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Figure 5.54: The true color image for Landsat scene LE70160382011313EDCO00.

Figure 5.55: The thermal image (band 6) for Landsat scene LE70160382011313EDCOO0.
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Example of a Downsampled Distance to Nearest Cloud Image
164

82

Distance to Cloud [km]

Figure 5.56: The distance to nearest cloud image for Landsat scene
LE70160382011313EDCO00. This was downsampled by a factor of 10 in order to make
computation time more reasonable, which is the reason for the block-like texture.

Figure 5.57: The cloud mask product for Landsat scene LE70160382011313EDCO00.
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Example of a LST Image

3ls

287

LST Retrievals [K]

260

Figure 5.58: The LST image for Landsat scene LE70160382011313EDCO00. The land
tends to have higher surface temperatures, while clouds tend to have low temperatures.

Example of a LST Uncertainty Image

LST Uncertainty [K]

Figure 5.59: The LST uncertainty image for Landsat scene LE70160382011313EDCO00.
It is clear that the cloudy areas have the highest uncertainty, but the uncertainties
decrease significantly in areas far away from the clouds.
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5.9 Concluding Remarks

This chapter, stated briefly, presented Landsat 5 validation studies, Landsat 7 global
validation results, LST uncertainty analysis, and bias removal studies. For Landsat 5, we
were able to validate the LST algorithm for North American locations, and we quantified
how well the algorithm performed for different ranges of cloud proximities. From this
validation set, the average LST error ranged from -3.424 K (when clouds were between
0 and 1 km away) and -0.262 K (when clouds were greater than 50 km away). For the
validation of Landsat 7, we were able to alter our source of reanalysis data and truth
data in order to perform studies of LST error on a global scale. This revealed that the
LST algorithm performance is generally worse if transmission levels are low, and generally
better if they are high. By using cloud proximity information as well as transmission values,
we were able to sort the global validation data into 20 different bins and observe the LST
errors. This showed that 30% of the dataset had RMSEs less than 1 K, and 62% of the
dataset had RMSEs less than 2 K.

We were also able to develop a method of estimating LST uncertainty, which combines
standard error propagation calculations with the remaining error that was observed from
the validation results. This proved to be an adequate method, where 20% of the dataset
reported uncertainties less than 1 K, and 63% of the dataset had uncertainties less than
2 K. All of our results have shown very encouraging signs that the LST algorithm is very
accurate under desirable atmospheric conditions, and we have seen that we have a reliable
way to estimate uncertainty in the LST retrievals.

To sum up everything that has been accomplished to date, Table 5.24 lists the tasks
completed by Cook, the initial investigator, and the new studies done by the current inves-

tigator. The progress in terms of validation is significant, but we are especially proud of
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our LST uncertainty estimation method. There were also many parts of the process that

were automated, so that the code can be easily and swiftly implemented by USGS.
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Table 5.24: List of tasks completed by Cook and Laraby, where Cook was the initial
investigator and Laraby is the current one.

Cook Laraby

Landsat 5 Validation

1. LST validation 826 N.A. scenes includ-
ing clouds, using NARR

2. Compared LST errors when NARR and
MERRA were used for 397 N.A scenes

1. Compared LST errors when NARR and
CFSR were used for 130 N.A. scenes

Landsat 7 Validation

1. MODIS SST vs buoys and LST with
NARR vs buoys (60 N.A. scenes)

2. LST validation using MERRA, and
using MODIS SST as truth (63 global
scenes)

1. MODIS SST vs buoys and LST with
NARR vs buoys (118 N.A. scenes)

2. LST validation using MERRA, and
using MODIS SST as truth (3081 global
samples)

Confidence Metric

1. Categorized cloud types manually for
826 Landsat 5 scenes

2.  Performed preliminary investigation
into the use of standard error propagation
for the LST algorithm

1. Performed cloud distance analysis for
949 scenes (827 Landsat 5, 122 Landsat
7)

2. Established uncertainty estimation
method, which gives acceptable levels for
most conditions of interest (i.e. high
transmission and removed from clouds)

