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ABSTRACT

Surface water temperatures calculated from Multispectral Thermal Imager (MTI) brightness
temperatures and the robust retrieval agorithm, developed by the Los Alamos National
Laboratory (LANL), are compared with ground truth measurements at the Squaw Creek reservoir
at the Comanche Peak Steam Electric Station near Granbury Texas. Temperatures calculated for
thirty-four images covering the period May 2000 to March 2002 are compared with water
temperatures measured at 10 instrumented buoy locations supplied by the Savannah River
Technology Center.

The data set was used to examine the effect of image quality on temperature retrieval as well asto
document any bias between the sensor chip arrays (SCA’s). A portion of the data set was used to
evaluate the influence of proximity to shoreline on the water temperature retrievals. This study
found errors in daytime water temperature retrievals of 1.8 C for SCA 2 and 4.0 C for SCA 1.
The errors in nighttime water temperature retrievals were 3.8 C for SCA 1.

Water temperature retrievals for nighttime appear to be related to image quality with the largest
positive bias for the highest quality images and the largest negative bias for the lowest quality
images. The daytime data show no apparent relationship between water temperature retrieval
error and image quality.

The average temperature retrieval error near open water buoys was less than corresponding
values for the near-shore buoys. After subtraction of the estimated error in the ground truth data,
the water temperature retrieval error was 1.2 C for the open-water buoys compared to 1.8 C for
the near-shore buoys. The open-water error is comparable to that found at Nauru.
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1 I ntroduction

This report evaluates MTI—derived surface water temperature in the Squaw Creek reservoir at the
Comanche Peak Steam Electric Station near Granbury Texas. The MTI water surface
temperature, WST-R, was determined by the Los Alamos National Laboratory based on the
‘robust retrieval’ (Tornow and Borel, 1994 and Tornow et al, 1994). This report utilizes 27 MTI
images collected during the periods from May 2000 to September 2001 and 7 MTI images
collected from March 5 to April 10, 2002. These two data sets make up the long-term and short-
term studies, respectively. Complete details describing the ground truth measurements are
contained in the Comanche Peak data report (Parker and Garrett, 2002).

The long-term data set consists of three monitoring buoys, one in the warm-water discharge flow
(shown as “OBL"), a second at the plant water intake (shown as “Intake”), and a third in the safe
shutdown impoundment (shown as“SSI”) in Figure 1. These locations were intended to capture
temperature extremes of the lake at any given time.

The short-term data set consists of ten monitoring buoys shown in Figure 1 as: “SSI”, “10”,
“OBL", “Bubbler Buoy”, “Alternate Lake Discharge”, “A”, “B”, “C", and “D”. The buoys A-D
were chosen near the center of the pond in order to minimize any effects from the shore. This
period aso coincided with an unusual orbit of MTI whereby the same location could be
consecutively imaged for about two weeks.

2 M ethodology

Both data sets were used to evaluate the WST-R temperature against ground truth data. The long
term data set was used to examine the effect of image quality on temperature retrieval as well as
to document any bias between the sensor chip arrays, SCA’s. The short-term data set was used to
evaluate the influence of proximity to shoreline to the WST-R assessment. Methods used to
analyze the Comanche Peak data are based upon methods used to evaluate WST-R in the tropical
western Pacific at the idand of Nauru (Kurzeja and Pendergast, 2002).

3 Calibration History

The calibration history of the MTI was discussed by Atkins et a. (2001). They asserted that the
1% design accuracy in the IR bands had probably been achieved after launch but noted variability
in the brightness temperature between the three SCA’s of up to ~0.5C for uniform sea-water
targetsin bands K and L. They argued that this variability was probably caused by uncertainty in
the individual SCA filter functions, especialy at short wavelengths, and was not due to
radiometric differences. Thus, the brightness temperature of the SCA’s would be expected to
vary from scene to scene and Atkins et a. estimated this effect to be ~0.5C for band L.

On Oct 31, 2001 the MTI Telescope and Calibration Control Unit (TCAL) experienced a power
failure. This shut down the optical assembly operational heaters (with a ~28C decrease in
temperature), and caused the loss of the secondary mirror focus adjustment, door assembly, black
body panel, visble panel, and quick calibration wheel assembly.  After this failure, the
calibration sequence was replaced by two deep-space looks. Periodic moon looks and ground
calibration are being used to monitor changesin performance.

