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Validation Data for Land Surface Temperature
Determination from Satellites

A.J. Prata

CSIRO, Division of Atmospheric Research,
Private Bag 1, Mordialloc, VIC 3195, Australia

Abstract

There has been a paucity of appropriate ground-truth data for validating satellite estimates
of land surface temperatures, due mostly to the difficulties associated with obtaining repre-
sentative surface temperatures over an area comparable in size to that from a satellite measure-
ment (typically about 1 km? in area). For the express purpose of obtaining ground-truth data,
field experiments were set up in two semi-arid regions of Australia. The data from these field
experiments are reported here in the form of tables. The tables contain ground-truth surface
temperatures, satellite brightness temperatures, and the relevant satellite and solar geometries.
A description of the sites, the measurement techniques and accuracies, and some climatological
variables are also provided.

1. Introduction

For the last few years a field experiment has been conducted to validate satellite derived
land surface temperatures (LSTs). This work has involved devising novel field equipment to
obtain representative spatial information for comparison with satellite radiometer data. New
LST algorithms have been formulated and a system - CSIRO Intelligent Data Acquisition and
Telemetry network (CSIDAT) has been developed for measuring in situ temperatures over
large areas (up to 15x15 km?),

Routine land surface temperature measurements from satellites are not available because of
difficulties in determining atmospheric effects and surface effects (e.g. emissivities) which
cause pertutbations to the infrared measurements.

Techniques for deriving LSTs from the Advanced Very High Resolution Radiometer
(AVHRR) (e.g. the split-window method) are applicable over the land if the surface emissivity
and its spectral dependence in the infrared window are both known (Prata, 1993). To determine
the accuracy of the satellite LST estimates they must be validated against in situ or ground-
based remotely sensed measurements. Meteorological stations routinely make air temperature
measurements at about 1.5 m above the surface. These data cannot be used to validate the
radiometric surface temperature that a satellite infrared radiometer measures because often
there are very large temperature gradients between the surface and the first few metres of the
atmospheric boundary layer.
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In the past, the in situ measurements have been made using ground-based wide-band (8-14
pm) radiometers. The radiometer is typically mounted a few metres above the surface and
measures an area of the surface a few metres in diameter. For most natural surfaces, the scale
of temperature and emissivity variability is from a few centimetres up to many kilometres and
so the ground based radiometric measurement may be quite unrepresentative of the satellite
measurements.

An alternative approach is to use contact thermometers which measure the thermodynamic
temperature rather than the radiometric temperature. This measurement, although closer to the
“true” surface temperature is difficult to make because good contact is very hard to achieve in
practice. The approach taken here is to place a sufficient number of contact solid state tempera-
ture transducers over a large area (= 1 km?), and use the average temperatures to compare with
the satellite measurements. A description of the method used to obtain the validation data and
tabulations are provided in this report.

Climatological values of the relevant atmospheric parameters and some limited emissivity
measurements are provided for the sites to allow users of the validation data to test and develop
models for LST estimation.

2. Experimental procedures

Over the land, temperature variability is high (several degrees Celsius per metre or more
may be typical), and it is necessary to make temperature measurements at several locations
within the field-of-view of the satellite radiometer to make meaningful comparisons. With this
is mind, a system has been devised that can be deployed over a large area and can operate
automatically with little maintenance. The basic equipment consists of a central site with a
capability of accepting up to 32 channels of data, an ARGOS transmitter and a back-up data
store. The site is self-contained and powered by batteries that are recharged using solar panels.
Eight “satellite stations” are connected to the central site via underground cables. Each satellite
station is instrumented and collects data which are relayed back to the central site. The satellite
stations can be many kilometres from the central site:- the distance being limited by the practi-
cality of the underground cabling®. At the central site the data are collected, compressed and
put into a form suitable for transmission to the ARGOS system on board the NOAA satellites.
This strategy ensures that the in situ data are simultaneous with the AVHRR measurements.
With two satellites operational, a system deployed at a mid-latitude location can relay about 12
kbits of data per day. The data are received locally via a satellite reception facility and are
available for analysis usually within 30 minutes of the overpass.

Because of its great flexibility, CSIDAT can be used in a variety of situations for monitoring
several surface variables simultaneously. For example, measurements are being made of sur-
face and air temperature, incoming solar radiation, reflected solar radiation, downwelling
longwave radiation and wind speed at the same large site to infer the net surface radiation. A
cellular telephone and modem can also be added, and optionally used as an alternative to using
the ARGOS satellite system. The equipment described here has been deployed at two remote
locations in Australia. These sites are briefly described in the following two subsections.