Process Automation

1. Developed LST code that downloads
reanalysis data and determines the atmo-
spheric parameters at Landsat resolution

2. Developed code to calculate surface
temperature at a specific point in Land-
sat scene

1. Created scripts to calculate cloud dis-
tances for single points and entire images.

2. Automated process of downloading
MODIS SST images, georeferencing them,
and subsetting them.



Chapter 6

Conclusions and Future Work

Great strides have been made towards the completion of the Landsat Land Surface
Temperature Product. Firstly, were able to extend our algorithm to be able to process
scenes on a global scale. We also identified the MODIS Sea Surface Temperature product
as an acceptable source of ground truth, which allowed us to perform a thorough global
validation study for Landsat 7. This dataset was sorted into four transmission bins and five
cloud distance bins, which improved our ability to quantify the algorithm’s accuracy under
various atmospheric conditions. We also demonstrated our ability to estimate the error in
the LST retrivals, and we implemented a bias removal technique that minimized LST errors
and improved the accuracy of our error estimation method.

In Chapter 2, we listed our objectives for the development of the Landsat Land Surface
Temperature product. It would be beneficial to reexamine the completion status of each
objective, and also discuss any tasks that have yet to be addressed. Section 6.1 discusses

the status of our original objectives, and 6.2 describes the remaining tasks to be completed.
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6.1 Current Status of Objectives

1. Select an appropriate source of atmospheric input variables with adequate
spatial and temporal resolution for use with MODTRAN and for any cur-
rent/archived Landsat scene in North America.

When the LST algorithm was first developed by Cook, the North American Regional
Reanalysis dataset was used to obtain atmospheric input variables [Cook, 2014]. In
our efforts to expand the algorithm’s operability to the entire globe, we identified a
global reanalysis product that was comparable to NARR. This new reanalysis source
is known as the Modern-Era Retrospective Analysis for Research and Applications
(MERRA). We have shown in Section 5.4.1 that the errors in the LST retrievals are
almost identical regardless of whether NARR or MERRA was used to provide the at-
mospheric input variables, but our recommendation is to use NARR where available

because it has a finer spatial resolution.

2. Implement an automated method of determining atmospheric parameters
on a per-pixel level.
The methodology for the Landsat LST algorithm was described in Section 4.1. Es-
sentially, our approach involves inputting reanalysis profiles into MODTRAN and
performing simulations at several ground altitudes and three different surface temper-
atures, which allows us to estimate the parameters transmission, upwelled, and down-
welled radiance at each elevation, and also at each profile’s spatial location within a
Landsat scene. Linear interpolation is used to obtain these three parameters at the
true elevations within the Landsat scene, where the true elevations are obtained from
Digital Elevation Models (DEMs). Shepard’s interpolation method was then used to

calculate the atmospheric parameters for every pixel in the Landsat scene. After all
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these steps, the algorithm provides all the information necessary to calculate surface
temperature at a per-pixel level, excluding emissivity. In our validation efforts we
were able to use the emissivity of water, but when the final product is implemented
it will be combined with the ASTER Global Emissivity Database that was developed

at the Jet Propulsion Laboratory.

3. Validate the process using available truth data for Landsat scenes over
North America.
This task has already been completed by Cook, but it was included in our list of objec-
tives to provide a complete outline of how we aimed to reach a complete LST product
[Cook, 2014]. Around 800 Landsat 5 scenes within North America were processed,
and single LST retrievals were compared to buoy-measured surface temperatures to
assess the accuracy of the algorithm. We were able to see that the average error in
the LST retrievals was -0.267 K for ideal conditions (i.e. clear, cloud-free scenes).
There was also a preliminary study that showed how the algorithm performed when
different types of clouds were over, near, or far from the pixel being validated. The
cloud types and proximities were manually identified for each of the validation points,
which was useful for observing general trends but not ideal because of the study’s
subjective and tedious nature. The conclusions that were drawn from this study were
that the algorithm performance is affected more by cloud proximity than cloud type,
and that the LST errors can be very extreme (even -10 K or less) when clouds are

directly over or nearby the pixel of interest.

4. Validate the LST process for Landsat scenes on a global scale, and for each
Landsat sensor that provides thermal imagery.

