		0		0		0		504.6632923759		1093.5882101823		1051.1947046022		1081.4725199735				1450		0		0		0		0		161.4843857208		149.3066518679		599.2878783699		878.8519202029

		1430		0		0		0		0		496.6961844506		1093.7604939909		963.131551176		1141.8657270107				1460		0		0		0		0		155.6811401804		171.6555150731		609.7311896703		779.4192234659

		1440		0		0		0		0		475.7624080117		1034.9892927363		925.333899538		1112.1566483162				1470		0		0		0		0		149.0288651026		185.9220353611		565.1031706873		802.8988603377

		1450		0		0		0		0		468.9885033711		1007.25275769		912.7659399367		1046.1892746487				1480		0		0		0		0		142.684382086		204.5388990533		556.9437604333		774.1960430236

		1460		0		0		0		0		458.3895773935		932.6383853885		881.8388337941		1008.7744902671				1490		0		0		0		0		129.2522016014		215.67733327		539.4200550765		755.3918976329

		1470		0		0		0		0		437.0820586565		923.650352785		863.6229819643		972.8055865987				1500		0		0		0		0		122.3070581126		208.5400492917		560.9419395978		739.0110739017

		1480		0		0		0		0		415.6891170541		943.6243370091		822.6808139492		991.1009517123				1510		0		0		0		0		136.1007844375		197.0264286823		525.996561429		708.394627214

		1490		0		0		0		0		421.8254657592		963.5708084313		775.7434301155		1011.9389503978				1520		0		0		0		0		114.9139955168		197.0562290128		456.907263558		706.0636357357

		1500		0		0		0		0		406.752717043		990.3992537109		761.0725317285		1058.868646971				1530		0		0		0		0		109.7728200792		197.1158009559		468.210875097		687.6030460848

		1510		0		0		0		0		401.1775648085		867.5556811325		728.3625800839		1048.5684378358				1540		0		0		0		0		95.1729821341		186.1367329908		474.7458795646		639.0683572819

		1520		0		0		0		0		393.5240921201		826.9349407156		708.7101368544		973.8396045005				1550		0		0		0		0		86.007577009		186.1673679915		464.4493259314		612.7636268081

		1530		0		0		0		0		386.8348827961		810.8231237102		674.5614427657		969.7897258084				1560		0		0		0		0		79.2556072282		179.1970513484		482.4244420784		592.2292395116

		1540		0		0		0		0		375.2086187493		770.8774306798		668.1199434723		903.3760905647				1570		0		0		0		0		79.2860794039		193.6865105081		475.0202122733		582.0007881249

		1550		0		0		0		0		361.2071989183		725.3376822938		644.0119358826		876.3142748283				1580		0		0		0		0		67.9385106283		193.7195397285		427.6516028716		585.0599389742

		1560		0		0		0		0		354.2205186784		745.0232888527		627.8928525678		868.826624515				1590		0		0		0		0		60.9298057464		193.7195397285		398.6920466456		563.8555580995

		1570		0		0		0		0		350.773229767		716.1778063605		600.1013796215		907.5336758676				1600		0		0		0		0		72.6512369439		181.9491361355		398.8467333964		553.9172018703

		1580		0		0		0		0		354.3108326741		687.0718670788		592.2198845427		919.6109873914				1610		0		0		0		0		46.7183855067		174.6902604597		410.3676333116		515.3170232513

		1590		0		0		0		0		324.4823613676		680.1931982408		615.9003733105		948.0047870586				1620		0		0		0		0		73.1649685412		163.048961906		424.1273728441		496.9546786644

		1600		0		0		0		0		317.2269944839		699.0810453423		644.3882468237		878.8519202029				1630		0		0		0		0		43.4042576665		163.048961906		410.569825304		496.9546786644

		1610		0		0		0		0		317.2689718003		640.9532388245		655.444822559		779.4192234659				1640		0		0		0		0		43.3813579705		163.0166969358		377.3963385783		510.8319706049

		1620		0		0		0		0		306.3524166447		627.6999256063		642.7700222258		802.8988603377				1650		0		0		0		0		40.0654686152		155.9963002069		366.013392864		521.1449627514

		1630		0		0		0		0		298.9330091784		602.4934177515		644.7521252716		774.1960430236				1660		0		0		0		0		40.0654686152		143.9864880788		359.6037368973		492.8014141378

		1640		0		0		0		0		306.5236386899		594.3367344976		665.355103711		755.3918976329				1670		0		0		0		0		40.0866159781		144.0170991525		348.5846413049		499.6729676837

		1650		0		0		0		0		306.5664083885		586.4959014988		613.4876759749		739.0110739017				1680		0		0		0		0		40.0238562443		131.9810993215		337.6477153631		489.4312178909

		1660		0		0		0		0		310.4162531462		585.5386345621		589.6329224157		708.394627214				1690		0		0		0		0		36.804270373		125.0950907243		314.4817492976		449.9341576978

		1670		0		0		0		0		302.6351683375		604.6959249464		586.0708552661		706.0636357357				1700		0		0		0		0		40.4527058941		125.0950907243		289.4053025114		461.0878145588

		1680		0		0		0		0		302.7088926709		584.5879437005		599.2878783699		687.6030460848				1710		0		0		0		0		40.2136928391		130.4649755659		289.4558836409		443.0974796477