The quality of the MTI radiances, particularly in the IR, grew worse after the Oct 31, 2000 TCAL

failure and greater offsets between the SCA’s and linear variations in radiance across individual
SCA’s were observed. These have been attributed to thermally-induced mechanical shifts in the
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optics. This problem has been corrected by viewing targets with the satellite rotated by 90
degress, i.e., viewing the same area with all pixelsin each SCA. Differences between the SCA’s
have been corrected by normalizing SCA’s 2 and 3 to the high end of SCA2, which aso
improved consistency with SCA1. Variations in radiance within SCA’s have been corrected with
90 degree looks at uniform ocean targets.

The loss of the black body panels also precludes non-linear corrections in the radiance values and
calibration of individual pixels. These corrections were maintained as before the TCAL failure.

In summary, Atkins et al. (2001) estimated a degradation in the inferred surface temperatures of
0.5-3.0C in brightness temperatures after the TCAL failure, with more specific estimates reserved
for alater date.

4 Robust Algorithm

The MTI product evaluated in this report is called the Robust Water Surface Temperature, WST-
R, referred to as WST in this report . This product was supplied to SRTC by the Los Alamos
National Laboratory, and consists of a single band image with a resolution of 20 m. The values
are floating point and in degrees Kelvin. The WST algorithm utilizes several sets of coefficients
that are applied to Top-of-Atmosphere Brightness temperatures, TOAB, of MTI bandsJ, K, L, M
and N as a function of the Zenith-to-MIT angle. TOAB values can be generated internally within
the algorithm or obtained as one of the MTI products and the angle, Zenith2MT], is obtained
from the MTI image header text file.

The Robust algorithm includes 4 sets of coefficients for use with cold or hot targets and in day or
night. The ‘hot’ coefficients are used for targets warmer than 315K and the ‘cold’ coefficients
when the target is cooler than 300C. The two sets are merged for temperature between 300K and
315K. The coefficient sets are shown in Figure 1 for nadir viewing angles and the hot
coefficients are listed in more detail in Table 1 Tornow and Borel (1994) derived the coefficients
from LOWTRAN simulations of 380 different atmospheres. Although both nadir and backward
looks can be used to calculate robust temperatures, only the nadir ook has been used in this
study.

TDAYwsr and TNITEwst use the same coefficients for the three SCA’s, despite known biases
between the SCA’s. Thus, one result from this study is to document the magnitude of these
biases.

5 Ground truth data

The direct measurement of the water surface temperature is difficult and requires infrared
radiometers because the surface skin layer is very thin (<<1mm) and is cooler than the deeper
‘bulk’ water. It is easier to accurately measure the deeper bulk water temperature but this
temperature must be adjusted to account both for the cool skin and for any temperature gradient
between the bulk water sensor and the near-surface temperature (warm-layer effect). The ground-
truth water temperature measurements at Comanche Peak were conducted as close to the surface
as possible (12cm) so that the warm layer effect could be ignored.

Temperature measurements were made with small self-contained data loggers. The initial
sensors were Hugrun Seamon Minid, but Hugrun went out of businessin 2000, so the StowAway
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TidbiTO, manufactured by Onset Computer (www.onsetcomputer.com), was used thereafter.
All sensors were suspended approximately 12 cm below small PVC floats or, at sitesA, B, C, D,
IO, and SSI, below a large marker buoy. Small floats manufactured by Onset Computer were
attached to permanent buoys at the OBL, Bubbler Buoy, Alternate Lake Discharge, and Intake
Sites.

All Seamon Mini data were collected at hourly intervals, al Tidbits were collected at 30 minute
intervals, except for the March 5 — April 10, 2002 data which were collected at 15 minute
intervals.

In order to compare near surface bulk water temperatures with those inferred from satellite, it is
necessary to correct for the cool skin. This effect is a complicated function of heat exchange at
the sea surface and ranges between 0.0 and —1.5 C. For the long-term study we adopt the results
obtained by Garrett (personal communication) from which the skin temperature effect varied
from -0.5 C during Summer to -1.0 C during winter. A skin temperature effect of -0.8 C was
used for the short-term study.

