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Abstract

Water surface temperatures calculated with the Los Alamos National Laboratory Robust algorithm were
compared with ground truth water temperature measurements near the Oregon State University buoy in
Crater Lake, OR. Bulk water measurements at the OSU buoy were corrected for the skin temperature
depression and temperature gradient in the top 10 cm of the water to find the water surface temperature for
18 MTI images for June 2000 to Feb 2002.

The MTI robust temperatures were found to be biased by 0.1C, with an RMS error of 1.9C compared with
the ground truth water surface temperatures. When corrected for the errors in the buoy temperatures the
RMS was reduced to 1.3C.  This RMS difference is greater than the 1C found at the Pacific Island of Nauru
because of the greater variability in the lake temperature and the atmosphere at Crater Lake and the much
smaller target area used in the comparison
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1. Introduction

A primary objective of the MTI (Multi Spectral Thermal Imager) is the accurate measurement of the
surface water temperature under a range of conditions, without the need for supplementary atmospheric
information.  A previous report (WSRC-TR-2002-00294) evaluated MTI surface water temperatures near
the tropical island of Nauru, which is characterized by relatively constant, warm waters and an optically-
thick atmosphere. It is also important, however, to assess the MTI performance for cold targets and variable
atmospheres, which is why Crater Lake is a valuable evaluation target

 Background information on the MTI imager and the ‘Robust’ water temperature retrieval algorithm
developed by the Los Alamos National Laboratory are contained in the Nauru report (WSRC-TR-2002-
00294) .  Ground truth data at Crater Lake were obtained by SRTC in cooperation with Oregon State
University and the US National Park Service at Crater Lake National Park

One benefit of Crater Lake as an MTI target is the much smaller atmospheric correction, and less frequent
sub-visible cirrus than in the tropical Pacific.  However, Crater Lake weather is more variable, which,
coupled with the relatively small lake size and surrounding rim, leads to variable surface currents and
temperatures.

Crater Lake Data
Latitude = 42.9330                                    Longitude = 122.117 West
Lake elevation  = 1,882 meters
Average depth = 480 meters                      Maximum depth = 623 meters
Average width = 8 km
Average rim elevation = 2,160 meters
Table 1:  Crater Lake information

2. Methodology

The accuracy of the MTI surface temperature retrievals was evaluated at the Oregon State University
research buoy, located in the northeast part of the lake, ~ 1 mile from shore, and an SRTC temperature
sensor near the OSU buoy.  Figure 1 shows a picture of Crater Lake and the OSU buoy.   Hourly-averaged
water temperatures at depths of 10 and 30 cm and meteorological data were provided by OSU at most  MTI
image times. Additional atmospheric data were obtained from the National Weather Service upper air
sounding station in Medford, OR, - approximately 80 miles from Crater Lake.

The MTI water surface temperature at Crater Lake were provided by Los Alamos National Laboratory with
their ‘Robust’ algorithm.  This algorithm determines the water temperature from a linear combination of
top-of-atmosphere brightness temperatures of  bands J, K, L, M, and N at night, and bands K-N during the
day.  The wavelength ranges for each of the bands are shown in Table 2.  The algorithm is described in
more detail in WSRC-2002-00294.

MTI IR bands Wavelength range (microns) Description
J 3.49-4.10 Atmosphere
K 4.85-5.05 Atmosphere
L 8.01-8.39 Surface
M 8.42-8.83 Surface
N 10.15-10.7 Surface
Table 2: MTI Infrared bands
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The robust algorithm uses 4 sets of coefficients to retrieve surface temperatures, depending on day or night
and on the water surface temperature. Robust coefficients were derived for every 5 degrees of zenith angle
and the nadir values are shown in Fig. 3 (taken from Atkins et al, 2001).  The ‘cold’ coefficients were used
at Crater Lake because the temperature is always less than 300C.

The MTI images the surface with 3 adjacent sensor chip assemblies (SCA’s). Usually, either the SCA2 or
SCA3 imaged the east side of Crater Lake, during the night, or day, respectively, where the OSU buoy is
located.  Because of the limited number of usable images (18), we have grouped results from SCA’s 2 and
3 together.  This is consistent with results for Nauru, where water surface temperatures from SCA’s 2 and 3
were comparable (within 0.5C), and cooler than SCA1.

The water surface temperature measured by MTI, will differ from the bulk water temperature at the OSU
buoy mainly because of the cool skin and heating of the lake’s top layer by the sun.  The skin effect is
present all the time, but the warm layer correction is important during midday in light winds.  These issues
are discussed in the next section.

3. Ground Truth water temperature measurements.

Evaluation of MTI-derived surface temperatures requires accurate bulk water measurements and
adjustments to account for the difference between bulk and surface temperatures at the MTI image time. It
is necessary to distinguish between the bulk, near-surface, and water surface temperatures (WST).  In this
report, the bulk temperature is defined to be at 10 cm in open water, the near-surface temperature is just
below the skin layer (at a depth of ~1 mm), whereas the WST is in the top few microns of the water
surface, i.e., the variablle that MTI measures.  In this section we discuss the accuracy of the temperature
sensors and corrections required to find the WST from the corresponding bulk temperature.

3.1 Seamon Mini temperature sensor

SRTC, in cooperation with the US Park Sevice, installed a Seamon Mini temperature logger at Crater Lake
during the MTI mission.  The Mini is a small, cigar-sized recording thermistor temperature sensor, made by
the Hugrun company.  The Mini was suspended 10 cm below a float, 4 cm in diameter by 30 cm long.  A
weight was suspended 20 cm below the Mini to ensure that it remained at a depth of 10 cm, even with wind
and wave action. Reflecting tape on the top of the Mini reduced the sensor’s solar heating.

The Seamon Mini measured the water temperature at 15- and 30-minute intervals during most of the MTI
mission. The history of the Mini deployment is given in Table 3.