		1690		0		0		0		0		310.6914003402		566.1874542292		609.7311896703		639.0683572819				1720		0		0		0		0		40.2349044064		130.4907756637		289.5064518212		424.1733978843

		1700		0		0		0		0		299.4965345098		559.4579850724		565.1031706873		612.7636268081				1730		0		0		0		0		40.2561251357		112.4205861608		300.8256587961		395.557961269

		1710		0		0		0		0		277.6989642708		529.2821302954		556.9437604333		592.2292395116				1740		0		0		0		0		36.9209087724		125.1239628137		277.5297888567		395.6065242731

		1720		0		0		0		0		248.2149136577		517.4295590178		539.4200550765		582.0007881249				1750		0		0		0		0		40.2985940698		98.7153675522		275.0377009565		395.7035980863

		1730		0		0		0		0		241.038264193		509.1306137023		560.9419395978		585.0599389742				1760		0		0		0		0		40.3198422695		105.6480883532		282.21533377		417.6448418435

		1740		0		0		0		0		236.7257312376		478.7113488443		525.996561429		563.8555580995				1770		0		0		0		0		40.3410996207		123.4716279659		258.969933968		398.7618104205

		1750		0		0		0		0		213.4125856652		460.938948662		456.907263558		553.9172018703				1780		0		0		0		0		36.9988356108		118.313211338		247.3649560709		384.9158222862

		1760		0		0		0		0		206.4535144559		442.3087006188		468.210875097		515.3170232513				1790		0		0		0		0		37.0183382866		98.7448550831		228.0840951564		367.2272337896

		1770		0		0		0		0		193.8255366485		442.3494780036		474.7458795646		496.9546786644				1800		0		0		0		0		37.0183382866		111.462113165		240.2482606494		367.2272337896

		1780		0		0		0		0		187.1845409625		434.599618759		464.4493259314		496.9546786644				1810		0		0		0		0		37.0378493441		105.6480883532		216.1500180417		360.0078789012

		1790		0		0		0		0		187.1845409625		413.8258353682		482.4244420784		510.8319706049				1820		0		0		0		0		37.0573687808		92.0811570416		196.4856988807		334.5103280106

		1800		0		0		0		0		168.1751162581		395.7140935693		475.0202122733		521.1449627514				1830		0		0		0		0		37.0378493441		99.0182878507		196.5802578604		334.6107799726

		1810		0		0		0		0		168.1751162581		395.7140935693		427.6516028716		492.8014141378				1840		0		0		0		0		33.6885170735		92.1083793922		202.9537101737		345.303291235

		1820		0		0		0		0		155.5282441882		366.8936386389		398.6920466456		499.6729676837				1850		0		0		0		0		33.7062696311		85.2876433497		177.1158494275		326.9442231959

		1830		0		0		0		0		161.4843857208		366.9688666405		398.8467333964		489.4312178909				1860		0		0		0		0		33.7240298017		85.3125974546		177.1611596253		315.9361603594

		1840		0		0		0		0		155.6811401804		356.9965423894		410.3676333116		449.9341576978				1870		0		0		0		0		33.741797583		85.3125974546		163.8574390834		312.6131381393

		1850		0		0		0		0		149.0288651026		349.5289496162		424.1273728441		461.0878145588				1880		0		0		0		0		33.741797583		70.8831426337		163.948455309		301.6182621468

		1860		0		0		0		0		142.684382086		349.5289496162		410.569825304		443.0974796477				1890		0		0		0		0		33.7595729726		54.4204713951		163.9939596698		305.8011110495

		1870		0		0		0		0		129.2522016014		328.031653072		377.3963385783		424.1733978843				1900		0		0		0		0		27.0076583781		54.4204713951		158.1078704056		297.653243568

		1880		0		0		0		0		122.3070581126		310.1255034981		366.013392864		395.557961269				1910		0		0		0		0		27.0076583781		54.4204713951		144.078486021		290.7273321151

		1890		0		0		0		0		136.1007844375		310.1615720489		359.6037368973		395.6065242731				1920		0		0		0		0		23.6566025974		54.397407038		129.4289800973		267.6505053275

		1900		0		0		0		0		114.9139955168		299.4772152562		348.5846413049		395.7035980863				1930		0		0		0		0		27.0503558149		54.397407038		120.3169156259		272.6705423073

		1910		0		0		0		0		109.7728200792		299.5510754065		337.6477153631		417.6448418435				1940		0		0		0		0		30.4476755118		47.2778950774		129.5573469057		249.8434824339

		1920		0		0		0		0		95.1729821341		306.5354493505		314.4817492976		398.7618104205				1950		0		0		0		0		30.4476755118		47.2366151303		114.4266815693		249.8878469142

		1930		0		0		0		0		86.007577009		291.9288472403		289.4053025114		384.9158222862				1960		0		0		0		0		27.064600455		47.2572525505		114.4266815693		237.6338996305

		1940		0		0		0		0		79.2556072282		281.0830772882		289.4558836409		367.2272337896				1970		0		0		0		0		27.0788511724		47.2366151303		107.8038554566		226.1762976716

		1950		0		0		0		0		79.2860794039		270.2036560806		289.5064518212		367.2272337896				1980		0		0		0		0		27.0788511724		47.2366151303		107.7642292113		235.8275360569

		1960		0		0		0		0		67.9385106283		273.9497775448		300.8256587961		360.0078789012				1990		0		0		0		0		27.0931079653		47.2366151303		101.1360890034		231.134643145