An improved system, using radio frequency communication rather than underground cabling has recently been de-
vised (see Prata et al., 1992).
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2.1 The Walpeup site

The site is located in NW Victoria (35°11°58"S, 142°03’51"E) in a wheat growing area. The
climate is quite dry and the region is described as semi-arid (see Table 1).

The paddock chosen for deployment of the field instruments is on flat terrain of uniform
surface composition, and consequently the spatial temperature variability is very low. Figure 1
(front cover) shows an AVHRR image of the region. Eight satellite stations and a central site
were deployed measuring surface and air temperatures. Underground cabling was used at this
site. Over the years the field has been ploughed bare, sown to wheat, then to barley and also has
lain fallow. Measurements were made during the period March 1990 to July 1992. Figure 2
shows the central site within the large paddock when a mature crop of wheat was growing.
Figure 3 depicts the configuration of the sensors at Walpeup. Further details concerning this
site may be found in Prata et al. (1990).

Figure 2. Photograph of the central site within the wheat paddock at Walpeup, NW Victoria.
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Figure 3. Sketch map showing the locations of the field instruments within the paddock at
Walpeup, NW Victoria. The electronics boxes are numbered from A (central site) to I (NE
site); each box controls two sensors. A total of 25 channels of data can be recorded: 18 chan-
nels measure temperatures at the surface or in the air; 7 channels record underground tempera-
tures at the central site. The underground cabling is shown by the solid lines between the
instrument boxes.

2.2 The Hay site

A CSIDAT system has also been deployed on the Uardry sheep station near the town of Hay
in New South Wales, Australia. The climate of the region is very similar to that at Walpeup.
Rainfall occurs mostly during the winter months, while the summers are hot and dry (see Table
1). The Murrumbidgee river flows east-west across the region about 10 km south of the field
site. Like the Walpeup site, the spatial temperature variability is low.

This uniform site was selected by looking at clear nighttime AVHRR images of the area. A
preliminary site was selected, and then a field trip undertaken to make a further assessment of
the suitability of the site. The final locations of the instruments were made on the basis of
ground cover, access and distance from obstructions. The instruments were deployed in the
configuration of a cross with maximum length of 1 km, and RF communication was used.
Table 2 shows the instruments used and their location.

At this site measurements are being made to infer the net radiation at the surface. An up-
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ward looking pyranometer measures the downcoming solar flux, while three downward look-
ing pyranometers measure the reflected flux. An upward looking pyrgeometer measures the
downwelling longwave flux. Temperature transducers measure the ground temperature and air
temperature at 1.0 m and two anemometers measure the wind speed at 3.0 m. The radiation
instruments are mounted at the top of a mast 4 m high or at the end of a long boom about 3 m
from the ground. These radiation measurements will not be reported here.

Data samples from the system are obtained at a rate compatible with ARGOS transmissions
(i.e. every 200 s) and are logged to a data-logger every 5 minutes. During the satellite overpass,
256 bits of information are transmitted to the satellite every 200 s. The samples are tagged by
site number and time stamped. All 9 stations are sampled within the 200 s time window. Be-
cause samples are logged every S min, it is possible to use these data to validate the Along
Track Scanning Radiometer (ATSR) measurements (see section 4.3).

2.3 Temperature transducers

The devices used for measuring in situ temperatures are AD592 solid state temperature
transducers. The AD592 is a two terminal monolithic integrated circuit temperature transducer
that provides an output current proportional to absolute temperature. The range of applicability
of the device is -25° to +105°C. Once calibrated and trimmed, the AD592 is capable of a
temperature measurement accuracy of 0.1°C, has a nonlinearity error of 0.1°C and a repeatability
of 0.1°C per month. The typical response time of the device mounted on the surface of sand is
10-20 s. However, after potting and mounting, the measured response time is in the range 30-60
s. Photographs of the sensors mounted on the ground at Hay may be seen in Figure 8.