S/N Initialization Deployment Removal Download Interval Comments

00D922 June 26, ‘00 July 7, ‘00 ~Sep 28, ‘00 Oct 24, ‘00 15 min 2.5 min slow on 10/24/00
00D468 Sept 18, ‘00 Sept 22, ‘00  Jul 12, ‘01 Aug 30, ‘01 30 min 15 min slow on 8/30/01
Table 3: Deployment history of the Seamon Mini at Crater Lake

3.1a Accuracy and calibration of the Seamon-mini temperature loggers

The Seamon-mini temperature loggers have a specified accuracy of 0.1C, a resolution of 0.025C and a
response time of 2 minutes.  The accuracy of each Mini was checked with a NIST-traceable standard
between 10 and 30C before shipment to Crater Lake and were found to be within 0.1C. The Mini’s
experienced no change in calibration over their deployment period.  The only effect during deployment was
a ~15 minute loss of time over a year. (see Table 3).

Even though the Seamon-mini is accurate to within 0.1C, solar heating can cause the recorded temperature
to exceed the true near-surface temperature during light winds and clear skies. The effect of solar heating
on the Mini was evaluated with a test at L-Lake at the Savannah River Site on Oct 24, 2000 at noon.
During this test the Mini was alternately exposed to sunlight and then shaded for several minutes. The wind
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speed was 8 mph.  The results, shown in Fig. 4, show a 0.1C elevation in temperature when the Mini was
exposed to the sun.  The results are not definitive but give an estimate of the solar heating effect.  In periods
of light wind, with nearly overhead sun, the heating will probably be greater.  We estimate a worst case
increase of  0.3C.

3.2 OSU data

A list of OSU sensors is given in Table 4. The T probe sensor is located directly under the OSU buoy
(~10cm below the surface) and the Seabird SBE 39 is 30 cm deep. The T Probe may be affected by the
OSU buoy in several ways: by heat conduction through the buoy, by thermal inertia of the buoy, by
reduced heating and cooling of the top ocean layer under the buoy, and by restricted mixing in light winds.
The T Probe sensor operated most of the time during the MTI mission and the SBE sensor functioned
~70% of the time between July of 2000 and May of 2002.

OSU sensors Elevation

SBE (Seabird SBE39) -10cm
T Probe (Campbell Scientific thermistor) -30cm
Campbell Scientific Temp/RH probe +2.5m
RM Young Wind Monitor +3.0m
Table 4: OSU water and meteorological sensors

Crater Lake is not accessible during half the year and service and calibration takes place during the summer
months. The water temperature sensors are calibrated to an accuracy of 0.1C and inspection of the data
shows that the two OSU sensors were within 0.1C most of the time.  The only exceptions were in light
winds at midday with solar heating.

Fig. 5 shows a particularly dramatic example of differences between the sensors.  At around 2 pm on July 9
and July 10, of 2000, the T Probe temperature was ~0.5C greater than the SBE’s, while the Mini
temperature was 1-3C greater the T Probe.  Since the SBE is at a depth of 30cm and the T Probe and
Hugrun are at 10 cm, the SBE’s lower temperatures are understandable.  However, differences between the
T Probe and Min are more difficult to explain.  Buoy effects were discussed above and thermal inertia of
the OSU buoy can be seen in Fig 5, and explains why the T Probe temperature is cooler than the Mini’s
before maximum solar heating, but warmer afterwards. The T Probe and Mini temperatures can also differ
because the latter are single point measurements, whereas the former are one-hour averages.

Figure 5 also illustrates temporal variability in the water measurements.  During mid-day heating the nearly
instantaneous Mini measurements differ from the one-hour averages of the OSU buoy by 0.2 to 3C, with an
RMS difference of ~0.5C.

3.3 Adjustments to the bulk water measurements

The ground truth bulk water temperatures are listed in Table 5. The columns ‘T Pr’, ‘SBE’ and ‘Mini’
denote the temperature at MTI image time of the T Probe, Seabird SBE 39 and Seamon Mini, respectively.
The column ‘Bulk’ is the first-choice bulk water temperature, i.e., the Mini, when available, or the T Probe
otherwise.

As noted above, three adjustments are required to the bulk water temperature measurements to determine
the WST.  The first must be applied to the T Probe to account for the buoy. The second is for the warm (or
cold) layer which forms between the bulk water measurement level and the near-surface. Warm layers are
more common than cool layers because they are statically stable, i.e., do not overturn from density
differences.  However, near-surface cool layers can also form when surface cooling is faster than
convective overturning. The final adjustment accounts for the skin, the top millimeter of water, in which
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the temperature is 0.2 - 1.2C below its near-surface value. All of the effects discussed above are most
important when the winds are light, i.e., less that 2 m/sec.

Finally, as noted above, because the OSU measurements are one-hour averages, they only approximate the
instantaneous value measured by the MTI.

The skin temperature was studied by SRTC on September 15 and 16 of 1999 during routine sensor
maintenance.  A floating apparatus, tied to the OSU buoy, measured the WST, water temperature, and
meteorological variables.  The surface temperature was measured with an 8-14 micron IR radiometer, ~
0.75 meter above the water.  Every 10 minutes a pump, 10cm below the surface, pumped a jet of water to
the surface under the radiometer for 10 seconds. Since the cool skin takes several seconds to form, the skin
temperature can be calculated by subtracting the pump-off temperatures (water from 10cm deep, without
skin) from the pump-on (surface) value.  Since biases in the radiometer and reflection from the sky will be
the same for pump-on as for pump-off measurements, the difference will be an accurate measure of the
difference between the skin and the bulk water temperature (depth of 10 cm).  The technique can not
distinguish between the skin depression and a possible temperature gradient between the surface and 10
cm, so we will restrict the comparison to the late afternoon and evening, when surface cooling ensures
uniform temperatures between the surface and a depth of 10 cm.

