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ABSTRACT

In order to utilize Landsat thermal infrared date, must account for atmospheric effects. Atmosghewirection
applications currently available for this purposther do not allow the user to specify atmospherifiles for the
desired time and location of the Landsat overpaskoa do not cover the entire Landsat operatiomaiog. To
address these problems, we have developed an dtar@sporrection application for the thermal in&drbands of
Landsat-5 TM and Landsat-7 ETM+ that is applicatdeNorth America and based on the MODerate spectral
resolution atmospheric TRANsmittance algorithm a@mputer model (MODTRAN). Specifically, we have
designed Interactive Data Language (IDL) programsextract the desired atmospheric data from thettNor
American Regional Reanalysis (NARR) data based ser inputs of latitude, longitude, elevation, arahtisat
overpass time. The application reformats the atimedp data and adds it to tape 5 inputs used i of
MODTRAN. The application uses the MODTRAN tape Tputs to calculate atmospheric transmission, upmel|
radiation and downwelling radiation parameters. Ndge compared our application with the online Atpiesic
Correction Parameter Calculator (ATMCORR) that hasen available to the public since 2003
(http://atmcorr.gsfc.nasa.gov). Comparisons ushng ttvo applications’ normal atmospheric data ty(e8RR,
NCEP) showed that parameter variances coinciddd differences in the lowest portion of the atmosfherofile,
indicating that the different methods used to haritlls part of the profile may be the principle sawf variation
between the applications.

KEYWORDS: atmospheric correction, Enhanced Thematic Mapper (ETM+), Thematic Mapper (TM), thermal
infrared (TIR), Landsat

INTRODUCTION

Two problems with current atmospheric correctiopligptions for Landsat TIR data are that they eitlhe not
provide correction parameters for time periods rptm the year 2000 and/or do not allow the userspecify
atmospheric profiles for a specific time and lomatiThis may prevent users from utilizing importhaistorical Landsat
TIR imagery and/or lead users to rely on highlyegatized standard atmospheric profiles for atmosple®rrection,
respectively. The objectives of this research wemevelop an atmospheric correction calculatar¢haers the entire
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Landsat operational period which allows the usespecify the time and site parameters for a spetifindsat
overpass; then compare the new calculator to atirionline calculator.

METHODS

To address these objectives, we have developaddtie American Atmospheric Correction Parametercator
(NAMCORR) for North American users. It has beeniglesd specifically for Landsat-5 TM and Landsat-TMge
thermal band (band 6) data and covers the entireldad operational period. The following sectionscdbe the
calculator and the process used to compare NAMCE@REe online calculator.

Calculator Description

NAMCORR is based on the online Atmospheric CoragcfParameter Calculator (ATMCORR) which has been
available to the public dittp://atmcorr.gsfc.nasa.gmince 2003. Validation of ATMCORR by Barsi et €2005)
revealed a bias of 0.5 +0.8K for land surface temipees (LSTS) generated using the correction patensi More
recently, Coll et al. (2010) found that LSTs dediieom ETM+ at-sensor radiances showed differefiten ground
measured LSTs over rice fields in Valencia, Spaithiov the +1.0K range. ATMCORR uses National Cerftar
Environmental Prediction (NCEP) atmospheric datprvide global atmospheric data for 28 altitudesorder to
provide global coverage, NCEP uses a coatdsy 1° grid spatial resolution and six hour interval temg resolution.
Currently, ATMCORR only provides atmospheric cofi@t parameters for dates after 19 January 2080isas when
that dataset begins.

The NAMCORR application is an integrated set oétattive Data Language (IDL) functions and procesltinat
(1) extract and convert data from gridded Northefican Regional Reanalysis (NARR) atmospheric bated on
user inputs, (2) reformat and insert the data mtdile used by the MODerate spectral resolutionoapheric
TRANsmittance algorithm and computer model (MODTRA(8) send the file to MODTRAN for execution, af#)
extract the relevant data from the MODTRAN outpud @alculate the atmospheric correction paramékégsire 1).
ENVI / IDL software from ITT (ITT Visual Informatio Solutions atttp://www.ittvis.com/was used to write the
application.