		1970		0		0		0		0		60.9298057464		284.2627541979		277.5297888567		334.5103280106				2000		0		0		0		0		30.4957921858		47.2159828232		101.1360890034		213.9713333255

		1980		0		0		0		0		72.6512369439		222.924394921		275.0377009565		334.6107799726				2010		0		0		0		0		27.1216397701		33.7773559683		70.0468438408		212.235631142

		1990		0		0		0		0		46.7183855067		196.4030925417		282.21533377		345.303291235				2020		0		0		0		0		30.5118447414		30.3996203715		84.1251595218		212.235631142

		2000		0		0		0		0		73.1649685412		206.8781715477		258.969933968		326.9442231959				2030		0		0		0		0		27.1216397701		33.7773559683		95.1869072973		200.3786812815

		2010		0		0		0		0		43.4042576665		175.0186239793		247.3649560709		315.9361603594				2040		0		0		0		0		0		30.3996203715		125.3912827297		188.5045409234

		2020		0		0		0		0		43.3813579705		130.0254714153		228.0840951564		312.6131381393				2050		0		0		0		0		0		40.5600354983		125.4276748891		181.4464750306

		2030		0		0		0		0		40.0654686152		149.3066518679		240.2482606494		301.6182621468				2060		0		0		0		0		0		30.415631911		145.2907324051		181.486420849

		2040		0		0		0		0		40.0654686152		171.6555150731		216.1500180417		305.8011110495				2070		0		0		0		0		0		30.4316502918		132.0205398717		181.486420849

		2050		0		0		0		0		40.0866159781		185.9220353611		196.4856988807		297.653243568				2080		0		0		0		0		0		30.4316502918		117.5728869003		162.7756892131

		2060		0		0		0		0		40.0238562443		204.5388990533		196.5802578604		290.7273321151				2090		0		0		0		0		0		30.4316502918		102.0768535926		162.8137893393

		2070		0		0		0		0		36.804270373		215.67733327		202.9537101737		267.6505053275				2100		0		0		0		0		0		30.4316502918		84.408990697		162.8137893393

		2080		0		0		0		0		40.4527058941		208.5400492917		177.1158494275		272.6705423073				2110		0		0		0		0		0		30.4316502918		84.4445060487		149.486151347

		2090		0		0		0		0		40.2136928391		197.0264286823		177.1611596253		249.8434824339				2120		0		0		0		0		0		30.415631911		64.1731715705		155.7819953332

		2100		0		0		0		0		40.2349044064		197.0562290128		163.8574390834		249.8878469142				2130		0		0		0		0		0		27.0361172542		55.7780917373		143.2724926447

		2110		0		0		0		0		40.2561251357		197.1158009559		163.948455309		237.6338996305				2140		0		0		0		0		0		30.415631911		56.6637960953		143.3448548113

		2120		0		0		0		0		36.9209087724		186.1367329908		163.9939596698		226.1762976716				2150		0		0		0		0		0		30.415631911		52.4970275175		121.8570520202

		2130		0		0		0		0		40.2985940698		186.1673679915		158.1078704056		235.8275360569				2160		0		0		0		0		0		30.3996203715		52.4970275175		129.6486795979

		2140		0		0		0		0		40.3198422695		179.1970513484		144.078486021		231.134643145				2170		0		0		0		0		0		30.3996203715		49.2159632976		129.6850739996

		2150		0		0		0		0		40.3410996207		193.6865105081		129.4289800973		213.9713333255				2180		0		0		0		0		0		27.0361172542		52.4970275175		116.0354594516

		2160		0		0		0		0		36.9988356108		193.7195397285		120.3169156259		212.235631142				2190		0		0		0		0		0		27.0218847746		49.2420172361		116.0717248186

		2170		0		0		0		0		37.0183382866		193.7195397285		129.5573469057		212.235631142				2200		0		0		0		0		0		27.0361172542		49.2420172361		116.0717248186

		2180		0		0		0		0		37.0183382866		181.9491361355		114.4266815693		200.3786812815				2210		0		0		0		0		0		27.0361172542		49.2420172361		100.7472109463

		2190		0		0		0		0		37.0378493441		174.6902604597		114.4266815693		188.5045409234				2220		0		0		0		0		0		30.415631911		49.2680827404		94.4838775001

		2200		0		0		0		0		37.0573687808		163.048961906		107.8038554566		181.4464750306				2230		0		0		0		0		0		27.0361172542		45.983543891		103.2847324401

		2210		0		0		0		0		37.0378493441		163.048961906		107.7642292113		181.486420849				2240		0		0		0		0		0		27.0503558149		46.0078824875		103.3165008756

		2220		0		0		0		0		33.6885170735		163.0166969358		101.1360890034		181.486420849				2250		0		0		0		0		0		27.0361172542		46.0078824875		77.7039165788

		2230		0		0		0		0		33.7062696311		155.9963002069		101.1360890034		162.7756892131				2260		0		0		0		0		0		27.0503558149		46.0322318741		77.7674626699

		2240		0		0		0		0		33.7240298017		143.9864880788		70.0468438408		162.8137893393				2270		0		0		0		0		0		27.0361172542		46.0322318741		88.3407093839

		2250		0		0		0		0		33.741797583		144.0170991525		84.1251595218		162.8137893393				2280		0		0		0		0		0		27.0361172542		46.0565920485		88.3407093839