For use in the field, the sensors are mounted in plastic sleeves and potted in solastic cement
to prevent water from reaching the electrical connections. The sensing surface area measures
approximately 25 mm?2, and the devices are secured to the surface by thin metal wires to avoid
movement. No attempt has been made to ensure that the sensing surface (coloured black) has
the same shortwave albedo and longwave emissivity as the surface being measured. Differ-
ences in albedo have been investigated by covering the sensor with highly reflective aluminium
foil. Results from these experiments demonstrate that large differences (up to a few °C) can
occur during the day when the sun is shining, but negligible differences are observed at night.
These experiments are reported in Prata (1994b).

3. Satellite data

The satellite data used in this study are derived from the AVHRRSs on board the NOAA
polar orbiting satellites and from the ATSR on board the polar orbiting ERS-1 satellite. Table 3
lists some of the characteristics of the AVHRR and ATSR relevant to this work.

AVHRR data are received locally in Melbourne and are processed using standard tech-
niques (e.g. Planet, 1988). Nonlinearity corrections have been applied to channels 4 and 5
according to the look-up tables supplied by NOAA-NESDIS. A new scheme based on coeffi-
cients supplied by Dr Otis Brown (private communication) has recently been implemented. For
the temperatures encountered at the field sites, the new scheme differs little from the NESDIS
scheme. For consistency, all of the validation data presented in this report employed the new
nonlinearity correction scheme.

Cloud detection was performed using thresholding for the infrared channels during the night
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and for all channels, except channel 3, during the day. Additionally, statistics (mean and vari-
ance) of 3x3, 5x5 and 7x7 pixel blocks centred on the pixel closest to the field site were de-
rived. These were used to check the spatial uniformity of the data. Data with a large channel 4
infrared variance (>3.0°C? over 3x3 pixels) were immediately rejected. Nighttime data over
land present the most difficult situation in which to detect cloudy pixels. For these cases, the in
situ data have been used to assist in cloud detection. Whenever the in situ data are larger than
the AVHRR channel 4 brightness temperatures by 8°C or more it is assumed that the pixel is
cloudy. This test is based on the assumption that water vapour effects during the night are
smaller than those during the day and from the fact that an analysis of cloud free daytime data
shows that the in situ measurements never exceed the channel 4 brightness temperatures by
more than 8°C. Nevertheless, it is not possible to be certain that some pixels in the nighttime
data are not cloud contaminated. This highlights the need for improved nighttime cloud detec-
tion algorithms.

Accurate navigation of the data was achieved using ground control points (gcps). A general
purpose satellite navigation software package was first used to locate the pixels on the earth’s
surface, and then gcps were used to adjust the image data linearly in latitude and/or longitude.
This process was performed manually on each image to ensure an accurate navigation (subjec-
tively). The largest discrepancies were usually in the along track direction (latitude) amounting
to 5-10 pixels. The gcps were selected close to the field site around lake boundaries or bends in
prominent rivers. The image shown on the Front Cover includes some of the features used to
obtain accurate image navigation. For the Walpeup site, three lake boundaries near to the site
were digitised and used to check navigational accuracy. For the Uardry site, a portion of the
Murrumbidgee river, just south of the site, and two prominent features (marked by plus signs
on the image) on lakes to the NE and NW of the site were digitised. The final rms geolocation
accuracy of the image pixels close to the field site was estimated to be better than 1 pixel.

4, Tabulations

AVHRR validation data for both sites are presented in the form of Tables. Each table con-
sists of up to 10 columns. These are:

« the date, in the format Day/Month/Year

* the time, in Universal Time (UT) Hours:Minutes

* channel 3 AVHRR satellite brightness temperature T, in °C

» channel 4 AVHRR satellite brightness temperature T, in °C

» channel 5 AVHRR satellite brightness temperature Ts, in °C

» spatially averaged in situ air (or crop-top) temperature T, in °C
» spatially averaged in situ vegetation temperature T, in °C

* spatially averaged in situ ground temperature T, in °C

« surface satellite zenith angle ¢, in degrees

* solar zenith angle y in degrees.

The ATSR validation data-set contains four satellite brightness temperatures, the appropri-
ate averaged in situ ground/vegetation/air temperature and the relevant angles. The in situ data
are simple averages of the individual measurements at each site: 9 at Walpeup for the air (crop-
top) and the bare soil surface, and 2 air temperatures; 5 vegetation/soil temperatures and 4 bare
soil temperatures at the Hay site.
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Some tables will not contain the solar zenith angle (nighttime data), and some tables will
not contain the air (crop-top) or vegetation temperature.