Fig. 6 shows data from the late afternoon of Sept 15 to the morning of Sept 16. On the afternoon of the
15’th, the skin temperature depressions were ~0.2C.  This small value is caused by cloudy skies, which
significantly increased the downward IR radiation and reduced the skin cooling.

In the period between 19:15 and 1:15PDT, the skin depression was less than 0.1C, except from 20:30 to
22:00 PDT. These small skin depressions may be partly due to cloud coverage. The difference between the
pump-on and pump-off temperatures may also indicate  near-surface cooling between 20:45 and 22:15
PDT.  Later in the morning a skin temperature depression of  0.7 to 0.8C was observed.

3.3a Adjustment to the OSU bulk temperature

The OSU buoy affects the T Probe temperature during midday heating with light winds.  Since the midday
maximum in the bulk water temperature is also a function of these same conditions, it is reasonable to
parameterize the buoy effect as a function of the midday maximum.  This functional dependence can also
include the temporal variability not present in the one-hour averages.  For example, Fig. 5 shows that the
difference between the T Probe and the Mini increases with the amplitude of the midday maximum.  For
the three days the greatest difference between the Mini and the T Probe was 0.5C, 1.5C, and 2.5C, wihen
the daytime temperature maxima were  1, 3 and 3.7C, respectively.  Similarly, before the diurnal
maximum, the average Mini temperature was greater than the T Probe temperature by 0.2C, 0.4C and 0.6C,
respectively.  Since the daytime MTI images were usually taken before the daytime maximum, these results
suggest an adjustment to the T Probe temperature of +20% of the diurnal maximum.

Similarly, solar heating of the Mini, discussed in Section 3.1, can also be parameterized. A simple
quantitative relationship is to assume it to be 5% of the diurnal maximum, or up to ~0.3C.

The advantage of this functional dependence is that it combines the effects of the wind and solar heating in
one simple relationship, which is correct in the limits of overhead sun and light winds and also for weak
solar heating and strong winds.
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3.3b Skin temperature algorithm

As noted in the Introduction, the skin temperature depression is particularly important at Crater Lake
because winds are often very light and the IR sky temperature is low - factors which can result in
depressions of up to 1C or more.   Most meteorological variables required to calculate the skin temperature
were measured at the OSU buoy.  The downward IR radiation was calculated from routine Weather Service
soundings and a radiative transfer code, i.e., Modtran.

The calculation of the skin temperature depression is based on Fairall et al. (1996).   The skin temperature
depression is given by,

∆T = Qδ/k (1)

where,
δ   = thickness of the skin

    =           λυ                
(ρa/ρw)1/2

   u*a

k     =  thermal conductivity of water
Q    = heat loss of the water surface
ρa    = density of air
ρw   = density of water
u*a  = friction velocity of air
υ      = kinematic viscosity of water
λ      = empirical coefficient

The skin temperature depression is inversely dependent on the friction velocity, which, in turn, is a function
of the wind velocity.  The heat loss Q is comprised of IR loss to the sky, and sensible and latent heat loss
from the water surface to the air.  These quantities can be calculated from the wind speed, air temperature,
skin temperature, and humidity.

The sensible and latent heat fluxes are complicated functions of the vertical gradients of moisture,
temperature, and wind speed.  Following Fairall et al. (1996), an interative procedure was used to calculate
the heat loss for each of the MTI images in Table 5.  The variables used in the calculations are listed in
Table 6, along with the derived skin temperature.  The meteorological data was obtained from the OSU
buoy and are shown in  Figures 7 to 22. In these also show the MTI image time. OSU data were not
available for Sept 18, 2000. However, much information about this day can be inferred from the Mini data
shown in Fig. 12.

Table 6 indicates that the skin temperature difference for the MTI images is between 0.5 and 1.2C, which is
greater than a typical ocean range 0.2C - 0.6C.  However, the results are more consistent with
measurements obtained by SRTC over other inland lakes (0.2C to 1.0C).   The relatively large values at
Crater Lake are the result of the small downward IR radiation from the high altitude ‘cold’ sky at Crater
Lake.

The validity of Eq 1 was tested by calculating the skin depression at Crater Lake on Sept 15/16 of 1999.
The predicted depression for the early morning period was calculated with the data shown in Fig. 3 and
Equation 1, and found to be 1.0C, which is considerably greater than the 0.7C observed.  There are several
possible reasons for this discrepancy.  At Crater Lake, unlike Nauru, the IR cooling dominates the skin heat
loss.  For Sept 16, the IR cooling was calculated with NWS upper air data from Bedford, OR, which is
approximately 70 miles from Crater Lake, and the assumption of clear skies.  Possible differences in the
atmosphere between Crater Lake and Medford are too small to affect the IR radiation by more than a few
per cent.  Nighttime clouds would have increased the IR radiation significantly.  The sky was partly cloudy



WSRC-TR-2002-00415

9

at Crater Lake in the late afternoon on Sept 15 but the Sept 16, 00Z Medford sounding suggests clear skies
in the evening.  Another possilbility is that lake currents in Crater Lake, driven by highly variable heating
and winds, cause increased shear stress, a larger value of u* in Eq. (1), and smaller skin temperature
depressions.  This effect could be important for all the skin temperatures given in Table 6, i.e., the
calculated values may be biased high by 25 to 50%.

3.3c Warm/Cold Layer estimates

The skin temperature depression discussed in the previous section accounts for only part of the correction
to the bulk water temperature required for comparison with MTI measurements.  Heating of the water layer
between the ‘bulk’ measurement at 10 cm and the surface must also be considered as well as rapid cooling
of  the top layer of water, which can exceed the rate of convective overturning.  This effect is applicable to
both the T Probe and the Mini.