		2260		0		0		0		0		33.741797583		131.9810993215		95.1869072973		149.486151347				2290		0		0		0		0		0		27.0218847746		46.0322318741		71.6155021992

		2270		0		0		0		0		33.7595729726		125.0950907243		125.3912827297		155.7819953332				2300		0		0		0		0		0		23.6441491778		49.3463486234		71.645044422

		2280		0		0		0		0		27.0076583781		125.0950907243		125.4276748891		143.2724926447				2310		0		0		0		0		0		27.0218847746		49.3463486234		71.7041474855

		2290		0		0		0		0		27.0076583781		130.4649755659		145.2907324051		143.3448548113				2320		0		0		0		0		0		23.6441491778		46.0565920485		51.0497778405

		2300		0		0		0		0		23.6566025974		130.4907756637		132.0205398717		121.8570520202				2330		0		0		0		0		0		23.6317010808		46.0322318741		51.1011792608

		2310		0		0		0		0		27.0503558149		112.4205861608		117.5728869003		129.6486795979				2340		0		0		0		0		0		23.6317010808		46.0078824875		43.605777986

		2320		0		0		0		0		30.4476755118		125.1239628137		102.0768535926		129.6850739996				2350		0		0		0		0		0		23.6317010808		49.2680827404		65.2664251735

		2330		0		0		0		0		30.4476755118		98.7153675522		84.408990697		116.0354594516				2360		0		0		0		0		0		23.6317010808		45.983543891		43.628644261

		2340		0		0		0		0		27.064600455		105.6480883532		84.4445060487		116.0717248186				2370		0		0		0		0		0		23.6317010808		49.2680827404		46.1297372749

		2350		0		0		0		0		27.0788511724		123.4716279659		64.1731715705		116.0717248186				2380		0		0		0		0		0		23.6192583081		45.959216087		44.1194237346

		2360		0		0		0		0		27.0788511724		118.313211338		55.7780917373		100.7472109463				2390		0		0		0		0		0		23.6068208612		45.983543891		42.8574162498

		2370		0		0		0		0		27.0931079653		98.7448550831		56.6637960953		94.4838775001				2400		0		0		0		0		0		26.9792238414		45.983543891		42.9027666836

		2380		0		0		0		0		30.4957921858		111.462113165		52.4970275175		103.2847324401				2410		0		0		0		0		0		26.9650157049		45.959216087		42.9254569039

		2390		0		0		0		0		27.1216397701		105.6480883532		52.4970275175		103.3165008756				2420		0		0		0		0		0		23.5819619514		45.959216087		39.6234986805

		2400		0		0		0		0		30.5118447414		92.0811570416		49.2159632976		77.7039165788				2430		0		0		0		0		0		23.5819619514		45.959216087		42.97086734

		2410		0		0		0		0		27.1216397701		99.0182878507		52.4970275175		77.7674626699				2440		0		0		0		0		0		20.2131102441		45.9348990778		42.9935875511

		2420		0		0		0		0		0		92.1083793922		49.2420172361		88.3407093839				2450		0		0		0		0		0		20.2131102441		45.9105928657		42.9935875511

		2430		0		0		0		0		0		85.2876433497		49.2420172361		88.3407093839				2460		0		0		0		0		0		23.5819619514		42.6087047777		42.9935875511

		2440		0		0		0		0		0		85.3125974546		49.2420172361		71.6155021992				2470		0		0		0		0		0		20.2024632786		45.886297453		39.7073702348

		2450		0		0		0		0		0		85.3125974546		49.2680827404		71.645044422				2480		0		0		0		0		0		20.1918208836		45.8620128418		39.7283611824

		2460		0		0		0		0		0		70.8831426337		45.983543891		71.7041474855				2490		0		0		0		0		0		20.2024632786		42.5861547817		39.770370733

		2470		0		0		0		0		0		54.4204713951		46.0078824875		51.0497778405				2500		0		0		0		0		0		20.2024632786		42.5636148179		36.4561731719

		2480		0		0		0		0		0		54.4204713951		46.0078824875		51.1011792608				2510		0		0		0		0		0		20.2024632786		39.268693743		36.4754402206

		2490		0		0		0		0		0		54.4204713951		46.0322318741		43.605777986				2520		0		0		0		0		0		16.8442585367		42.518564995		36.494715714

		2500		0		0		0		0		0		54.397407038		46.0322318741		65.2664251735				2530		0		0		0		0		0		16.8531348156		42.518564995		36.5139996503

		2510		0		0		0		0		0		54.397407038		46.0565920485		43.628644261				2540		0		0		0		0		0		16.8620149009		39.2479061492		36.5332920272

		2520		0		0		0		0		0		47.2778950774		46.0322318741		46.1297372749				2550		0		0		0		0		0		16.8797864863		39.2271278215		39.8755558283

		2530		0		0		0		0		0		47.2366151303		49.3463486234		44.1194237346				2560		0		0		0		0		0		16.8886779842		39.2271278215		36.5332920272

		2540		0		0		0		0		0		47.2572525505		49.3463486234		42.8574162498				2570		0		0		0		0		0		20.2770879407		35.9391621984		39.8755558283

		2550		0		0		0		0		0		47.2366151303		46.0565920485		42.9027666836				2580		0		0		0		0		0		20.2877668612		32.6892731846		36.5525928426