NARR data inputs: User Inputs:

Convert

Specific Humidity, to Relative

Relative Humidity, User Inputs:

Pressure Levels Humidity Pressure Levels Elevation,
GMTTime,

eopotential Height, oo eometricHeight, e
Pressure Levels Height Pressure Levels

Air Temperature,
Pressure Levels

Write Tape 5
.tp5 Files

Air Temperature at
2m

Surface Pressure

Relative Humidity at
2m

Calculate
.tp7 File Correction
Parameters

Correction
Parameters

Run
MODTRAN

.tp5 File

Figure 1. NAMCORR Processes.

NAMCORR uses NARR data, provided by NOAA/OAR/ESRE® Boulder, Colorado, USA. The data can be
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downloaded fromhttp://www.esrl.noaa.gov/psat no cost and are distributed in the network Commata Format
(.nc files). Users must download three monolevé files and three pressure level data files whinfitain data for 29
atmospheric levels. The NARR data grid is approxifya32 by 32 km and provides data at three haervals.

NAMCORR extracts the necessary NARR data basagseninputs of Landsat overpass time, and the tibeva
latitude, and longitude of the study area to crestetmospheric profile. NAMCORR uses the neamsition and
closest time available in the NARR data withougipblation. This differs from ATMCORR which alwaiygerpolates
between the two closest times, and which givesuder the option of using the nearest location terjolating
between the four nearest locations. The NARR maeblgata files include the temperature at 2m, iseddiumidity at
2m, and the surface pressure for the entire Nontierican region for an entire year. NAMCORR extrahts surface
layer parameters from the downloaded monolevelfilataand incorporates them directly into the agpiweric profile.
The three pressure level data files include théeamperature, geopotential height, and specificidiyrat 29 pressure
levels for the entire North American region for emtire month. The geopotential height data mustdreserted to
geometric height, and the specific humidity mustdeverted to relative humidity before they arenporated into the
atmospheric profile.

To convert the geopotential altitude to geometititude the following equations provided by Mahor{g@01) are
used with parameter values given in Table 1. Thiasa gravity is calculated based on the latitutithe study area
and the equatorial gravity using:

_ 7.(1-kssin(9)?)
v.(0) = Bresrmod 1)

A value for local radius of the earth is also chlted based in the latitude using:

6378.137
R(p) = 1.006803 — 0.006706sin(¢p)2 (2)

The final calculation uses the previously derivedal radius and surface gravity with the gravity4at542° N
latitude and the geopotential altitude to calcullitegeometric altitude using:

_ __R®)

Table 1. Geopotential altitude to geometric altitu& conversion parameters.

Parameter Name Parameter Symbol Parameter Value
eccentricity e 0.081819 (km/km)
equatorial gravity Ve 9.7803253359 (i)
geometric altitude z varies (km)
geopotential altitude H varies (km)
gravity at 45.542° N latitude Yas 9.80665 (I1f)
latitude 10) varies (degrees)
local radius R¢) varies (km)
Somigliana’s Constant <k .001931853
surface gravity s varies (nf)

Expressions provided by Andreas (2005) are usembmwert specific humidity to relative humidity. Thapor
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pressure is calculated using the given specificitiityrfor the corresponding pressure level using:

qap

€= —— (4)

T 0.622-0.37q

wheree is the vapor pressure (mip)js the pressure (mb), agds the specific humidity. The saturated vapor press
is calculated based on the air temperature andymefor the corresponding pressure level using:

e = 6.1121(1.0007 + 346 + 10~ + p)exp ( (5)

17.502T )
240.97+T

whereesis the saturated vapor pressure, @rglthe air temperature (°C). The relative humidit) is calculated based
on the previously derived vapor pressure and datlispor pressure using:

RH = <100 (6)
€s

To complete the atmospheric profile, NAMCORR spiamne of two standard atmospheres onto the profile.
Because NARR data only extend to approximately t7above sea level, either the mid-latitude summemiol-
latitude winter standard profile is added to theagpheric profile beginning at 18 km above seallé&ge complete
atmospheric profile extends to 100 km above sedl,l@hich is considered the top-of-atmosphere.

NAMCORR uses the atmospheric profile to createpa & (.tp5) file which is sent to MODTRAN for exdiom.
NAMCORR automatically generates and runs a sedphdile with the sensor location moved to one mat®ve the
surface which is assigned an albedo of 1. Thisge®és used to model the downwelling radiance.