The warm layer adjustment can be derived in the same manner as  for the buoy correction since warm layer
heating is dependent on solar heating and inversely dependent on wind speed.  Figure 5 shows that the
difference between the SBE (30cm deep) and the T Probe (10 cm deep) is 0.2C, 0.3C and 0.5C on July 7, 8
and 9’th, respectively.  Assuming a linear variation of temperature with depth, the variation from 10cm to
the surface will be 0.1C, 0.15C and 0.25C, respectively.  As before, we use the daytime maxima for the
three days of 1C, 3C and 3.7C to obtain an average warm layer heating of 0.07C for each degree of diurnal
heating of the 10 cm probes.

Cooling of the layer between the surface and 10 cm can be estimated as was done for the warm layer.  We
expect the most significant  nighttime overturning to occur in the fall when the lake water is warm but the
air temperature is cool.  Inspection of  Figs 9-11 shows the Mini to be ~0.1C cooler than the T Probe in
three fall nights in 2000. On the other hand, no significant differences in the nighttime temperatures were
seen at other times of the year.  Thus, we assume a nighttime, fall, cool layer correction of -0.2C for the T
Probe and –0.1C for the Mini.

The adjustments described above are summarized in Table 7 Relevant data were taken from Figures 7-22.
Also listed in this table is the skin correction from Table 6.

4. MTI water temperature results

Robust WST's for eighteen nadir MTI water surface images were compared with ground truth temperatures
in this study. Table 5 gives information about these images and also corresponding backward-looking
images, which were not analyzed.  Color contour maps of the MTI WST's are shown in Figs. 23-40.  These
maps exhibit considerable vertical streaking from individual pixels and wider bands, ~ ½ to 1 km wide,
near the boundaries of the SCA’s, as well as obvious differences between the SCA's.  The effect of wind
speed on the surface temperature is also apparent.  For example, there is much more variability in surface
temperature in the 2'nd and 3'rd images (Figs. 24 and 25) than in the 1'st and 4'th (Figs. 23 and 26) when
the winds were weak and strong, respectively.

Wide bands of warm and cold temperature are more prominent in the Crater Lake WST retrievals than
observed at Nauru and increase the uncertainty in the evaluation since their width is comparable to the
regions of interest from which the average temperature is calculated.  For example, the image on Sept 18,
2000 (Fig. 29) shows a cool band in SCA 3 next to SCA 1, and a warm band in SCA 1 next to SCA 2.

 These bands are shown more clearly in a WST cross-section (Fig. 41), which shows pixel-to-pixel
variability of 0.2C and variability in bands (20-30 pixels wide) of 0.5C.  These bands are common on light
wind days but note the prominent bands on Sept 6 and Nov 6, 2001 (Figs 36 and 37) when the wind was
greater than 2 m/s.  Figure 41 also shows the bias in the SCA1 water temperature of 1.3C with respect to
SCA2, and 0.5C with respect to SCA3.
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The radiance from bands K - N  for Sept 18, 2001 is shown in Figure 42.  This figure shows a negative bias
in the L band of ~1.5% compared with SCA’s 2 and 3, which accounts for the warmer water surface
temperatures in SCA 1. (The L band is multiplied by a negative coefficient, see Fig 3).    This bias is
comparable to that found at Nauru.  Figure 42 also shows a negative 3% bias in band K that reduces the
derived WST because its coefficient is positive (Figure 3). However, this effect is not large enough to
balance the temperature increase due to the L band bias.

The bias in the SCA’s could be seen in nearly all of the Crater Lake images, but varied from image to
image.  Figure 43 shows a cross-section of radiances on May 3, 2001.  The negative bias in SCA1 for the L
band is clearly visible, but the K band bias is much less than on September 18.

The MTI WST was obtained from a region of interest, ROI, centered at the buoy location on the MTI WST
image. The ROI contains between 50 to 250 pixels. The OSU buoy was located on the MTI images by
drawing straight lines between the 8 landmarks shown in Fig. 1.  Note that the 4 intersecting pairs of lines
yield a total of 6 estimates of the buoy location.  These points were separated by up to 100 meters.
However, since the OSU buoy was positioned on the average of the 6 intersections, the uncertainty in the
buoy location is ~20 meters.

In some cases the OSU buoy was located near the intersection of two SCA’s, or the WST image did not
include the part of the lake with the OSU buoy.  In these cases the ROI was located as close to the buoy as
possible, and the uncertainty in the buoy temperature was increased accordingly.  These special situations
are summarized below.

Sept 4, 2000 :  The intersection of SCA’s 1 and 2 occurred near the buoy.  The ROI was selected ~500 
meters west of the buoy location.

Jan 17, 2001  The east side of the lake was not imaged.  The MTI ROIwas about 500 meters west of the 
OSU buoy location.

Feb 2, 2001:  The east side of the lake was not imaged.  The MTI ROI is ~1 km west of the OSU buoy.

Aug 12, 2001:  In this nighttime image the buoy is in SCA 1 and the ROI was positioned in the middle of 
the lake in the eastern side of SCA 3, 1 km from the buoy.

Sept 6, 2001:   Extreme banding near the buoy is apparent in the image.  The MTI temperature was 
chosen ~500 meters east of the buoy.