Studies were performed in order to show that MERRA was an appropriate replacement
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for NARR, and that the MODIS Sea Surface Temperature product was an adequate
source of ground truth (see Sections 5.4.1 and 5.4.2). MODIS is an instrument aboard
the satellite Terra, which has a similar orbit to Landsat 7 ( it captures images of
the same area around 20 minutes after Landsat 7). This allowed us to perform a
global validation study for Ladnsat 7, which involved processing several years worth
of scenes at 14 different sites across the globe. We divided the validation data into 20
categories in order to observe how the algorithm performed under various conditions.
There were four ranges of transmission levels and five ranges of “distance to nearest
cloud,” which was a metric we developed to help quantify LST errors based on cloud
proximity. When we examined groups where clouds were more than 5 km away and
transmission was at least 0.55, we saw that the Root Mean Square Error (RMSE) was
around 1 K. These groups made up almost 50% of the entire validation set, which
showed that the LST retrievals are encouragingly accurate about half the time. Note
that we have only performed validations for Landsat 5 and Landsat 7, and have not
yet addressed Landsat 4 and 8. Although this will be a useful future endeavor, we

expect that the results would be very similar our other validation studies.

5. Develop a method of predicting overall LST errors on a per pixel level, in
order to include a quality map in the final product.
The Landsat LST Product would be much more attractive for scientific pursuits if it
included a quality band that informed users how accurate each LST retrieval is. We
determined that standard error propagation was an insufficient estimate of the error
in the LST retrievals, but we were able to improve these estimates by using statistics
from the global validation dataset. We quantified an “unknwon error” that accounted
for the error was not explained by standard error propagation, and we used it to help

calculate the total estimated uncertainty associated with each LST retrieval. We were
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6.2

able to show that our uncertainty estimation method was very good at characterizing
how the LST retrievals can be less trustworthy when transmission is low and clouds

are nearby.

Form a set of recommendations for how the LST product should be imple-
mented by USGS, and present a final assessment of the product’s expected
performance using the recommended approach.

Through our global validation of Landsat 7, we showed that the LST retrievals had
RMSEs around 1 K or less for about a third of the dataset where clouds were far
enough away and transmission was fair. The RMSE’s were less than 2 K for about
62% of the data. Our ultimate suggestion would be for the LST retrievals to be biased
by 0.241 K, and for SST values to be biased by -0.244 K for any further validation
studies. These biases came from the Landsat 5 validation study and the LST SST
study. We would also suggest that the quality band should contain the values that our
current uncertainty estimation process yields, so that users can use it as a & to the

LST values. This lends itself useful to people with different accuracy requirements.

Next Steps for the LST Product

. Integrate New Methods into the Automated LST Process

The automated scripts for the LST process currently output a stack of five bands
that consist of the original thermal band, an elevation band, a transmission band,
an upwelled radiance and, and a downwelled radiance band. Now that we have a
method of estimating LST error, we can add this to the process so that the output
also includes a quality band. The process will also need to be altered so that NARR is

automatically used in North American regions and MERRA is used elsewhere. Finally,
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we will also aim to include the option to produce a band that provides the “distance

to nearest cloud” for every pixel.

2. Perform Basic Validation for Landsat 4
Up to this point, most of our validation efforts have been focused on Landsat 5 and 7.
It is important to generate results for Landsat 4 as well, so that we can ensure that
our process works well for as much of the thermal archive as possible. This should
only require a small validation study (50 or so scenes), using North American scenes
with available buoy truth. If the LST error histograms are similar to results obtained
for the other Landsat sensors, we would be confident that our algorithm works well

for Landsat 4 as well.

3. Extend Validation Efforts to Landsat 8
The other Landsat sensor that has not been validated is Landsat 8, which is the most
current sensor and it is very different compared to its predecessors. This task was
put on hold because banding artifacts were observed in Landsat 8’s Thermal InfraRed
Sensor (TIRS) imagery. This phenomenon was not present in every scene, but when
it existed it could introduce extra signals as high as 8% in band 11, and about half
that amount in band 10. A team at the Rochester Institute of Technology has worked
closely with NASA to determine the source of the false signals, and they made great ef-
forts to develop a method to correct scenes that were affected [Montanaro et al., 2014].
It is expected that the correction will be implemented and available to the public in
the near future. Since Landsat 8 has two thermal bands, validation would need to be

performed for each of them.
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6.3 Concluding Remarks

This chapter discussed the status of the original objectives that were outlined in Chapter
2, and it listed the tasks that are next in line to be addressed. These future efforts involve
adding the quality band calculations to the current process, and performing validation
studies for Landsat 4 and Landsat 8. Once the updated process has been handed off to
USGS, they will be able to easily implement it and make the ultimate decision on which

bands to provide to the user, and if a bias will be applied.