		2560		0		0		0		0		0		47.2366151303		46.0322318741		42.9254569039				2590		0		0		0		0		0		20.2984503412		35.9582005031		36.5525928426

		2570		0		0		0		0		0		47.2366151303		46.0078824875		39.6234986805				2600		0		0		0		0		0		20.3091383793		32.7065884577		36.5719020945

		2580		0		0		0		0		0		47.2159828232		49.2680827404		42.97086734				2610		0		0		0		0		0		20.3305281239		35.9963025978		36.5719020945

		2590		0		0		0		0		0		33.7773559683		45.983543891		42.9935875511				2620		0		0		0		0		0		20.319830974		39.2479061492		33.2471837223

		2600		0		0		0		0		0		30.3996203715		49.2680827404		42.9935875511				2630		0		0		0		0		0		20.3305281239		39.2479061492		33.2647452552

		2610		0		0		0		0		0		33.7773559683		45.959216087		42.9935875511				2640		0		0		0		0		0		20.319830974		39.2479061492		36.5912197807

		2620		0		0		0		0		0		30.3996203715		45.983543891		39.7073702348				2650		0		0		0		0		0		20.319830974		39.2479061492		33.2823144538

		2630		0		0		0		0		0		40.5600354983		45.983543891		39.7283611824				2660		0		0		0		0		0		20.319830974		35.9772473034		36.6105458991

		2640		0		0		0		0		0		30.415631911		45.959216087		39.770370733				2670		0		0		0		0		0		23.6939947758		35.9582005031		33.2823144538

		2650		0		0		0		0		0		30.4316502918		45.959216087		36.4561731719				2680		0		0		0		0		0		20.319830974		35.9582005031		33.299891316

		2660		0		0		0		0		0		30.4316502918		45.959216087		36.4754402206				2690		0		0		0		0		0		20.319830974		32.6892731846		33.3174758399

		2670		0		0		0		0		0		30.4316502918		45.9348990778		36.494715714				2700		0		0		0		0		0		20.3091383793		35.9772473034		33.3350680235

		2680		0		0		0		0		0		30.4316502918		45.9105928657		36.5139996503				2710		0		0		0		0		0		20.319830974		35.9772473034		33.3526678649

		2690		0		0		0		0		0		30.4316502918		42.6087047777		36.5332920272				2720		0		0		0		0		0		20.3091383793		35.9772473034		30.0332478258

		2700		0		0		0		0		0		30.415631911		45.886297453		39.8755558283				2730		0		0		0		0		0		20.3091383793		32.6892731846		33.3702753619

		2710		0		0		0		0		0		27.0361172542		45.8620128418		36.5332920272				2740		0		0		0		0		0		20.3091383793		32.6892731846		30.0491014614

		2720		0		0		0		0		0		30.415631911		42.5861547817		39.8755558283				2750		0		0		0		0		0		20.319830974		32.6892731846		33.4055133151

		2730		0		0		0		0		0		30.415631911		42.5636148179		36.5525928426				2760		0		0		0		0		0		20.3091383793		29.4047690715		33.4055133151

		2740		0		0		0		0		0		30.3996203715		39.268693743		36.5525928426				2770		0		0		0		0		0		20.3091383793		29.3891992292		33.4055133151

		2750		0		0		0		0		0		30.3996203715		42.518564995		36.5719020945				2780		0		0		0		0		0				26.1237326481		33.4231437672

		2760		0		0		0		0		0		27.0361172542		42.518564995		36.5719020945				2790		0		0		0		0		0				29.3891992292		30.0808293904

		2770		0		0		0		0		0		27.0218847746		39.2479061492		33.2471837223				2800		0		0		0		0		0				26.137572508		33.4407818668

		2780		0		0		0		0		0		27.0361172542		39.2271278215		33.2647452552				2810		0		0		0		0		0				26.137572508		33.4407818668

		2790		0		0		0		0		0		27.0361172542		39.2271278215		36.5912197807				2820		0		0		0		0		0				26.1514185477		30.1125848507

		2800		0		0		0		0		0		30.415631911		35.9391621984		33.2823144538				2830		0		0		0		0		0				26.1652707661		33.4584276119

		2810		0		0		0		0		0		27.0361172542		32.6892731846		36.6105458991				2840		0		0		0		0		0				26.1652707661		30.1125848507

		2820		0		0		0		0		0		27.0503558149		35.9582005031		33.2823144538				2850		0		0		0		0		0				26.1929937341		30.1284729003

		2830		0		0		0		0		0		27.0361172542		32.7065884577		33.299891316				2860		0		0		0		0		0				29.4827225412		30.1284729003

		2840		0		0		0		0		0		27.0503558149		35.9963025978		33.3174758399				2870		0		0		0		0		0				0		30.1443678272

		2850		0		0		0		0		0		27.0361172542		39.2479061492		33.3350680235				2880		0		0		0		0		0				0		30.1443678272

		2860		0		0		0		0		0		27.0361172542		39.2479061492		33.3526678649				2890		0		0		0		0		0				0		30.1602696293

		2870		0		0		0		0		0		27.0218847746		39.2479061492		30.0332478258				2900		0		0		0		0		0				0		30.1602696293

		2880		0		0		0		0		0		23.6441491778		39.2479061492		33.3702753619				2910		0		0		0		0		0				0		30.1602696293

		2890		0		0		0		0		0		27.0218847746		35.9772473034		30.0491014614				2920		0		0		0		0		0				0		26.8091285594