Dec 21, 2001:  The buoy is located at the SCA 1 and SCA 2 boundary.  The MTI temperature was selected 
~500 meters east of the buoy.
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Mo Dy Yr D/N IM# Tim %, loc T Pr SBE Mini Bulk SCA1 SCA2 SCA3 S2/S3   skin      Bulk   RMS  RMS

+wrm -skn+wrm skn+wrm  Bulk

6 16 00 D 0018796 20:23 90,west 5.5 N N 5.5 4.2 4.2 -0.2 5.3 1.21 1.69

6 16 00 D 0018803 20:25 90,west 5.5 N N 5.5 5.5

6 17 00 D 0018874 20:32 90,west 6.5 N N 6.5 7.4 7.4 -0.7 5.8 2.56 0.81

6 17 00 D 0018881 20:33 90,west 6.1 N N

6 28 00 D 0019543 20:28 70,west 12.5 N N 12.5 16.5 16.5 0.2 12.7 14.44 16.00

6 28 00 D 0019550 20:30 90,west 12.5 N N

8 13 00 D 0023444 20:22 100 16.15 16.1 16.2 16.15 15.7 15.7 -0.7 15.45 0.06 0.20

8 13 00 D 0023451 20:20 100 16.15 16.1 16.2

8 25 00 D 0026674 20:18 100 15.7 N 15.6 15.6 15.1 15.1 -0.6 15 0.01 0.25

8 25 00 D 0026681 20:20 100 15.7 N 15.6

9 18 00 D 0029474 20:11 100 15.1 N 15.1 15.3 14.4 14.4 -0.9 14.4 0.00 0.81

9 18 00 D 0029481 20:13 100 15.1 N 15.1

5 3 01 D 0103952 19:30 100 3.9 3.9 4.1 3.9 4.1 4.1 -1 2.9 1.44 0.04

5 25 01 D 0104279 19:36 100 9.8 9.8 9.2 9.2 9.7 9.7 -0.7 8.5 1.44 0.25

7 27 01 D 0105387 19:22 75,south

11 7 01 D 0107522 19:09 100 8.55 8.55 N

12 21 01 D 0108174 19:04 100 4.1 4.1 N 4.1 6.5 6.5 -0.6 3.5 9.00 5.76

9 4 00 N 0027640 09:10 95,east 13.5 N 13.4 13.4 11.3 11.3 -1 12.4 1.21 4.41

9 4 00 N 0027647 09:11 10,east 13.5 N 13.4

1 17 01 N 0101349 08:38 50,east 3.9 3.9 3.9 3.9 -0.2 -0.2 -1.2 2.7 8.41 16.81

2 2 01 N 0101714 08:31 50,east 3.7 3.7 3.7 3.7 -0.5 -0.5 -0.4 3.3 14.44 17.64

2 20 01 N 0102226 08:45 70,east 3.7 3.7 3.7 3.7 2.4 2.4 -0.5 3.2 0.64 1.69

8 12 01 N 0105773 08:03 80,west 16.5 16.5 16.5 16.5 15.4 15.8 15.8 -0.8 15.7 0.01 0.49

9 6 01 N 0106342 08:07 100 14.5 14.5 14.5 14.5 10 12.2 12.2 -1.2 13.3 1.21 5.29

9 6 01 N 0106343 08:09 100 14.5 14.5 14.5

11 7 01 N 0107521 08:38 100 8.55 8.55 N 8.55 8.8 8.8 -1.2 7.35 2.10 0.06

2 24 02 N 0109074 07:32 90,clds 3 3 N 3 3.4 3.4 -0.4 2.6 0.64 0.16

2 24 02 N 0109075 07:34 90,clds 3 3 N

2 26 02 N 0109242 07:32 100 3 3 N 3 2.3 2.3 -0.6 2.4 0.01 0.49

2 26 02 N 0109243 07:34 100 N

AV 9.139 8.28 8.44 1.81 2.01

Table 5:  MTI and ground truth data. Temperatures in �C.

IM# MTI image number
Time Image time, GMT
%,loc Percent of lake covered by image and sector imaged, if less than 100%.
T Pr OSU T Probe temperature
SBE OSU Seabird (SBE 99) sensor
Mini Hugrun-mini temperature
Bulk Ground truth temperature used for comparison with MTI (Mini or T Probe).
SCA1 MTI robust temperature retrieval from SCA1 at the OSU buoy
SCA2 MTI robust temperature retrieval from SCA2 at the OSU buoy
SCA3 MTI robust temperature retrieval from SCA3 at the OSU buoy
SCA2/SCA3 Either SCA2 or SCA3 temperature
Skn+Wrm Warm/cold layer adjustment to the bulk temperature
Bulk-skin+wrm Ground truth temperature corrected for skin depression and warm (cold) layer.
RMS skin+wrm Squared difference between SCA2/SCA3 and bulk-skin+warm temperature.
RMS bulk Squared difference between SCA2/SCA3 and bulk temperatures.
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Table 6: Variables used in the skin temperature calculation

IR dwn  = Hemispheric average downward radiation. (Calculated with Modtran, values increased by
10% to account for radiance from the Crater rim)

IR up     = Upward IR radiation from the water = emmisv*sigma*Temp4

emmisv  =         emmisivity of water (0.97)
T air   =   Air temperature at 2.5 meter above the water ( °C)
RH = Relative humidity at 2.5 meters above the water ( %)
Bulk = Bulk water temperature (10 cm deep, °C)
Speed = Wind speed (m/s)
Ustar = Friction velocity (m/s)
Hs = Sensible heat flux (watts/m2)
Hl = Latent heat flux (watts/m2)
Delta = Skin temperature thickness (mm)
Skin = Calculated skin temperature depression °C

Mo Dy Yr D/N Tim IR dwn IR up T air RH bulk speed ustar Hs Hl delta skin
6 16 00 D 20:23 160 330 9.5 60 5.5 9 0.35 -63 40 0.7 0.2
6 17 00 D 20:32 160 331 11 55 6.5 1.5 0.05 -11 6 3.6 1.1
6 28 00 D 20:28 160 361 17.5 60 12.5 0.6 0.02 -7 25 2.5 0.9
8 13 00 D 20:20 160 382 15 45 16.1 4.5 0.16 4 133 1.1 0.7
8 25 00 D 20:18 160 379 12 48 15.7 5 0.19 30 161 0.9 0.7
9 4 00 N 09:10 160 366 3 88 13.45 3 0.13 70 90 1.4 0.9
9 18 00 D 20:11 160 15.1 1.2
1 17 01 N 8:38 140 318 -1.5 57 3.9 1.2 0.05 16 24 3.2 1.2
2 2 01 N 8:31 140 321 -0.5 90 3.7 7 0.28 50 51 0.9 0.4
2 20 01 N 8:45 140 320 -1.5 91 3.7 7 0.28 64 58 0.9 0.5
5 3 01 D 19:30 170 326 5 45 4.1 2.5 0.06 -6 16 3.5 1.1
5 25 01 D 19:36 170 349 14 70 10 1 0.03 -8 1 2.8 0.9
8 12 01 N 08:03 170 385 15.5 80 16.5 0.5 0.03 -1 11 2 0.8
9 6 01 N 08:07 160 371 4 75 14.5 2 0.09 56 86 1.6 1