Appendix A

MODTRAN Inputs and Outputs

The LST algorithm currently uses MODTRAN 4 version 3 revision 1 (4v3rl) for the
atmospheric compensation process. Now there are newer versions of MODTRAN, but to
ensure that our validation results are comparable we have chosen to stay with the version
we began with. Additionally, there is no indication that version 4v3rl has any major issues
that would cause our results to be invalid. Input and output files of MODTRAN are called
the “card deck,” and individual files are called tape files. This terminology originated from
the era when punch cards were used, although now the files are now digital. The input file
to MODTRAN is known as the tapeb file, and the outputs produced are the tape6, tape?,
tapeTscn, and tape8 files.

The input tapeb file can either be edited as a text file or using a graphical user interface
to define various parameters and settings for a particular MODTRAN run. This file requires
a very specific format that must be followed in order for the program to operate correctly,
S0 it is very important to understand exactly how to create and edit a tapeb file. Figure
A.1 shows an example of a tapeb file that was used, where each line refers to a ”card”

that has its own variables and options that need to specified in a specific way. The first
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four and last five lines make up the different cards, and the lines in the middle are the
atmospheric layers for a particular location. We have provided a table for each card that
was used in our MODTRAN runs which list each variable, describes each varible, displays
the option/input that was used, and a brief explanation of why that input was chosen.
These are located in Tables A.2 through A.10. For more information on the card inputs or

formatting requirements, see the MODTRAN 4v3rl manual [Berk et al., 2003].
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Figure A.1: Example of a tape5 file to use with MODTRAN 4v3rl [Cook, 2014].
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Table A.1: Card 1 input descriptions and settings used for the LST process.

Card 1
Variable Description Input Explanation
band model algorithm ]
MODTRN for radiative transport T using MODTRAN band model
] "medium’ speed
SPEED correlated k-option M correlated-k option
geographical /seasonal .
MODEL atmosphere 7 user-specified model atmosphere
vertical or slant path
ITYPE atmospheric line-of-sight 3 to space or ground
] spectral thermal and
IEMSCT mode of execution 2 solar/lunar radiance
IMULT multiple scattering 1 execute with multiple scattering
M1 profile for temp & pressure 0
Mg profile for HyO 8 JCHAR parameter in Card 2C1
M4 profile for Og 0 supplies necessary profiles because
M5 profile for C'Hy 0 user supplies model atmosphere
M6 profile for CO 0
CO2,02,NO, 502, NO, '
MDEF HsandHN O3 profiles 1 default heavy species profiles
M read user input data 1 always read new user input data
NOPRINT controls output 0 normal tape6 output
boundary temperature input
TPTEMP boundary temperature tmp.000 | 1.50d on current MODTRAN run
surface albedo input based
SURREF albedo of the Earth alb0

on current MODTRAN run
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Table A.2: Card 1A input descriptions and settings used for the LST process.

Card 1A
Variable Description Input Explanation
lect multinl activate discrete ordinate multiple
DIS scatstGeiiCn H;lll 0112 tims T scattering algorithm (slower and
&8 more accurate) DISORT
DISAZM azimuth dependence flag blank excludes azimuth dependence
NSTR number of streams in 3 uses recommended 8 streams
scattering algorithm in DISORT
. 1
LSUN spectr'al re‘solutlon of P default solafr 5 em” spectral
irradiance resolution irradiance
FWHM of tri I
ISUN WHM of triangular F default values for FWHM
scanning function
default value is 330 ppmv,
CO2MX C'O9 mixing ratio in ppmv | 360.000 recommended is closer
to 365 ppmv
tical t
H20STR verhieal water vapor 0 uses default water vapor column
column character string
03STR Vergif:]}a%%&{l (;ti?]}llémn 0 default ozone column used
LSUNFL reading nglj:l; radiance F use default solar radiance data
read band model default band model
LBMNAM parameter data F (1 em~! bin) database
read file for user-defined no user-defined instrument
LFLTNM instrument filter F filter function
relating aerosal properties fixed H2O properties even
H20AER and relative humidity blank though water amount has changed
reading MODTRAN data data files assumed to
LDATDR files blank be in directory in DATA/
SOLCON scaling TOA irradiance 0.000 do not scale TOA solar irradiance
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Table A.3: Card 2 input descriptions and settings used for the LST process.