MODTRAN generates two tape 7 (.7sc) files which NB®IRR uses to calculate the atmospheric correction
parameters. The first output file includes trantamite and upwelling radiance values at 50 nanonmgtawvals. The
second output file includes downwelling radiancéuea at 50 nanometer intervals. To calculate thesmittance
atmospheric correction parameter, NAMCORR extrwstransmittance values from the .7sc file anelgrates them
using:

T= XT/n (@)

wherer is the transmittance; is the transmittance as a function of wavelengimfthe .7sc file, and is the
number of wavelength intervals. The radiances aleutated using:

_ Y. LiRsAA
L= S RgAA ®)
wherelL,; is either the upwelling or downwelling radianceaafsinction of wavelength from the .7sc fiR,is the
corresponding sensor response from the Landsat-®rThe Landsat-7 ETM+ sensor response profilaeahe
wavelength, and is the wavelength increment. The limits of theegrations correspond to the values for the Full
Width at Half Maximum of either the Landsat-5 TMthe Landsat-7 ETM+ sensor response profile.

Calculator Comparison

This section describes the data and methods usagitpare NAMCORR to ATMCORR including site selentio
the process for generating land surface temperanages using each calculator’'s atmospheric cooregarameters,
and the method for comparing the results. NotahaeNAMCORR nor ATMCORR parameters are validatethis
study.

The sites and dates were selected to investigatmflnence of climate, elevation, and season eratmospheric
correction calculations. The atmosphere is deraebie surface, so even minor differences in el@vatan influence
the prediction of the atmospheric parameters (Walgite, and Robinson, 2000; Barsi et al., 2005)0Thwwmid
climate sites at different elevations were selettethaximize this effect. The third site was seddcto compare the
influence of humid and desert climates.

A series of six daytime Landsat scenes were seldoteeach site to investigate the affect of sealsohanges.
Only cloud free or very low cloud cover scenes wased. All scenes were downloaded from the U.S.Idgemal
Survey Earth Resources Observation and Science $ieR@ta Center which provides data processed th & or
L1T processing level. The sites and scenes seletszl

« Site 1. Approximately 35.7 km Southeast of Sprielgffi MO represents a mild humid climate with no dry
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season (C: Kdppen Climate System) (Strahler anghet;, 2006). Landsat-7 ETM+ scenes from October
2008 to November 2009 were used. The coordinatethéocenter of the site were°8793W and 0.4 km
elevation.

» Site 2: Approximately 55.3 km Northwest of El Pa3d represents a Desert/Steppe climate (BS/BW:
Koppen Climate System) (Strahler and Strahler, p00&ndsat-5 TM scenes from December 2008 to
November 2009 were used. The coordinates for thizicef the site were 88 107°W and 1.3 km elevation.

» Site 3: Approximately 176.8 km Southeast of PodJa@R represents a transition from a mild humithate
with no dry season to a highland climate (C/H: K&ppClimate System) (Strahler and Strahler, 2006).
Landsat-5 TM scenes from March 2006 to October 208@ used. The coordinates for the center ofitee s
were 44N 122W and 1.4 km elevation.

The atmospheric correction parameters provided AMINORR and ATMCORR were used to derive a pair of
LST images for all of the scenes. An IDL progranswaitten to generate the scenes based on an apgit@n of the
radiative transfer equation, which can be expreased

Lz;\t—sensor — {SABA(TS) + (1 _ S)\)L;tml}'f)\‘i' L&;‘tmT (9)

whereL3'5¢"s°Tjs the at-sensor radiance (sometimes referred topasf-atmosphere radiance), is the atmospheric

transmissivity, L3™" is the downwelling atmospheric radiandg™" is the upwelling atmospheric radianeg,is the
surface emissivity, anB, (T;) is the radiance emitted by a blackbody of kin&timperaturel, (Barsi et al., 2005;
Jiménez-Mufioz and Sobrino, 2006).

The temperature of an object can be obtained Brseg Planck’s function. The Landsat specific agpnation
of the Planck function used to convert the caledaurface leaving radiance values to LST is expreas:

k2
ki
lTl(H'F 1)

where T is the temperature in Kelvin, andk, are Landsat calibration constants, épdrepresented as B, (Ts) in
equation 9) is the surface leaving spectral ragiancW/nf-srum, derived using the approximation of equation 9
(Barsi et al., 2005).