11 7 01 N 08:38 155 342 0.5 62 8.6 2.5 0.11 44 62 1.9 1
12 21 01 D 19:04 140 323 -2 85 4 6 0.25 105 61 1.1 0.6
2 24 02 N 07:34 140 318 -1.5 90 3 10 0.42 81 71 0.6 0.4
2 26 02 N 07:34 140 317 0 70 3 5.5 0.21 25 48 1.3 0.6
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Date D/N Sensor Max Wind Bulk
 Adj

Wrm/
Cld

skin total

6/16/00 D T Pr 0 9 0 0 -0.2 -0.2
6/17/00 D T Pr 1.5 1.5 0.3 0.1 -1.1 -0.7
6/28/00 D T Pr 5.0 0.6 1.0 0.1 -0.9 +0.2
8/13/00 D Mini 0 4.5 0 0 -0.7 -0.7
8/25/00 D Mini 0.6 5 0.05 0.05 -0.7 -0.6
9/4/00 N Mini NA 3 0 -0.1 -0.9 -1.0
9/18/00 D Mini 2.5 NA 0.1 0.2 -1.2 -0.9
1/17/01 N Mini NA 1.2 0 0 -1.2 -1.2
2/2/01 N Mini NA 7 0 0 -0.5 -0.4
2/20/01 N Mini NA 7 0 0 -0.5 -0.5
5/3/01 D Mini 0.5 2.5 0 0.05 -1.1 -1.0
5/25/01 D Mini 2.0 1 0.1 0.15 -0.9 -0.7
8/12/01 N T Pr NA 0.5 0 0 -0.8 -0.8
9/6/01 N T Pr NA 2 0 -0.2 -1.0 -1.2
11/7/01 N T Pr NA 2.5 0 -0.2 -1.0 -1.2
12/21/01 D T Pr 0 6 0 0 -0.6 -0.6
2/24/02 N T Pr NA 10 0 0 -0.4 -0.4
2/26/02 N T Pr NA 5.5 0 0 -0.6 -0.6
Table 7: Summary of adjustments to the bulk temperature to determine the surface temperature

Daytime adjustments Nighttime adjustments, Fall season only

Bulk adjustment(T Probe)  = 0.20 x Max Cool adjustment(T Probe)  = -0.2C
Bulk adjustmnet(Mini)       = 0.05 x Max Cool adjustment(Mini)       = -0.1C
Wrm adjustment                 = 0.07 x Max

Max =     Daytime temperature maximum (°C)
Wind =     wind speed (m/s)
Bulk Adj =     adjustment to the bulk temperature (°C)
Wrm/Cld =     adjustment to the layer between 10 cm and the surface (°C)
Skin =     skin temperature depression (°C )
total =     total adjustment to the bulk temperature  (°C)
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Table 8:  Uncertainty in the ground truth data, in deg  C.  The entries in bold face were chosen based
on the discussion in Section 4.

Sensor Uncer      = Uncertainty in the T Probe or Seamon Mini
Bulk Uncer          = Uncertainty in the bulk (10cm) temperature. (greater of 20% of the daytime T Probe

maximum, or 0.1C: See Section 4.1)
W/C Uncer = Unceratainty in the warm/cold layer.
Skin Uncer = Uncertainty in the skin temperature depression = 0.3 x skin depression
Grad C/km = Gradient of temperature near the OSU buoy at image time (C/km).
Wind = Wind speed (m/s)
dP = Uncertainty in the buoy position  (m)
Sp Uncer = Spatial Uncertainty
Total = Total uncertainty

Date D/N Sensor Sensor Bulk W/C Skin Grad Wind dP Sp Total
Uncer Uncer Uncer Uncer C/km Uncer

6/16/00 D T Pr 0.1 0.1 0.1 0.1 0.5 9 457 0.2 0.30
6/17/00 D T Pr 0.1 0.3 0.1 0.4 2 1.5 108 0.2 0.56
6/28/00 D T Pr 0.1 0.5 0.1 0.3 2 1.5 108 0.2 0.64
8/13/00 D Mini 0.1 0.1 0.1 0.3 0.5 4.5 238 0.1 0.37
8/25/00 D Mini 0.1 0.1 0.1 0.2 0.4 5 262 0.1 0.28
9/4/00 N Mini 0.1 0.1 0.1 0.3 0.5 3 500 0.3 0.43

9/18/00 D Mini 0.1 0.2 0.1 0.4 0.5 1 93 0.0 0.47
1/17/01 N Mini 0.1 0.1 0.1 0.4 0.5 1.2 500 0.3 0.50
2/2/01 N Mini 0.1 0.1 0.1 0.1 0.5 7 1000 0.5 0.54

2/20/01 N Mini 0.1 0.1 0.1 0.1 0.5 7 359 0.2 0.27
5/3/01 D Mini 0.1 0.1 0.1 0.4 0.5 2.5 147 0.1 0.44

5/25/01 D Mini 0.1 0.2 0.1 0.3 2 1 93 0.2 0.43
8/12/01 N T Pr 0.1 0.1 0.1 0.3 2 0.5 500 1.0 1.06
9/6/01 N T Pr 0.1 0.1 0.1 0.4 1 2 500 0.5 0.66

11/7/01 N T Pr 0.1 0.1 0.1 0.3 0.5 2.5 147 0.1 0.35
12/21/01 D T Pr 0.1 0.1 0.1 0.2 0.5 6 500 0.3 0.36

2/24/02 N T Pr 0.1 0.1 0.1 0.1 1 10 506 0.5 0.54
2/26/02 N T Pr 0.1 0.1 0.1 0.4 1 1.5 108 0.1 0.45

Av 0.48
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4.1 Uncertainty analysis

The uncertainly in the observed surface water temperature near the OSU buoy is strongly dependent on the
wind speed and solar heating. As discussed in Section 3.3, a useful measure of these effects is the daytime
maximum in the bulk temperature. This variable will be used for both the temporal and buoy-related
uncertainty

Sensor accuracy:  As noted in Section 3.1 and 3.2, both the Seamon-Mini and the T Probe have an absolute
accuracy of  0.1C.