Card 2
Variable Description Input Explanation
APLUS aerosol profiles blank default aerosol profiles
type of extinction and rural extinction, default
THAZE meteorological range 1 VIS = 23 km
CNOVAM aerosol model blank default aerosol model
appropriate seasonal aerosol .
ISEASN profile for tropospheric and 0 se.ason determined by model,
stratospheric aerosols spring-summer when model = 7
ARUSS deﬁmnsrzzl;(ﬁ(i)ésoptlcal blank default aerosol optical properties
IVULCN stratospheric aerosols 0 background stratospheric

and extinction profile and extinction

alr mass character where
ICSTL 1 = open ocean, 10 = stron

continental influence

0
[es}

uses default air mass character = 3

ICLD cloud and rain models 0 no clouds or rain
tical struct does not use army vertical
IVSA army vertical structure 0 structure algorithm for

algorithm aerosols in boundary layer

surface meteorological uses default meteorological

VIS 0.000

range range set by IHAZE
. only used with THAZE = 3
WSS current wind speed (m/s) 0.000 or THAZE = 10
WHH 24-hour ;j:;;ge wind 0.000 only used with IHAZE = 3
RAINRT specifies the rain rate 0.000 default is 0 for no rain
GNDALT altitude of the surface odalt altitude input based on

relative to sea level (km) current MODTRAN run




APPENDIX A. MODTRAN INPUTS AND OUTPUTS 185

Table A.4: Card 2C input descriptions and settings used for the LST process.

Card 2C
Variable Description Input Explanation
number of atmospheric number of levels in profile
ML lovels mml determined based on
current MODTRAN run
IRD1 reading of Card 2C2 0 no reading of Card 2C2
IRD2 reading of Card 2C3 0 no reading of Card 2C3
HMODEL | o odel atmosphere | blak atmosphere dentified
REE earth radius in kilometers blank only read in model = 8
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Table A.5: Card 2Cl1 input descriptions and settings used for the LST process.

Card 2C1
Variable Description Input Explanation
) input for each atmospheric Tayer
ZM altitude of layer boundary in the current MODTRAN run
P f1 bound input for each atmospheric layer
pressure ol fayer boundary in the current MODTRAN run
T temperature of layer input for each atmospheric layer
boundary in the current MODTRAN run
input for each atmospheric Tayer
WMOL(1) water vapor in the current MODTRAN run
WMOL(2) carbon dioxide 0.000e+-00 not specified for any layer
WMOL(3) ozone 0.000e+00 not specified for any layer
JCHAR(1) units of pressure at layer A specifies pressure in mb
boundary
units of temperature ] ]
JCHAR(2) at layer boEn dary A specified temperature in K
specifies which water specified water vapor as
JCHAR(3) vapor H relative humidity in %
JCHAR(4) defaults to M1-M6 and MDEBlank MDEF = 1 specifies
JCHAR(5) values when WMOL(2-3) are zédank default profiles
JCHAR(6)
JCHAR(7) blank
JCHAR(8) Eﬁgi
JCHAR(9) blank
JCHAR(10) corresponds to blank never read based on
JCHAR(11) WMOL(4-12) blank IRD1 in Card 2C
JCHAR(12) plans
JCHAR(13) blank
JCHAR(14)
JCHARX units for CFC’s and other blank MDEF = 1 specifying

heavy molecules

default profiles
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Table A.6: Card 3 input descriptions and settings used for the LST process.

Card 3
Variable Description Input Explanation
H1 initial altitude (km) 100.000 | observer/sensor altitude of 100 km
H2 tangent height (km) 0.000 target on the ground
ANGLE initial zenith angle (0-180%) 180.000 sensor looking at the ground
as measured from H1
RANGE path length (km) 0.000 path length from sensor to ground
BETA carth (giltsfljrgge(zt_lggg)d ef b%.000 sensor pointing directly at target
RO radius of the earth (km) at 0.000 uses default mid-altitude value of
particular altitude of calculation’ 6371.23 km for MODEL = 7
LENN path length specification 0 short path length
PHI zenith angle as measured from 0.000 phi does not need to be specified

H2 towards H1 (0-180°)

since H1, H2, and ANGLE are defing

Table A.7: Card 3A1 input descriptions and settings used for the LST process.