6 Uncertainty in the ground truth data.

To better interpret the relationship between WST-R and observations it was necessary to examine
the uncertainties associated with the adjustments to the observed bulk-water temperatures. The
various components are; sensor accuracy, skin-temperature effect and spatial variability.

The sensor accuracy was taken as 0.2 C and the error associated with the estimate of the skin-
temperature effect was taken as 0.2 C. The estimate for spatia variability was made using the
WST-R image data for the two data sets used in the study.

The spatia error for the long-term study is assumed to be equal to the standard deviation of the 16
WST-R values centered at each buoy location. The spatial error for the short-term study is
assumed to be equal to the standard deviation of the 9 WST-R values centered at each buoy
location.

Table 2 shows spatial errors for the intake and discharge buoy for each image during the long-
term study. The average, minimum and maximum values are shown at the bottom of each
column. The average values for the intake and discharge are 0.19 and 0.20 C, respectively and
the maximum values are 0.35 and 0.43 C. Table 3 shows the error analysis for the long-term
study and an expected total error for the bulk-water temperature adjustment between 0.35 and
0.50C.

Table 4 shows spatia errors for 10 buoys for 8 images during the short-term study with average,
minimum and maximum values at the bottom of each column. The average values are generaly
50 % larger than the values for the long-term study and maximum values about 4 times larger
than the values for the long-term study. Table 5 shows the error analysis for the short-term study
with data grouped into two categories, near-shore and open-water. The total error for the near-
shore buoys ranges between 0.55 and 1.38 C and between 0.38 and 0.78 C for the open-water
buoys.
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7 MTI Water Surface Temperature Image Data

Figure 2 shows an image of the Robust Water Surface Temperature for 9/06/00 showing the
discontinuity at the junction of the central SCA and eastern SCA near the eastern portion of the
cooling pond. [ For daytime images, the western, center and eastern sections of the image are
SCA2, SCA1 and SCA3, respectively. At night the western and eastern sections of the image are
reversed, i.e., SCA 3 and SCA 2 are west and east, respectively. In this report SCA’s will be
referred to as east, center and west to eliminate confusion.] Water temperature retrieval studies
for Nauru (Kurzgja and Pendergast, 2002) have shown that the center SCA is biased high by
about 1 C and the eastern and western SCA are within 0.2 C of ground truth. Severa factors
influenced the selection of images to be used in the evaluation of MTI water surface temperature
retrievals. The most important factor was to compile a large enough database to make
conclusions statistically significant and next, to select images to cover at least one annual cycle.
The initial selection produced a list of 46 images covering the period 5/19/00 to 9/27/01. The
initial screening used rather “loose” selection criteriathat required at least 50 % of the MTI image
be cloud-free. As the study proceeded, images were ranked according to a subjective quality
factor based on the presence of clouds. To eliminate any bias in the results, this process did not
utilize the ground truth data, but was based upon inspection of the WST-R image and “quick-
look” images of the sub-visible cirrus band (MTI band h). The following sections illustrate the
procedure.

Subjective Assessment of Image Quality

27 MTI images (11 nighttime and 16 daytime) were used in the evaluation of WST-R at
Comanche Peak, Steam Electric Station covering a period of 15 months with a variety of
weather conditions. All images were given a rank number with highest quality associated with
smallest rank number. Figure 3 shows daytime images as false color with red and blue
represented with MTI band h and green represented with MTI band g. Figure 4 shows nighttime
images as false color with red, green and blue represented by MTI bandsj, k and | respectively.
The images were ranked with lowest quality shown in the upper left corner (16) and highest
quality shown in the lower right corner (1). The ranking for the daytime images is based upon a
combination of the amount of cumulus cloud cover and sub-visible cirrus as determined from
MTI band h. The ranking for nighttime images is based upon extent of cloud coverage and clarity
of the image.

Procedure for Selecting Representative Water Surface Temperatures

Figure 5 shows the base map used to register all WST-R images used for the long-term study.