For each pair of LST images, the difference betwiencalculated correction parameters, and therdifice
between the generated LSTs were investigated. Tim@spheric correction parameters were tabulated thad
difference between NAMCORR and ATMCORR was cal@daENVI software was used to stack the resulti8g L
image pairs for each scene. A 20 by 20 pixel samgfgered on the site coordinates was extractezd By 20 pixel
sample was chosen in order to restrict the santpldbe area closest to the location for which ttraoapheric
correction parameters were calculated. The maxinmimimum, and range of the temperature were tabdiltdr each
scene in a pair. Then the differences between s@ate in a pair were calculated on a pixel by fgissis to determine
the minimum difference, the maximum difference, thege of the differences, the mean of the diffeesnand the
standard deviation of the differences.

T = (10)

RESULTS

This section includes: a sample of selected atn@&plprofiles, tables illustrating the differendastween the
atmospheric correction parameters and LSTs that generated from using those parameters, illustraif selected
LST samples, and a follow-up investigation exangnine influence of the first three kilometers o #tmospheric
profiles on the calculation of the atmospheric ection parameters.

Profiles of the atmospheric data used by NAMCORRBR AMMCORR as input to MODTRAN are shown in
Figures 2, 3, and 4. Examples of pressure and tetope for Site 1 on 27 June, 2009 are illustratdeigures 2 and 3.
Visual inspection shows that the variability betwabe NARR and NCEP humidity profiles is greatearththe
difference between the NARR and NCEP pressureangdrature profiles for all the scenes. The mdferéinces for
the temperature profiles were in the 18-30 kmuamlét where NAMCORR and ATMCORR use different methtads
splice the standard atmospheres to the model datase

A winter and summer graph of the relative humidiitgfile is presented for each site (Figure 4). Toenidity
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levels are greater in the summer than in the wifdemll the sites. The variation between the NARRI NCEP
humidity profiles increases during the summer fass2 and 3. When the surface temperature, peesand humidity
parameters and the elevation are entered in ATMCCQR®& atmospheric profile is interpolated for tlstfthree
kilometers above the given elevation value. Thidlustrated by the variation in profiles for thewer portion of the
humidity profile graphs.

Atmospheric correction parameters were calculatdguboth NAMCORR and ATMCORR for each of the
Landsat scenes (Table 2). Identical inputs foremarfconditions (altitude, pressure, temperatureraative humidity)
were used in NAMCORR and ATMCORR to generate thmoapheric profiles and corrections parameters.
ATMCORR also provides the option to run the caltaravithout adding surface data: this option wasineestigated
in this research. An arbitrarily assigned emisgivialue of 0.98 was used in all the LST calculaiom simplify the
image comparisons. The last three columns givedifferences between the calculated parameters. |aigest
differences are between the downwelling valuesyTdueur at sites 1 and 3, which have humid climakés highest
differences occur in the summer months, whichsge alhen the humidity profiles for sites 2 and 3veltbe greatest
variation.

»n 100 I | | I »n 100 w T T T T
5 5 —=— NAMCORR
o 80 [— = NAMCORR — > 80 —— ATMCORR —
E ¢ | ——ATMCORR _| E o ™
S < S
c 40 c 40
£ £ e
S 20 - S 20 =
2 ey, 2 ey
< <
0 200 400 600 800 1000 -100 -80 -60 -40 -20 0 20 40
Pressure in Millibar Temperature in Kelvin

Figure 2. Site 1 Pressure Profile, 2009/06/27. Figure 3. Site 1 Temperature Profile, 2009/06/27.

Figure 5 illustrates the 20 pixel by 20 pixel samsplor selected dates at each site (these dat#seasame as the
atmospheric profiles in Figures 1, 2, and 3). Ting £olumn shows a false color infrared compofREB = 432)
illustrating the general conditions on the grouFtke second column shows the difference when the BDRR image
values are subtracted from the NAMCORR image vaturesa pixel by pixel basis. All of the sites shovaedreater
range in values (2 column of images) for the summer than the wiriiéle greatest difference was at Site 1 in the
summer. This may be because of the contrast betweemlensely vegetated portion and the portion lats
vegetation (lower left corner). Site 1 shows maguatisl variation in the difference values during thinter, while Sites
2 and 3 show more spatial variation in the summens (2 column). This may be because Site one has moietyar
in surface features in the winter due to less umfgegetation cover. Increased summer variatiorsitas 2 and 3may
illustrate the increased affect of seasonal vamatn insolation levels at higher elevations. Thenperature and
temperature difference data are given in Table 3.