Card 3A1
Variable Description Input Explanation
method of specifying lunar /solar _
IPARM geometry on Card 3A2 1 see Card 3A2 inputs
. . mid-generated internal database
IPH spemﬁcatlog of phase 2 of aerosol phase functions
function for MODTRAN models
day of year from 1 to 365 td ] day of year input from
IDAY specify sun’s locations Jay current MODTRAN run
ISOURC extraterrestrial source 0 extraterrestrial source is the sun

d
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Table A.8: Card 3A2 input descriptions and settings used for the LST process.

Card 3A2
Variable Description Input Explanation
observer latitude (-90° to . latitude input from
PARMI +90°) latitu current MODTRAN run
observer longitude (0° to 36)0° . longitude input from
PARM? West of Greenwich) longit current MODTRAN run
PARM3 sun latitude 0.000 not required for IPARM =1
PARMA4 sun longitude 0.000 not required for [PARM = 1
TIME Greenwich time 12.000 12 Z used for all MODTRAN runs
true path azimuth from
PSIPSO HI to L2 0.000 degrees East of true North
ANGLEM phase angle of the moon 0.000 not required in our settings
G asymmetry factor 0.000 not required in our settings
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Table A.9: Card 4 input descriptions and settings used for the LST process.

Card 4
Variable Description Input Explanation
initial frequency in . .
V1 wavenumber or wavelength 10.000 wavelength in microns
final frequency in . .
V2 wavenumber of wavelengths 13.000 wavelength in microns
f 1 hi
Dv requency or wave engt 1ncren]§16%0 wavelength increment in microns
used for spectral outputs
FWHM Shtaiuﬁlgffl ?Irllaiglrlm‘;vg th 0.050 FWHM of slit function in microns
. output radiances
YFLAG values in output files R (rather than transmittances)
XFLAG units of Vaflilf;s m output M spectral wavelength in microns
separate output from not necessary in our
DLIMIT repeat in MODTRAN runs blank settings, no repeat
FLAGS seven character string bZTsw
FLAGS(1:1) spectral units M spectral units in microns
FLAGS(2:2) slit function blank default slit function
FLAGS(3:3) FWHM characteristics blank FWHM is absolute
. degrade all radiance and
FLAGS(4:4) degradation of results A transmittance components
FLAGS(5:5) degradation settings blank do not save current results
FLAGS(6:6) degradation settings blank do not use saved results
] . . spectral flux values output
FLAGS(7:7) spec flux” file blank at all atmospheric levels

Table A.10: Card 5 input descriptions and settings used for the LST process.

Card 5

Variable Description Input Explanation

IRPT program execution setting 0 stop program
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Comparing MODIS SST and
Landsat LST

: As discussed in Section 5.4.2, the MODIS Sea Surface Temperature (SST) product is
an adequate source of ground truth for validating Landsat 7 on a global level. In order to
assess how well the SST product represents the truth, we took a set of Landsat 7 scenes
with buoy truth available, and obtained the corresponding MODIS SST scenes. Then we
compared the predicted temperature from the LST process at the buoy location to the buoy
truth, and we compared the MODIS SST product at the buoy location to the buoy truth.

When the global validation of Landsat 7 was performed, we continued to compare LST
to SST, but we were no longer able to also obtain comparison points at buoy locations,
because they are not available globally. Instead, we were free to select several points within
each Landsat scene for comparison. There are a few main steps leading up to the comparison
process that we will discuss, such as download and georeferening MODIS SST imagery, and

then we will also go into detail about how we designed the selection process for finding
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comparison points.