		2900		0		0		0		0		0		23.6441491778		35.9582005031		33.4055133151				2930		0		0		0		0		0				0		30.1761783048

		2910		0		0		0		0		0		23.6317010808		35.9582005031		33.4055133151				2940		0		0		0		0		0				0		26.8232696043

		2920		0		0		0		0		0		23.6317010808		32.6892731846		33.4055133151				2950		0		0		0		0		0				0		26.8374167571

		2930		0		0		0		0		0		23.6317010808		35.9772473034		33.4231437672				2960		0		0		0		0		0				0		30.2080162683

		2940		0		0		0		0		0		23.6317010808		35.9772473034		30.0808293904				2970		0		0		0		0		0				0		26.8515700163

		2950		0		0		0		0		0		23.6317010808		35.9772473034		33.4407818668				2980		0		0		0		0		0				0		30.2080162683

		2960		0		0		0		0		0		23.6192583081		32.6892731846		33.4407818668				2990		0		0		0		0		0				0		26.8515700163

		2970		0		0		0		0		0		23.6068208612		32.6892731846		30.1125848507				3000		0		0		0		0		0				0		26.8515700163

		2980		0		0		0		0		0		26.9792238414		32.6892731846		33.4584276119				3010		0		0		0		0		0				0		30.2080162683

		2990		0		0		0		0		0		26.9650157049		29.4047690715		30.1125848507

		3000		0		0		0		0		0		23.5819619514		29.3891992292		30.1284729003

		3010		0		0		0		0		0		23.5819619514		26.1237326481		30.1284729003

		3020		0		0		0		0		0		20.2131102441		29.3891992292		30.1443678272

		3030		0		0		0		0		0		20.2131102441		26.137572508		30.1443678272

		3040		0		0		0		0		0		23.5819619514		26.137572508		30.1602696293

		3050		0		0		0		0		0		20.2024632786		26.1514185477		30.1602696293

		3060		0		0		0		0		0		20.1918208836		26.1652707661		30.1602696293

		3070		0		0		0		0		0		20.2024632786		26.1652707661		26.8091285594

		3080		0		0		0		0		0		20.2024632786		26.1929937341		30.1761783048

		3090		0		0		0		0		0		20.2024632786		29.4827225412		26.8232696043

		3100		0		0		0		0		0		16.8442585367		0		26.8374167571

		3110		0		0		0		0		0		16.8531348156		0		30.2080162683

		3120		0		0		0		0		0		16.8620149009		0		26.8515700163

		3130		0		0		0		0		0		16.8797864863		0		30.2080162683

		3140		0		0		0		0		0		16.8886779842		0		26.8515700163

		3150		0		0		0		0		0		20.2770879407		0		26.8515700163

		3160		0		0		0		0		0		20.2877668612		0		30.2080162683

		3170		0		0		0		0		0		20.2984503412		0		0

		3180		0		0		0		0		0		20.3091383793		0		0

		3190		0		0		0		0		0		20.3305281239		0		0

		3200		0		0		0		0		0		20.319830974		0		0

		3210		0		0		0		0		0		20.3305281239		0		0

		3220		0		0		0		0		0		20.319830974		0		0

		3230		0		0		0		0		0		20.319830974		0		0

		3240		0				0		0		0		20.319830974		0		0

		3250		0				0		0		0		23.6939947758		0		0

		3260		0				0		0		0		20.319830974		0		0

		3270		0				0		0		0		20.319830974		0		0

		3280		0				0		0		0		20.3091383793		0		0

		3290		0				0		0		0		20.319830974		0		0

		3300		0				0		0		0		20.3091383793		0		0

		3310		0				0		0		0		20.3091383793		0		0

		3320		0				0		0		0		20.3091383793		0		0

		3330		0				0		0		0		20.319830974		0		0

		3340		0				0		0		0		20.3091383793		0		0

		3350		0				0		0		0		20.3091383793		0		0





Slope Correlations

		



&A

Page &P

Consumption estimate from model

line

Measured consumption (kg/m2)

Consumption est. from model (kg/m2)             .



		



&A

Page &P

Neg exp

Consumed loading (kg/m2)

Neg exponent of decay      .



		



Neg exp

Negative of exponent of decay

Measured consumption (kg/m2)      .



		



Peak FRP

Consumption

Peak flux vs consumed loading



		



Peak flux

Exponent (absolute)

Exponent vs peak flux



		



FRP (kW/m2)

Energy (MJ/m2)

Time (sec)

FRP or Energy

Fire Radiative Power & Total Energy





I will state some facts about radiant 
energy emission from a wildland fire

1. There is a relationship between fuel consumption and radiant 
energy release
Energy release is (generally) proportional to fuel consumption

2. There is a relationship between convective and radiant energy 
release (radiant and total energy release) 
There is a fixed (but widely variable) relationship between convective and 

radiative power
3. The spectra of radiant emissions from a fire are more complex 

than has been assumed
Previous assumption has had fire as black body radiation from heated soot 

particles in the ‘flame bag’. 
Consequences for measurement of total energy 

What are we missing if we only measure a specific wavelength?
Consequences for remotely sensed measurement of radiative energy

What has been lost in the atmosphere, and therefore, missed

4. Measuring radiant emissions alone, we should be able to infer 
fire effects on organisms
Dose-response based on thermo-physiological modeling



I discovered (with Don Latham FS RMRS) that there is 
very strong atomic line emission from potassium form 
wildland fuel materials – prompted searching for other 
spectral anomalies (Kremens et al, International Journal of 
Remote Sensing 23, no. 13 (2002): 2721-2726).
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We also discovered emission from fire heated water vapor, 
CO and CO2.  The strong emission from these bands is in 
the 1-5 mm band and so produces ‘extra’ signal which 
produces an erroneous inferred temperature 
measurement. (more later!)