All MTI images were geo-registered to the base map by the author using the ENVI software
package with a minimum of 7 control points. The two squares represent areas-of -interest used to
extract water surface temperatures at the intake and discharge from the registered WST-R images.
The sguares represent an area 80 m by 80 m consisting of 16 MTI pixels. The square
representing the cold-water intake is located about 40 m north of the actual ground-truth
measurement buoy in order to reduce errors caused by strong thermal gradients near the
shoreline. The square representing the discharge is centered on the ground-truth buoy.

Registration of the WST-R images used for the short-term study was done by LANL using the

most recent geo-registration procedure (Paul Pope, personal communication). Water surface
temperatures were extracted from the WST-R images at 10 regions-of-interest centered at each
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buoy location shown in Figure 1. The regions-of-interest are 60 m by 60 m consisting of 9 MTI
pixels centered on each buoy location.
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8 Results
Long-Term Sudy

Table6 showsasummary of al datain the long-term study. The data have been grouped in order
that temperature retrieval errors could be evaluated in terms of time of day, SCA, location and
image quality. Table 7 listsall column headings and definitions used in Table 6.

Table 8 summarizes the temperature errors as function of time of day and SCA. The temperature
error is taken as the difference between the adjusted ground truth and the corresponding WST-R
values at the intake and discharge as shown in Figure 5. The MTI satellite orbit and acquisition
geometry caused the buoy locations to be within SCA 1 for 18 of the 27 images and the
remaining 9 within SCA 2. Most of theimagery containing the buoy locations within SCA 2
were daytime images so Table 8 does not show any results for nighttime SCA 2.

Table 8 shows the bias for all cases for SCA 1 a theintake and discharge buoys is—-1.48 C
and -1.66 C, respectively, and the RMS error for the intake and discharge buoys is 4.13 and 3.66
C, respectively. Table 8 aso shows little day/night difference at the discharge buoy but a
considerable difference at the intake buoy. For example, the nighttime bias is 0.82 C whereas the
daytime bias is 4.11 C. Table 8 shows much smaller errors for SCA 2 than SCA 1. For
example, thedaytimebiasis —4.11 Cfor SCA 1 and —1.68 C for SCA 2 at the intake buoy and
—1.74 C and 0.59 C for the discharge buoy, respectively. The smaller bias for SCA 2 produces
correspondingly smaller RM S errors as shown in Table 8.

Combining results from both intake and discharge buoys gives a daytime temperature bias
of 2.93 C for SCA 1 and —0.55 C for SCA 2. The corresponding RMS errors for SCA1 and
SCA?2 are 4.04 and 1.85 C, respectively. This would indicate that errors in daytime WST-R
retrievals is 1.79 C for SCA 2 and 3.99 C for SCA 1. Applying similar logic the errors in
nighttime WST-R retrievalsis 3.78 C for SCA 1.

Figure 6 shows a plot of water temperature retrieval error and image quality for nighttime
conditions at Comanche Peak. The results for both intake and discharge buoy indicate largest
positive bias for the highest quality images and largest negative bias for the lowest quality images
after excluding data for the image corresponding to image quality 10. Figure 7 shows a plot of
water temperature retrieval error and image quality for daytime conditions. The daytime data
show no apparent relationship between water temperature retrieval error and image quality.

Short-term Study

Table 9 shows a summary of water surface temperature retrieval errors for the short-term study
conducted at Comanche Peak during nighttime in March 2002. The table is arranged with the first
6 columns showing results for the buoy locations classified as “near-shore”. These locations are
plotted in Figure 1 with yellow symbols and yellow labels. The last four columns show results
for the buoy locations classified as “open-water”. These locations are plotted in Figure 1 with
yellow symbols and red labels. Biasand RMS Error are shown at the bottom of the table for each
buoy location as well as values for locations grouped as near-shore and open-water.

Considerable variation is seen in the bias and RMS error from site to site with largest values

occurring at the near-shore buoys. The average bias the open-water buoys, -0.06 C, and the
standard deviation, 1.24 C, is less than the corresponding values for the near-shore buoys which
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are 0.29 C and 1.85 C, respectively. The better results for the open-water buoys are due to more
uniform water temperature and the absence of adjacency effectsin the WST retrievals.