Bulk water correction:  The OSU T Probe can differ from the instantaneous open water bulk water
temperature because of buoy effects and temporal averaging. This uncertainty can be estimated by
calculating the standard deviation of the Seamon Mini 15-minute temperatures with respect to one-hour
averages and relating this to the daytime maximum.  Analysis of July 2000 data indicates that the standard
deviation was ~20% of the diurnal maximum.  This relationship was assumed for the uncertainty in
daytime T Probe values.  For all other times, an uncertainty of 0.1C was assumed for both the Mini and T
Probe.

Warm/cold layer formation:  The warm layer correction was estimated to be as large as 0.3C for the Mini
and 0.1C for the T Probe and nighttime cooling was 0.1 to 0.2C. We estimate this uncertainty to be 0.1C.

Skin temperature:  The uncertainty in the skin temperature calculation will increase with the magnitude of
the skin depression.  The results at Crater Lake on Sept 15/16 indicated a variation of ~0.2C for a skin
depression of ~0.7C.  This implies an uncertainty of 30% of the depression.  We will assume this
relationship for the other days as well.

Spatial Variability:  Spatial variability is caused by uncertainty in locating the buoy in the MTI WST image
and because the buoy’s location varies with the wind and lake currents. We must also take into account the
special cases discussed in Section 4 where the ROI was up to 1km away from the buoy.   As discussed in
Section 4.0, the uncertainty in the buoy location on the MTI image is  20m.  However, the movement of the
buoy from the wind speed and current can be as large as 500 meters (personal communication with R.
Collier of OSU ).  We assume a minimum uncertainty of 50 meters and a wind speed-dependent component
of 500 meters for a wind speed of 10 m/s.  The uncertainty in the buoy location is then the square root of
the variances of the three components.  For cases in Section 4.0, where the ROI was separated from the
buoy location, we have used the separation distance as the location uncertainty. The temperature gradient is
estimated from Figures 23 - 40 and is listed in Table 8.

Spatial var =  (dT/ds) * dP     (2)

where dP = sqrt(202    +  502  +   (sp*50)2  )

The uncertainty in the ground truth temperatures for the 18 images varies between 0.3C and 0.6C, with an
average of 0.5C.  Note that this uncertainty includes a small component due to errors in locating the buoy
on the MTI image, i.e., it is not a ground truth uncertainty.

An average uncertainty of 0.5C is slightly larger than calculated for Nauru because of the greater  spatial
and skin variability.

5. Results

Table 5 shows the MTI temperatures derived with the robust WST retrieval near the OSU buoy and the
corresponding ground truth temperatures at the buoy.  The MTI water surface temperatures are compared
with the bulk water temperatures (uncorrected) in Fig 44 and with the adjusted values in Fig. 45.  The RMS
difference between the MTI and the bulk temperature is 2.0C with an MTI bias of -0.9C. When the bulk
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water temperatures is corrected for skin and the warm/cold layer, the RMS error and bias are reduced to
1.9C and –0.1C, respectively.  These results contrast with Nauru where the RMS and bias were ~1.2C and
~0.7, respectively.

Figs 44 and 45 show no significant functional dependence of the MTI retrievals on the surface temperature.
In addition, the small bias in the MTI temperatures suggests that sub-visible cirrus are much less common
at Crater Lake than in the tropics.

Figures 44 and 45 distinguish between day (SCA3) and night (SCA2) results.  A daytime positive MTI bias
is apparent for both bulk and adjusted buoy temperatures. This may reflect a difference between SCA’s 2
and 3 since the daytime results are mainly from SCA 3 and the nighttime results are from SCA2.  The
Nauru study found a 0.3C positive bias of SCA3 with respect to SCA2. This accounts for some of the
larger RMS in the present study compared with the Nauru results.

Since the estimated error of the ground truth is 0.5C, the RMS attributed only to MTI is 1.7C.  This is
mainly attributable to three data points, which account for ~60% of the variance.  Two of these points are
January 17 and February 2 of 2001, when the MTI temperature (0.2C and –0.5C, respectively)  was ~4C
less than the ground truth.  The third point is June 28, 2000 when the MTI temperature was 4C greater than
the ground truth.

The low MTI temperatures on Jan 17 and Feb 2 may be the result of ice on the surface of the lake.
According to Robert Collier of OSU, ice can form with light winds but breaks up when the wind increases.
The wind speed on the 1/17, 2/2, and 2/20 at image time was 1.2, 7.0 and 7.0 m/sec, respectively, which
suggests that ice was not present on Feb 2 and Feb 20. Ice is also unlikely on Jan 17 because the wind
speed was greater than 4 m/s only four hours before the MTI image.  Further evidence against ice on the
lake is shown in Fig. 46, which shows the water temperatures, air temperature and wind speed for Jan 13 to
Feb 5.  This figure shows minima in buoy temperatures and good correlation between the air and water
temperatures during periods of light winds, when mixing of the top layer of the ocean is weak.  This is not
consistent with an insulating cover of ice.