3



I will state some facts about radiant 
energy emission from a wildland fire

1. There is a relationship between fuel consumption and radiant 
energy release
Energy release is (generally) proportional to fuel consumption

2. There is a relationship between convective and radiant energy 
release (radiant and total energy release) 
There is a fixed (but widely variable) relationship between convective and 

radiative power
3. The spectra of radiant emissions from a fire are more complex 

than has been assumed
Previous assumption has had fire as black body radiation from heated soot 

particles in the ‘flame bag’. 
Consequences for measurement of total energy 

What are we missing if we only measure a specific wavelength?
Consequences for remotely sensed measurement of radiative energy

What has been lost in the atmosphere, and therefore, missed
4. Measuring radiant emissions alone, we should be able to infer 

fire effects on organisms
Dose-response based on thermo-physiological modeling



The response of an organism to a fire should produce a 
logistic curve (Smith et al, International Journal of Wildland 
Fire 25, no. 2 (2016): 158-166) 
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Thermal energy is transferred by 
conduction, convection and radiation 



Thermal energy transport: convection

• Convection implies the motion of a hot fluid
• In a wildland fire, ‘much heat energy’ is carried away 

by buoyancy induced convective flow
– Energy release causes heating of air/gasses with 

attendant density drop. Light fluid rises causing convective 
flows.

– About 80% of the energy transport is via convection
• Measurement of the partitioning of energy 

production between radiative and convective flow is 
the subject of much ongoing research



Thermal energy transport: convection

• Steady state convection governing equation:

where k is the thermal conductivity of the fluid (air) and δ is the 
thickness of the thermal boundary layer, which depends on the 
size of the objects, wind speed, surface characteristics, etc.

• Convective transport is extremely complicated but it 
is possible that it can be measured (what is the 
appropriate time and spatial scale?  Turbulence!)



Thermal energy transport: radiation

• Transfer of energy by electromagnetic radiation
• Described by Planck’s distribution law of radiation
• The wavelength integrated form (assumes ‘gray’ 

absorbers and emitters):

• T4 dependence makes radiation the dominant 
transport mechanism above ~ 500C, e.g. flames

• The ε ranges from nearly 0 (thin flame) to nearly 1 
(heavy ~ 3m thick opaque fire or ground surface)



Thermal energy transport: radiation
• Radiation can transport 

energy over infinite distances
• Radiation levels can be 

measured (easily? using 
various calorimeter 
/radiometer devices)

• In the past, radiation from a 
wildland fire was thought to 
occur from heated soot 
particles which produced a 
blackbody  radiation 
spectrum

• We have measured and now 
know this is a gross 
simplification of the radiant 
emission process – the 
radiation form a wildland fire 
flame is NOT blackbody



Let’s look at the energy 
transfer from a wildland 
fire

(We will only discuss 
radiation in this talk)

Radiative 
Energy Release 
from a wildland 
fire



So how does one go about measuring the 
radiant emission from a fire?
• The problem is more complicated than an ‘ear 

thermometer’ (ear thermometers measure radiant 
flux in 8-12 µm band using a ‘thermopile sensor’)

• The ear thermometer instrument makes wonderfully 
precise measurements of inner ear temperature 
/radiant flux density:

• This works great IF you know the emissivity of the 
source. In wildland fire you don’t!



So this is a possibility….wildly different total 
fluxes but identical in the 8-12 passband

• Emissivity of a fire
varies from 0.05 – 0.9
or more depending
on flame thickness

• Viewed from above in
a thin flame, you see
the warm
background in
addition to the flames

• Flames have effective
temperatures of abut
1300K

• Background can be
~400K – 1000K

• So we have a
complex situation!



Surface-leaving flux: Two band method 

Integrate the Stefan-Boltzmann equation to 
predict sensor output (t(l) is normalized 
wavelength response of the detector)

Fit these using the 
approximate analytic  
form or look-up table

Integrate over 
LWIR passband 
(6.5-14 mm)

Integrate over 
MWIR passband 
(0.2 – 5mm)

Calculate the ratio of MWIR/LWIR (analytically) as a function 
of temperature. We later use this to find out the ‘equivalent 
blackbody temperature’ from our radiation sensors.

We measure an ‘equivalent blackbody temperature’, calculate 
the emissivity-area product , then determine the radiative flux 
density using the assumption of cold (non-emitting) background 
and a fire areal fraction.

Kremens et al Fire Ecology 6, no. 1 (2010): 13-35.



We have used simple 2-band detectors 
for years for radiant flux measurements

•Wide bandpass on the detector give a large signal and 
simple calibration and analysis of the data (arrow 
points to thermopile detector)



Example:  Radiated power and inferred 
surface temperature
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So how does one go about measuring the 
radiant emission from a fire? (1)

• You need to employ multiple bands of infrared 
detection to unambiguously determine the radiant 
flux leaving a fire

• BUT! It turns out that this is not enough, either!
• Which bands do you choose? And why?
• Remember we talked about anomalous non-black-

body emission from hot fire gases? If you choose 
the wrong bands you will MISS this energy and 
underestimate fire energy output.