The error in the MTI temperatures can be separated from the ground truth uncertainty by
subtracting the error variance from Table 5 from the total variance, for example, the MTI error for
the open water buoysis given by,

MTI error = sqrt( 1.24° - 0.38%) = 1.18 C.

The MTI error for the near shore buoysis 1.77 C. The open water result is comparable to the
clear-sky result obtained at Nauru (~1C).

9 Conclusions

The results of the long-term Comanche Peak study indicate that, after allowing for errors in the
ground truth data, the error in daytime water temperature retrievalsis 1.8 C for SCA 2and 40C
for SCA 1. Theerror in nighttime water temperature retrievalsis 3.8 C for SCA 1.

Water temperature retrievals for nighttime appear to be related to image quality with largest
positive bias for the highest qudity images and largest negative bias for the lowest quality
images. The daytime data show no apparent relationship between water temperature retrieval
error and image quality.

The average temperature retrieval error for the open-water is less than the corresponding values
for the near-shore buoys. Reducing the deviations by the estimated error in the ground truth data
indicates water temperature retrieval errors are 1.2 C for the open-water buoys and 1.8 C for the
near-shore buoys.
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12 Figures.
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Figurel. Nadir Robust coefficients. Hot coefficients are used for T>315K, cold
coefficientsfor T<300K and merged valuesfor 300K-315K. From Atkinset al. (2001)
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Figure2. Location of Ground Truth Observation Buoys at Comanche Peak.
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Figure 3. Water Surface Temper atureimage for Comanche Peak for 9/6/00.
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Figure4. Image Quality for 16 Daytime M TI images of Comanche Peak.
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Figure5. Quality Factor of 11 Nighttime M TI images for Comanche Peak.
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i:igure 6. Sub-sampled image of Comanche Peak showing regions-of-interest associated
with hot-water discharge and cold-water intake
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Water Temperature Retrieval Error and Image Quality
for Nighttime at Comanche Peak SCA 1
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Image Quality

Figure 7. Water Temperature Retrieval Error and Image Quality for Nighttime at
Comanche Peak SCA 1.
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Water Temperature Retrieval Error and Image Quality
for Daytime at Comanche Peak SCA 1
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Figure 8. Water Temperature Retrieval Error and Image Quality for Daytime at
Comanche Peak SCA 1.
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13 Tables.

Table 1. Coefficients for calculating WST from Top-of-Atmosphere brightness temperatures of
MTI thermal bands for Zenith-to-MTI angles ranging from O to 40 degrees. (provided by
William B. Clodius, LANL 1/28/02)

Fit Terms | D/INJ Angle] SCA] Offset J K L M N
Lowtran| KLMN | D 0 All 5.743 0.33212 | -3.14438 | 1.90504 | 1.87483
Lowtran| KLMN | D 5 All 5.795 0.33412 | -3.15406 | 1.91016 | 1.87715
Lowtran| KLMN | D 10 All 5.939 0.3399 | -3.18222 | 1.92495 | 1.88404
Lowtran| KLMN | D 15 All 6.21 0.40727 | -3.40041 | 2.0104 1.94887
Lowtran| KLMN | D 20 All 6.609 0.42151 | -3.46828 | 2.04266 | 1.96835
Lowtran| KLMN | D 25 All 7.176 0.44035 | -3.55667 | 2.07981 | 1.99808
Lowtran| KLMN | D 30 All 7.937 0.46456 | -3.66945 | 2.12558 | 2.03733
Lowtran| KLMN | D 35 All 8.959 0.49464 | -3.80867 | 2.17788 | 2.08942
Lowtran| KLMN | D 40 All 10.307 0.52892 | -3.96954 | 2.23235 | 2.15537
Lowtran | JKLMN| N 0 All 14.843 1.96669 | 0.64702 | -1.52437 | -3.54234 | 3.37936
Lowtran | JKLMN| N 5 All 14.935 1.97006 | 0.64843 | -1.52463 | -3.55321 | 3.3853
Lowtran | JKLMN| N 10 All 15.214 1.98006 | 0.65252 | -1.52509 | -3.58573 | 3.40298
Lowtran | JKLMN| N 15 All 15.131 2.01508 | 0.66721 | -1.54074 | -3.6149 | 3.39894
Lowtran | JKLMN| N 20 All 15.82 2.03828 | 0.67662 | -1.54024 | -3.69419 | 3.44213
Lowtran | JKLMN| N 25 All 16.763 2.06801 | 0.68817 | -1.53823 | -3.79702 | 3.49761
Lowtran | JKLMN| N 30 All 17.987 2.10568 | 0.70295 | -1.53484 | -3.92863 | 3.56809
Lowtran | JKLMN| N 35 All 19.572 2.15121 | 0.72076 | -1.52952 | -4.0911 | 3.65506
Lowtran | JKLMN| N 40 All 21.543 2.20745 | 0.73866 | -1.51156 | -4.28701 | 3.75045
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Table2. Spatial Error of Water Surface Temperaturefor Long-Term Study at Comanche Peak.