The results indicate that elevation may exert atgreinfluence on the calculation of the atmospmheoirrection
parameters than the variation in the humidity jefor seasonal variation. Although the atmosphedfiles for Site 1
on 27 June 2009 appear to be the most similad tdiektmospheric profiles illustrated in Figurghis is also the site
and date with one of the highest differences in BT values (mean = 3.27 Kelvin). In contrast, Féguf)
ATMCORR relative humidity values are approximatdiyuble the NAMCORR relative humidity values for fiinst
15 kilometers above sea level, yet the differeretsvben the calculated LST values is much smalleatms -0.18
Kelvin). Note: scenes like Figure 4f) are not ndfyjased for analysis, it was included due to thificdity of
obtaining a complete series of totally cloud freeres for this site. The humidity profiles for Stten 13 July, 2009
(Figure 4d) also show significantly higher relatiamidity for ATMCORR profile from approximately Bokm
altitude, yet the mean difference between calcdlb®Ts is 0.18 Kelvin.
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Figure 4. Humidity Profiles: in a) Site 1, 2009/02/19; b) Site 1, 2009/06/97Site 2, 2008/12/01;
d) Site 2, 2009/07/13; e) Site 3, 2007/03/06; f Si, 2009/08/18.
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Table 2. Atmospheric Correction Parameters for ATMGORR and NAMCORR.

Platform/ ATM.CORR
L ocation/ Date ATMCORR NAMCORR Minus
) NAMCORR
Elevation
T | v | p T | v | D | At | AU’ | AD’
Site 1 2008/10/30| 0.86 105 1.7d 0.823 0924 21050037 0.126 -0.37%
Landsat-7| 2009/02/19| 096 020 034 0970 0137 023640010 0063 0.074
ETM+ 2009/04/08| 0.92 057 097 0930 0439 0.718.010 0.131 0.181
37N 2009/06/27| 056 378 574 0493 4223 6.A790.067 -0.443 -0.55%
9FW 2009/08/30| 0.82 136 224 0758 1661 2.890.062 -0.301 -0.478
04km | 5009/11/02| 079 144 239 0809 1278 21imo19 0162 0.23]
Site 2 2008/12/01| 094 038 069 0917 0401 09170023 -0.021 -0.26]
Landsat-5| 2009/03/23 0.94 0.37 0.65 0.940 0.376 0.4720.000 -0.006 -0.024
™ 2009/05/10| 0.90 077 134 0929 0536 0950029 0234 0.39(
32N 2009/07/13| 073 216 359 0724 2219 3.809.006 -0.059 -0.05
10PW | 2009/09/15| 073 205 333 0737 1953 34260007 0.097 0.10/
1.281km | 5000/11/02| 094 043 074 0925 0391 0d1m015 0039 -0.17C
Site 3 2007/03/06 | 092 048 081 0919 0470 08149001 0.010 -0.004
Landsat-5| 2007/05/09 0.89 0.72 1.24 0.888 0.705 1.2170.002 0.015 0.021
™ 2009/05/30| 0.80 136 229 0853 0973 1.469.053 0387 0.611
44N 2009/07/01| 0.88 088 149 0911 0612 1469031 0268 0.42
122W | 2009/08/18| 082 128 211 0856 0999 1704036 0281 0.466
1.418km | 5000/10/05| 092 044 074 0910 049 084010 -0050 -0.09¢

! Fractional transmittance (0-1.0);* Upwelling in W/m?%sr/um; * Downwelling in W/m?/sr/pm

This indicates that there can be great differeitéise humidity profile with small differences ialculated LSTs
for sites at high elevations, while sites at loevetion with low variation in humidity profiles maenerate relatively
large LST differences. This illustrates that therdst few kilometers of atmosphere are the mosifgignt, especially
the lowest portion of the relative humidity profile

NAMCORR and ATMCORR have different approaches fog first three kilometers. NAMCORR uses the
NARR data extracted from the surface and presswe files without interpolation when generating titmospheric
profile used as input to MODTRAN. ATMCORR interpa between the user input surface temperaturégcsur
pressure, and surface relative humidity values thedNCEP data for the first 3 kilometers above tker input
elevation value when generating the atmospherii@used as input to MODTRAN.