• BUT if you include these bands, (in the 2-5 µm 
range) you may get erroneously high inferred 
temperatures!



So how does one go about measuring the 
radiant emission from a fire? (2)

• Satellite designers purposely use bands that are 
NOT strongly absorbed in the atmosphere by water, 
CO2 and other atmospheric gasses, so they miss the 
energy that might be in these bands. 



So how does one go about measuring the 
radiant emission from a fire? (3)

• So you have to pick the right bands
• But not only that! you need enough dynamic range 

(smallest signal to largest signal) in the electronics 
and sensor to cover ‘cold’ to ‘deep flame full field of 
view’

• Available detectors have a dynamic range of about 
106 but the required electronics was not available at 
an affordable price, so we had to build out own

• SO  we designed a multiband system (presently 5 
bands) with 24 bit (224 ~ 1.6 X 107) data acquisition 
system



Present measurements are of limited 
dynamic range and spectral fidelity
1. Spectral fidelity of measurement is poor

– Current detectors have two wide bands (‘MWIR’ 0.1- 5mm and ‘LWIR’ 
6-20 mm)

– Does the fire even look like a blackbody radiator?
– Narrower filter passbands selected to be outside of molecular 

absorption /emission bands would make less ambiguous measurements
– ‘Two Band Method’ gives good results as long as emission spectra is 

nearly blackbody…but we know this is not true for fire scenes. 
(Kremens et al, Fire Ecology, 6, 13-35 (2010)

2. ‘Scene dynamic range’ for fire exceeds 20,000 in the 
MWIR

– Current detector has 10 or 12 bit resolution
– Could use as many as 18 bits for decent measurement of before-fire 

conditions
– Native dynamic range of thermopile sensor ~ 106



What are we doing to improve the 
measurements? (1)
1. Spectral fidelity of measurement is poor

– Increase number of  spectral channels from 2 to 5
– Narrower bandpass filters chosen to be outside of emission product and 

atmospheric absorption features. (custom IR interference filters) (we 
chose MODIS bands)

– Include a very wide band detector, 0.6 -40 mm as a check on total 
energy released

Channel Center Wavelength ( µm) Bandwidth ( µm) 
Detector 1 – CO 4.650 0.16 
Detector 1 – CO2 4.415 0.06 
Detector 1 – Hydrocarbons 3.340 0.2 
Detector 1 - Reference 3.875 0.13 
Detector 2 - SW 2.2 0.2 
Detector 2 - MW 3.8 0.2 
Detector 2 - LW 9.0 0.35 
Detector 2 - LW 12 0.35 
 



What are we doing to improve the 
measurements? (2)
2. ‘Scene dynamic range’ for fire exceeds 20,000 in the 
MWIR

– Increase resolution of data acquisition system to 24 bits from current 10 
– 12

– It will then  be possible to observe, in detail, the following phenomena 
which have been unmeasurable:

• Soil and litter water boil off pre- and post fire front 
• Accurate soil temperature to measure ‘heat pulse’ into the soil caused by fire 

(bugz and plantz)
• Test the assumption of ‘blackbody emission’ from soot particles in flame bag

Source Flux Density
DX-1001 Detector Sa and LWPSi-W1 windows

280 1500 Ratio # bits
LW 151.9 18670.2 122.9 6.9
MW 11.2 220511.8 19637.2 14.3



We have designed and constructed  a 5 
band detector/electronics package
• We chose bands used by the MODIS satellite, our ‘old’ 
wide band configuration and a new detector with a  
very wide ‘full spectrum’ bandpass

Filter Center, um BW, um Comment

1 20 40 Full Spectrum

2 11 6 'Old' Long Wave IR

3 2.5 5 'Old' Mid Wave IR

4 10.95 1.1 Modis Band 31

5 3.95 0.09 Modis Band 21



We make custom electronics to interface 
these thermopile sensors to data loggers

• Amplifiers, calibration devices, analog-to-digital 
converter, real time clock, radio-telemetry (radio and 
cell) where commercial components cannot be 
purchased
• We assemble the components and write software for 
‘computer on module’ (COM)…currently ‘Arduino’ to 
‘glue’ everything together.
• We have flow (wind tunnel), radiometry (blackbody 
sources), gas and particulate calibration sources 
• We are sensitive to the needs of the research 
community, with regard to accuracy, repeatability and 
ease of use. 



The completed detector is compact and 
virtually an ‘appliance’

5-band infrared thermopile 
detector amplifier/filter PCB



We designed a 24 bit ‘shield for an 
Arduino COM



We designed a 24 bit ‘shield for an 
Arduino COM (2)

• The new radiometer package has the following 
capabilities:
– 24 bit (1 in 1.6 X 107) resolution, precision temperature stable voltage 

reference
– Up to 16 channels (currently using 5)
– 12 10-nit channels
– Real Time Clock
– uSD card for removable storage
– GPS interface for Time and Location synchronization



The new detector package shows 
features we have never seen before
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Tall Timbers Research Fire 4-20-2017

This is data from a low intensity fire in long leaf pine at 
the Tall Timbers Research Station, FL.  Notice the long 
flat tail after the fire front passage which we attribute to 
soil water boil off…
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