The estimated instrumental rms accuracies of the data are £0.4 °C for AVHRR satellite
brightness temperatures, £0.2°C for ATSR brightness temperatures, and +0.2 °C for the in situ
data. A quantitative error analysis for the satellite and in situ measurements has been carried
out and is described in Prata (1994b). The analysis indicates that the largest absolute differ-
ences between the satellite and in situ data due to error sources should not exceed 3.3°C.
Absolute differences less than 0.4°C are indistinguishable from the inherent instrument noise.

The times given are the satellite overpass time for the pixel closest to the field site. The in
situ data were obtained within 3 minutes of this time, except for the ATSR validation data at
Walpeup for which the data are interpolated from measurements made within 1 hour of the
ATSR overpass time.

4.1 Walpeup validation data-sets

Tables 4-11 present the validation data for the Walpeup site. Table 4 lists the data for the

(®)

Figure 4. (a) Bare soil surface (ploughed ficld) at Walpeup, in March, 1990. (b) Temperature transducer
on the sandy soil at Walpeup during March, 1990. The transducer may be seen at the base of the alu-
minium pole that was used for mounting the sensor to measure crop-top temperatures in the wheat crop
(see Figures 5(b) and 6(b)).
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field site when it was bare. Figure 4(a) shows the appearance of the surface at this time and
Figure 4(b) shows one of the sensors placed in the sandy soil.

Tables 5-6 list the data for the field site when it was planted to a crop of wheat. The data are
for a period when the crop was green in colour and the canopy cover was incomplete. Figures
5(a) and (b) show the canopy cover and the sensor placement at one of the eight “satellite”
sites. Tables 7-8 list data for the wheat crop when at full cover (yellow in colour). Figures 6(a)
and (b) show the canopy structure and sensor placement. Finally, Tables 9-11 list data for the
period 28 August 1991 to 30 May 1992, when the field was lying fallow.

®

Figure 5. (a) Canopy cover at Walpeup when the field was sown to wheat during August 1990.
(b) Temperature transducer measuring temperatures at the top of the growing wheat crop.
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Figure 6. (a) Canopy structure of the wheat crop at Walpeup just prior to harvesting during Novem-
ber 1990. (b) Temperature transducer measuring temperatures at the top of the mature wheat crop.

4.2 Hay validation data-sets

The Hay validation data-sets are contained in Tables 12-16. The field site is used for grazing
and no crops are planted. The vegetation goes through a natural cycle of growth during wet
periods and senescence during dry spells (usually during the summer months). The site is not
irrigated. Figure 7 shows one of the measurement locations on the Uardry site and gives a good
indication of the type and structure of vegetation at the field site for most of the period starting
in July 1992 to the present (April, 1994). Figures 8(a), (b) and (c) show the placement of
sensors on the ground at three different locations at the Uardry site.
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Figure 7. Photograph of one of the measurement stations at the Uardry field site during July, 1992.
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(b)

(c)

Figure 8. Photographs of the sensor placements at three measurement locations at the
Uardry field site, Hay. (a) and (b) sensors in sparse vegetation, (c) sensors on bare
ground.
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4.3 ATSR validation data-sets

The ATSR is a conically scanning radiometer which permits two views of the same target
on the earth’s surface separated in time by about 140 s. These views are referred to here as the
nadir view and forward view. The actual surface zenith angles vary with distance from the nadir
across the scan. At the subsatellite point these angles are 0° and 55°. Figure 9 shows the varia-
tion of the surface zenith angle with distance across the scan.

25-"'1""|."'-| T L] S B B A e ™)
(a) Nadir (b) Forward ]
~ 55
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2 ®
e o
g S 54}
e 15 . 2
g g
£ 553
£ 2
§10 E g
= 252- 7
£ b
S g
Z 5l 4 o
L L 51k 3
[+ ] AP TS T I R 11 ] S P T I T |
0 50 100 150 200 250 0 50 100 150 200 250
Across track distance (km) Across track distance (km)

Figure 9. (a) Variation of surface zenith angle with distance across the scan (measured from the
subsatellite point) for pixels on the nadir image. (b) Variation of surface zenith angle with
distance across the scan (measured from the subsatellite point) for pixels on the forward image.