Seq No |Intake Spatial Error |Discharge Spatial Error
252 0.11 0.11
255 0.08 0.15
283 0.15 0.17
317 0.12 0.26
352 0.25 0.27
356 0.13 0.18
390 0.18 0.18
397 0.14 0.14
431 0.33 0.20
444 0.19 0.25
507 0.18 0.14
518 0.11 0.15
550 0.24 0.37
571 0.12 0.20
613 0.35 0.23
1024 0.28 0.18
1100 0.34 0.29
1127 0.24 0.14
1752 0.23 0.37
1763 0.17 0.18
2080 0.13 0.13
2087 0.18 0.13
2147 0.19 0.16
2187 0.10 0.09
2348 0.07 0.18
2525 0.29 0.43
Ave 0.19 0.20
Min 0.07 0.09
Max 0.35 0.43
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Table3. Error Analysisof Water Surface Temperature for Long-Term Study at Comanche Peak.

Intake Discharge
Type Error Average| Maximum |Average Maxium
Sensor Accuracy 0.20 0.20 0.20 0.20
Skin Temperature Adjustment | 0.20 0.20 0.20 0.20
Spatial Variation 0.19 0.35 0.20 0.43
Total Error, deg C 0.34 0.45 0.35 0.52

Table 4. Spatial Error of Water Surface Temperaturefor Short-Term Study at Comanche Peak .

MTI IMAGE SSI OUTF1 |OUTF2 |BUB |ALTL |SITA |SITB [SITC |[SITD |FENC
rl_109330 0.20 0.45 0.92 0.31 0.75 0.36 0.17 0.10 0.13 0.49
rl 109379 0.11 0.37 0.39 0.19 0.71 0.45 0.10 0.31 0.21 0.28
rl_109410 0.13 1.97 1.47 0.67 0.11 0.52 0.39 0.09 0.05 0.57
rl_109445 0.21 0.35 0.50 0.20 0.17 0.16 0.18 0.14 0.22 1.09

rl_109479 0.22 0.21 0.10 0.27 0.28 0.50 0.07 0.08 0.27 0.13

rl_109509 0.16 0.87 1.19 0.40 0.25 0.08 0.42 1.54 0.43 2.21

rl_109574 0.43 0.27 0.30 0.24 0.14 0.16 0.08 0.10 0.12 0.93

rl_109606 0.12 0.23 0.12 0.30 0.18 0.20 0.07 0.07 0.15 0.28

Ave rl 0.20 0.59 0.62 0.32 0.32 0.30 0.19 0.30 0.20 0.75
Min r1 0.11 0.21 0.10 0.19 0.11 0.08 0.07 0.07 0.05 0.13
Max rl 0.43 1.97 1.47 0.67 0.75 0.52 0.42 1.54 0.43 2.21

Table5. Error Analysisfor Water Surface Temperaturefor Short-Term Study at Comanche Peak .

Near-Shore Buoys Open-Water Buoys
Type Error Average Average Max. Average Average Max.
Sensor Accuracy 0.20 0.20 0.20 0.20
Skin Temperature Adjustment 0.20 0.20 0.20 0.20
Spatial Variation 0.47 1.35 0.25 0.73
Total Error, deg C 0.55 1.38 0.38 0.78
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