B.1 Downloading MODIS SST

Given a set of Landsat 7 scenes containing buoys, the corresponding MODIS scenes
need to be obtained. MODIS products can be downloaded from the Ocean Color website
( http://oceancolor.nasa.gov/cms ), where there is a browser interface as well as a direct
access page. Note that only MODIS scenes from the TERRA satellite were used, because
of its similar orbit to Landsat 7. Below is a description of the format for MODIS SST scene

identifiers:
iyyyydddhhmmss.L2_rrr_ppp
i = Sensor (A for AQUA, T for TERRA)
yyyy = Year
ddd = Day
hh = Hour
mm = Minute
SS = Second
L2 = Level 2 product
ITr = Resolution (GAC for subsampled, LAC for full resolution)
ppp = Product identifier (SST for sea surface temperature)

Since the Landsat scene identifiers contain similar information to MODIS scene identi-
fiers, it is a fairly simple matter to identify the MODIS scene that images over the same area

on the same day. Considering as an example the Landsat scene LE70130332010065EDCO00,
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the MODIS file name would be T2010065155000.L2_ LAC_SST. In order to automate the
download process for MODIS scenes, we need to be able to predict the MODIS scene iden-
tifier based on a given Landsat identifier.

MODIS scenes are captured anywhere between 15 and 30 minutes after their corre-
sponding Landsat scenes, but there is no obvious way to predict the file name that needs
to be downloaded. After a MODIS file is downloaded, however, one can identify the corner
latitude and longitude values, and check if the Landsat scene falls within that range. This
way, we can simply download MODIS scenes until the right one is found. Although this is
not an ideal solution because multiple downloads are required, the correct scene is typically
found after three attempts, which is much faster than selecting MODIS scenes manually

through the Ocean Color website.

B.2 Georeferencing and Subsetting MODIS

The MODIS SST files downloaded from the Ocean Color website are in NetCDF for-
mat. Among the information provided in the SST files are scan time and location, lat-
itude/longitude control points, sea surface temperature, and quality levels. The desired
entries such as the sea surface temperature and quality levels can be read and manipulated
using ENVI Classic, an image analysis software that is especially useful for geospatial appli-
cations. ENVI can be used to georeference the MODIS scenes so that they are in the same
coordinate system as Landsat, which is needed to perform the desired comparison. The
MODIS scenes can also be reduced to a subset around an area of interest, such as a buoy.
The benefit of this is that the subset can be saved as a relatively small file, which reduces
computation time when comparing with Landsat scenes. Once again, there is a clear desire

to automate this process, so we used IDL to run ENVI application control routines that
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can georeference and subset a whole set of MODIS NetCDF files.

The following steps are applied to both the SST image and the quality levels image for a
given MODIS file. The georeferencing is done using ENVI application control routines that
build Geographic Lookup Tables (GLTs) and apply them to the SST and quality images
so that they have a UTM projection type. For the subsetting step, the Landsat corner
latitude/longitude values are converted to UTM and then to pixel locations within the
georeferenced MODIS image, which are used to create the subset. Finally, the subset image

is saved as a geotiff image.

B.3 Comparing MODIS and Landsat LST at Specific Points

For the Landsat 7 global validation study, we came up with several rules for an automatic
process to find adequate comparison points between Landsat and SST. The program uses a
10 x 10 window to search through the georeferenced and subset SST image, although it is
only checking points at the center of the window. The following rules/guidelines describes

the necessary circumstances for a comparison point to be found.

1. If any pixels within window are labeled as land, then move a window’s width forward

2. If any pixels within window are outside the Landsat scene, move a window’s width

forward

3. If the pixel at the center of the window has at less than 5 best quality pixels in the
surrounding 3 x 3, check four more pixels within the same window and the n move on

if necessary

4. If the standard deviation of the surrounding 3 x 3 is greater than 0.5, then move on
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5. If a pixel meets all the requirements, data is recorded and the window is moved forward

until the whole scene has been searched or until seven points have been identified



Appendix C

Details of Standard Error

Propagation Terms

This appendix will expand on the details of the error propagation equations used to
evaluate the error associated with the surface leaving radiance, Sr,. Equations C.1 and
C.2 serve as a reminder of the various terms that contribute to S, and they were first

introduced in Section 4.6.

Sty =[S+ 57+ 5%+ S (C.1)

195



APPENDIX C. DETAILS OF STANDARD ERROR PROPAGATION TERMS 196

_ o,  OLrdLr
~ Pl S

0Ly oLt
Prla s 5Ly

SLy SLr
La s 5Ly ek

SP STSLU

+ 2 STSLd

+2pL,

Error due to the atmosphere

This section will discuss the components that make up the error due to the atmosphere,
represented by S4. This term refers to the error that is introduced by using atmospheric
profile inputs that are provided by reanalysis products. The definition for S4 can be found
in Equation C.3, and all further definitions of terms within that equation are listed in

Equation C.4.