A better understanding of the differences between Jan 17/Feb 2 and Feb 20 is possible by comparing the
the brightness temperatures of the IR bands for the three nights, shown in Fig 47.  Also shown in the figure
are the WST’s at the OSU buoy (Table 5) and the MTI-derived temperatures.  (As shown in Figures 30 and
31, the MTI temperatures on Jan 17 and Feb 2 are actually 1 and 1/2 km west of the buoy, but the
temperature gradient on the east side of the lake was small on both days.)

The reason why the Feb 20 MTI retrieval is 2.5C warmer than on the other days is explained by the
brightness temperatures and the robust coefficents shown in Fig. 3. Note that the L and M brightness
temperatures on Feb 20 (multiplied by negative coefficients) are significantly smaller than the N band
brightness temperature.  This result is in contrast to the Jan 17 and Feb 2, and accounts for the significantly
larger inferred temperature.

Differences between the three days can also be seen in the Medford, OR soundings for 12Z on each day,
shown in Figs. 48-50.  The Jan 17 and Feb 2 soundings both exhibit Pacific maritime properties with a
warm layer between 400 and 700mb and a cool surface layer.  In contrast, the Feb 20 sounding is more
characteristic of continental winter air with a much cooler middle troposphere It is also more consistent
with the Modtran simulations used to develop the coefficients in the robust algorithm.

Another curious feature of Fig. 47 is the very small temperature difference between the L band brightness
temperatures and the adjusted surface temperature on Feb 2 and Feb 20 (0.7-1.0C) which suggests a very
high transmissivity for these nights.  This may be due to the large skin temperature depressions calculated
with Eq 1(-0.5C) despite the brisk 7m/s winds.  SRTC experience at other fresh water lakes is consistent
with skin depressions of ~0.2C for comparable winds.  Hence, ground truth temperatures of 3.5C instead of
3.2C are more likely on these two days, with a corresponding 1C to 1.3C difference between the L band
brightness and the surface temperature.
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The other anomalous data point shown in Figs. 45 and 46 is the 16.5C MTI temperature on June 28, 2000,
which is 4 degrees warmer than the corrected buoy temperature of 12.5C, and 8 degrees warmer than the
MTI temperature on June 17, of 2000.  June 28 was an unusual day because of the positive adjustment to
the T Probe temperature (+0.2C, Table 7) and the large uncertainty (Table 8), based on the light winds and
5C daytime maximum in the T Probe temperature.  This day is similar to July 9 and 10, 2000 (Fig. 5) where
the daytime T Probe maximum was 3.2 and 3.5C, respectively, and the Mini temperature was up to twice as
great.  Thus, it is possible that the water surface temperature may have been several degrees warmer than
the 12.5C measured at image time by the T Probe.

We can summarize this discussion by calculating a revised RMS error for the MTI robust WST retrieval. If
we assume uncorrelated random errors, the RMS of 1.7C can be reduced by subtracting the ground truth
error (0.5C) and deleting the June 28, 2000 data point which accounts for 30% of the total variance (Table
6). With these two adjustments the variance due to the MTI alone is reduced to 1.3C, which is slighly
greater than found at Nauru.  We attribute the greater RMS at Crater Lake to larger atmospheric variability
than contained in the Modtran simulations used to calculate the robust coefficients, and also to the small
number of pixels that make up the MTI averaging areas at Crater Lake.  These small areas are comparable
to the width of the MTI bands and result in greater variance in the MTI temperatures than found with the
much larger averaging areas used at Nauru.
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Fig. 1: Crater Lake showing the location of the OSU buoy and landmarks to locate
region of interest

Fig. 2: The Oregon State University Crater Lake Buoy
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T<300K and merged values for 300K-315K.  From Atkins et al. (2001)
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Fig. 16: As in Fig .7 but for May 3, 2001.
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Fig 17: as in Fig. 7 but for May 25, 2001.
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Fig 18: As in Fig. 7 but for Aug 12, 2001.
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Fig 19: As in Fig. 7 but for Sept 6, 2001.
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Fig. 20: As in Fig. 7 but for Nov 7, 2001.
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Fig 21: As in Fig. 7 but for Dec 21, 2001.
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Fig 22:  As in Fig. 7 but for Feb 23-26, 2002.
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Fig. 23:  Robust WST on June 16, 2000.

Fig. 24:  Robust WST on June 17, 2000.
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Fig. 25: Robust WST on June 28, 2000.

Fig. 26: Robust WST on Aug 13, 2000.
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Fig. 27: Robust WST on August 25, 2000.

Fig. 28: Robust WST on Sept 4, 2000.
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Fig. 29: Robust WST on Sept 18, 2000.

Fig. 30: Robust WST on Jan 17, 2000.
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Fig. 31: Robust WST on Feb 2, 2001.

Fig. 32: Robust WST on Feb 20, 2001
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Fig. 33: Robust WST on May 3, 2002.

Fig. 34: Robust WST on May 25, 2001.
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Fig. 35: Robust WST on August 12, 2001.

Fig. 36: Robust WST on Sept 6, 2001.
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Fig 37: Robust WST on Nov 7, 2001.

Fig 38: Robust WST on Dec 21. 2001.
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Fig 39: WST on Feb 24, 2002

Fig 40: Robust WST on Feb 26, 2002
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Fig 42:  Radiances corresponding to the WST in Fig. 41.
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Fig 43: Radiances on May 3, 2001
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Fig 44: MTI vs. bulk temperature
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Fig 45:  MTI vs corrected buoy temperature
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Fig 46: OSU buoy data Jan 13, 2001 to Feb 5, 2001.
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Fig. 48: Rawinsonde for Medford, OR on Jan 17, 2001 at 12z.

 Fig. 49: Rawinsonde for Medford, OR on Feb 2, 2001 at 12z
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Fig. 50: Rawinsonde for Medford, OR on Feb 20, 2001 at 12