Two tables of ATSR validation data are included here. Table 17 lists the data for the Walpeup
site in September and October 1991 when the field was fallow, and Table 18 lists data for the
Hay site. Note that the in situ data at Walpeup were not synchronised with the ATSR overpass
time, so that the values shown are interpolated values. Since most of the data are for clear
periods during the nighttime, the error introduced due to this interpolation is small.

The ATSR data are preprocessed at the Rutherford Appleton Laboratory, which provides
products consisting of calibrated brightness temperatures for the thermal channels and digital
count values for the 1.6 pm channel. The maximum temperature that can be recorded in the 11
pm nadir channel appears to be 38.95°C (312.10 K). This restriction has limited the number of
validation data points, particularly during the summer months when experience with AVHRR
data has shown that 11 um temperatures can exceed 50 °C. All data (nadir and forward) are
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navigated onto an equispaced grid in units of kilometres across the scan and along the track.
The product sizes are 512 km x 512 km blocks for each image. Further details concerning the
ATSR may be found in Delderfield et al. (1986). The ATSR scan geometry is described in Prata
et al. (1989) and O’Brien and Prata (1990), and the data processing scheme is described by
Bailey (1993).

Figure 10 shows an ATSR 1.6 pm relative reflectance image of the region of Victoria and
NSW which includes both the Walpeup and Hay field sites, and demonstrates that for this
image, the navigational accuracy is as good as that for the AVHRR (=1 km).

Latitude (degrees)

143 144
Longitude (degrees)

Figure 10. ATSR 1.6 pm relative reflectance (arbitrary units) satellite image of Victoria and southern
New South Wales showing the locations of the field sites.
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4.4 Atmospheric parameters

Users of these validation data will find it useful to have coincident atmospheric profile
data. Such data are not available. However, monthly mean climatological data are available.
Rather than provide tables of the profiles, some data reduction has been performed using
LOWTRAN-7, and two tables are provided containing monthly mean values of the tempera-
ture of the lowest profile level, atmospheric transmittances for AVHRR channels 4 and 5 (na-
dir), the y parameter, the downwelling and upwelling radiances for channels 4 and 5, and the
total precipitable water. The derived parameters are defined by the following equations:

atmospheric transmittances for AVHRR channel i

A2
J Ts(Ps;PropsA) Fi(A) dA

L , ¢h)
A
j Fi(A) dA
At
P
’Cs,gas(ps;P)\«) = exp -J kgas(p',T) Pgas(p') sec 6 dp' , 2)
Ps
Ts(Ps;ptopJ\«) = l;l'ts,n(Ps§ptop,7\f) s 3)
Y parameter
—
Yij = ‘Cj-le ) @
atmospheric downwelling radiance for channel i
Ps 7»2
) ?“p‘T“””l dp (V) dA
P
Ryl = 2ot _ ()
1 }‘Q
J Fi(A) dA
M

The atmospheric upwelling radiance R;T is defined in an analogous way to (5).
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The precipitable water is defined as

Ptop
1 Pwy . (6)
g PwvtPair dp
Ps

PW =

The channel number is i, with response function F(A), A is wavelength, A, is the short
wavelength cut-off, A, is the long wavelength cut-off, 0 is the zenith angle for incident radia-
tion, By [T] is the Planck function, p is pressure, py is the pressure corresponding to the highest
level in the profile, p, is the pressure corresponding to the lowest level, T(p) is the temperature
profile, kg, is the absorption coefficient for a particular gas, p is the absorber density (pywy is
the density of water vapour), n is the number of gases contributing in the waveband (A; — A,),
R;l, R;T are the atmospheric downwelling and upwelling radiances, respectively, T; is the total
atmospheric transmittance integrated over the filter response function, g is the acceleration due
to gravity, and PW is the total precipitable water in units of g cm™2.

These data may be used to solve for the surface temperature, T, from a radiance measure-
ment, R;, using the radiative transfer equation

R; = TiRsi+R;T (M
where the surface leaving radiance in channel i is given by
Ry = &:Bi[Ts] + (1-€)Ril. (8)

Table 19 contains data for the Walpeup site, while Table 20 contains the data for the Hay
site. The tabulated data are interpolated from a set of 23 Bureau of Meteorology upper-air
stations (Maher and Lee, 1977; see Prata, 1994a for further details).