SL 2 /5L 2 /5L 2
ﬁ_<5f&>+<ﬂﬂ%>+(ﬁiﬁo (C.3)
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Our approach to evaluating this source of error involves several radiative transfer sim-
ulations that will let us estimate the value of the partials as well as the error in each of
the atmospheric parameters Sr, S, and Sr,. This will begin by taking temperature and
relative humidity profiles from MERRA and perturbing them to see how transmission, up-
welled radiance, and downwelled radiance change so that ultimately the effective error in
Lt can be found. The goal is to be able to create a lookup table of S-, S, and Sy, values

that will correspond to some error in L that is due to the use of the reanalysis profiles.
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Cross correlation terms

This section will discuss the cross correlation components from taking partial derivatives,
represented by Sp. There may be some amount of correlation between trasmission, upwelled
radiance, and downwelled radiance, so it is important to include these terms in the overall
calculation of S7,. The definition for Sp can be found in Equation C.5, and all further
definitions of terms within that equation are listed in Equation C.6. There are some terms

which are not explicitly defined here, because they were already defined in Equation 3.9.

0Ly 6Ly

Sp = 2071, ?ESTSLu

SLp 8L
+ 2pTLd5—7_T5—LZSTSLd (C.5)

prL, = correlation coefficient forr and L,,
prL, = correlation coefficient forr and Lg (C.6)
pL.L, = correlation coefficient forLg and Lg

The values for the cross correlation terms can be obtained through the process that is
used to determine Sj4, the error due to the atmosphere. The mathematical expressions for
the partial derivatives as well as S;, Sr,, and Sr, were already defined in Equation 3.9
because they contributed to the error due to the atmosphere; therefore, the values of these

will be calculated from the simulations. We are then left with the task of obtaining the
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correlation coefficients described in Equation C.6. These correlations can be observed simply
by plotting 7, L., and Ly against each other using the simulation values and calculating

the correlation coefficients.

Error due to the Landsat instrument

This section will discuss the components that make up the error due to the Landsat
instrument, represented by S;. This term refers to the uncertainty introduced by the
instrument as it captures images. The definition for S; can be found in Equation C.7, and

all further definitions of terms within that equation are listed in Equation C.8.

2
S% - (MTSLDBS> (07)

Imaging systems always have some amount of measurement uncertainty associated with
the signal they capture, the value of which depends of factors such as read noise, shot noise,
and dark current. For each Landsat sensor, there is a corresponding estimate of this total
measurement uncertainty in terms of radiance. These values will be obtained from Landsat

calibration papers.

(5L0bs - 5L0bs B

TE TE €

§Ly 6Ly <Lobs Lu+(e—1)Ld) !

= scalar value associated with each Landsat sensor

St

obs
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Error due to emissivity

This section will discuss the components that make up the error due to the emissivity
product, represented by Sg. This term refers to the error that is introduced by using the
ASTER Global Emissivity Database to provide us with knowledge of surface emissivities.
The definition for Sg can be found in Equation C.9, and all further definitions of terms

within that equation are listed in Equation C.10.

L 2
5% = <55€TS> (C.9)

L
u+Ld_d):

TE €

Lu - Lobs + LdT
T€2

oLy 0Ly <L0bs L
se o
‘ ‘ (C.10)

S. = standard deviation values from the ASTER GED

It is important to clarify that the term Sg represents the amount of radiance that the
emissivity product contributes to the uncertainty of Ly, while the term S, refers to the
uncertainty in the product itself. We would first like to see if there is a relationship between
the emissivity uncertainty and § L, so that we can determine if Sg can be approximated by
an average value or if it needs to be calculated every time. We anticipate performing a small
study where a variety of Landsat pixels are selected to represent a range of temperatures, and
the corresponding emissivity standard deviations are recorded. The atmospheric paramters
can be determined by MODTRAN, so Equation C.10 can be easily solved for d L. Plotting
0Lp versus the emissivity standard deviation will reveal what if any relationship exists

between the two.
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