To investigate the differences that may occur dueterpolating the lower portion of the atmospbgmiofile, the
NARR data profiles used by NAMCORR were manuallgiipolated for three kilometers above the surfacsta 1
and the comparison with ATMCORR was re-run. Conguariof the differences in parameter values for @ @ohnd
Table 4 show the the recalculated NAMCORR paramseteere closer to the ATMCORR parameters for all
atmospheric correction parameters and all dates.

The result of using interpolated and non-interaldARR data on the calculation of LST are companethble
5. For the three dates where the original diffeesngere low, the interpolation results are simidathe original values.
For the three dates where the original differengese high, the interpolation results in much largeanges. This
implies that interpolating the lowest 3 kilometefsthe atmospheric data used by the calculatorsdtoulate the
atmospheric correction parameters) may have afisigmi influence on the calculation of the atmosjaheorrection
parameters, and subsequently on any LST calcutatiased on those parameters.
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b)

d)

e)

Figure 5. Left column: False color infrared composites (R6B,3,2). Right column: NAMCORR minus
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Table 4. Atmospheric correction parameters for ATMQORR and NAMCORR interpolated NARR Data.

Platform/ ATM.CORR
Location/ Date ATMCORR NAMCORR Minus
. NAMCORR
Elevation
T | UV | D T | v | D | At | AU | AD
Site 1 2008/10/30| 0.86 1.05 1.7 0.86 1.02 1.0 0.002034. 0.030
Landsat-7| 2009/02/19| 0.96 0.20 0.34 0.96 0.19 0.36 -0.00100®. -0.019
ETM+ 2009/04/08| 0.92 0.57 0.97 0.91 0.57 0.99 0.006 00®. -0.018
37°N 2009/06/27| 0.56 3.78 5.72 0.51 4.13 6.19 0.04835D. -0.470
9w 2009/08/30| 0.82 1.36 2.27 0.81 1.44 2.35 0.01507®. -0.134
0.4 km 2009/11/02| 0.79 1.44 2.31 0.79 1.40 2.31 -0.00403®. 0.043
Fractional transmittance (0-1.0);? Upwelling in W/m%sr/um;  Downwelling in W/m%/sr/pm
Table 5. Comparison of differences using interpolatd and non-interpolated NARR data.
NAMCORR - ATMCORR
Platform/ Difference Statistics (Kelvin)
Location/ Date Normal NARR Data Interpolated NARR Data
Elevation AMean
Min Max | Range| Mean Min Max| Range Megn
2008/10/30] 0.422 0.473 0.051 0.440 0.480 0.487 70.000.485 0.1
Site 1 2009/02/19] 1.220 2576 1.356 1.908 0.038 0.043 50.000.040 -1.7
'—aE”le\jit'7 2009/04/08| 0.279 0.395 0.116 0.340 0.503 0.526 3.020.514| 0.2
37°N 9w | 2009/06/27| 3.000 3.820 0.821 3.292 1571 2168 8.591.770 -1.5
0.4 km 2009/08/30| 2.212 2523 0.311 2.287 0.466 0.540 50.070.484 -1.8
2009/11/02] -0.091 0.063 0.154 0.005 0.045 0.079 34.0 0.065 0.1
CONCLUSION

We have developed a new atmospheric correctiommeies calculator based on an existing online catoul The
calculators were compared using LST images germkratimg the respective calculator’s correction pesters. The
results indicate that minor variations in atmosjgherofile parameters at the lowest part of thdifgronay have a more
significant affect than large variations in the aspheric profile at higher altitudes. The differerfoetween the
handling of the lowest three kilometers of atmosjgh#ata between NAMCORR and ATMCORR appears talrés
significant differences between the calculated apheric correction parameters and should be thiecubf future
research. Future work should also include validgtie atmospheric correction parameters genergtéthVICORR.
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