4.5 Emissivity data

A few laboratory emissivity measurements were made for the soils found at Walpeup and
Hay. These measurements were made using the ‘gold-box’ method described by Buettner and
Kern (1965) and are directional emissivities (vertical only). Values for wheat (growing and
senesced) are included, based on the measurements of Huband and Monteith (1986). The
emissivity values for Walpeup and Hay are listed in Table 21.
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Tables

Table 1: Mean annual climatological data for the Walpeup and Hay
field sites. The data for Hay are from the Hay Post Office, about 40 km
distant from the field site while those for Walpeup are from the Mallee
Research Station approximately 8 km distant from the field site.
(Adapted from Climatic averages Australia, 1988.)

Parameter Walpeup Hay
Mean annual precipitation (mm) 343 365
Rain days 95 65
Daily maximum air temperature (°C) 23.2 24.1
Daily minimum air temperature (°C) 9.9 10.4
9am mean temperature dry-bulb (°C) 15 15.8
9am Humidity (%) 64 63
3pm mean temperature dry-bulb (°C) 22 22.9
3pm Humidity (%) 39 40
Elevation (m) 107 94

Table 2: Configuration and location of the CSIDAT radio hub at Hay, NSW. The
symbols have the following meanings:- A - anemometer, T - temperature transducer

(a- air, g - ground), Pnnn - pyranometer (T - upward looking, J - downward look-

ing) and E - Eppley pyrgeometer. Accurate locations of the equipment (100 m)
were obtained using a hand-held GPS receiver.

Site No. Latitude Longitude Instrument Heights (m)
Channel 1 Channel 2

0 34°23.76'  145°18.18' Tg Ta 0.00 1.00
1 34°23.66'  145°18.21' Tg Al10 0.00 3.00
2 34°23.53  145°18.53' Tg A8 0.00 3.00
3 34°23.35'"  145°18.30 Tg P421) 0.00 2.47
4 34°23.27° 145°18.33' Tg Ta 0.00 1.00
5 34°23.45'  145°17.97 Tg Tg 0.00 0.00
6 34°23.50' 145°18.42 Tg P419) 0.00 2.43
7 34°23.50°  145°18.11° Tg P4204 0.00 2.43
8 34°23.50' 145°18.2% E P4187T 4.00 4.00
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Table 3: Characteristics of the AVHRR and ATSR relevant to the estimation of surface
temperatures. The approximate pixel sizes are given for the nadir view and for the
view with the largest scan angle. Dimensions are given as across track diameter by
along track diameter.

Channel Central NEAT Resolution (km)
wavelength (Lm) (°C) nadir +55.4°
AVHRR
3 3.7 0.30 1.1x1.1 6.8x2.4
4 10.8 0.12 1.1x1.1 6.8x2.4
5 11.9 0.12 1.1x1.1 6.8x2.4
nadir forward (47.5°)
ATSR
1 3.7 <0.10 1.2x1.0 1.5x3.0
2 10.8 0.03 1.2x1.0 1.5x3.0

3 11.9 0.03 1.2x1.0 1.5x3.0
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Table 4: AVHRR brightness temperatures (°C) and in situ validation temperatures (°C) for the
bare soil surface at the Walpeup field site. In situ temperatures are given for the sensor covered
by foil (Ty(F)) and the black coloured sensor (T,(B)). The date, time (hours:minutes, Local
Time = UT+10), surface satellite zenith angle (¢ in degrees) and solar zenith angle (y in degrees)
are given for the pixel closest to the field site.

D/M/Y  Time (UT) T; T, Ts Tu(F) TyB) 0] Yy
Daytime data

04/04/90 05:32 37.62 31.08 2886 3632 3717 453 600
05/04/90 05:21 4221 3240 2829 4296 4125 335 584
06/04/90 05:11 40.69 3333 3033 3997 41.23 185 57.1
07/04/90 05:00 38.63 3206 3054 3526 36.78 1.0 55.6
09/04/90 04:30 39.94 33.18 31.63 3698 3890 323 518
12/04/90 04:07 3793 29.08 2627 36.10 3751 61.7 499
15/04/90 05:11 28.66 18.06 16.36 2407 2536 22.6 60.0
16/04/90 04:55 32.00 2410 2324 2792 2814 56 57.8
22/04/90 03:50 28.28 1858 17.18 2222 22.88 663 514
22/04/90 05:40 2588 1926 18.62 21.68 2127 50.0 66.8
23/04/90 05:19 2677 1691 1493 2351 2462 318 634
25/04/90 04:58 26.70 18.88 17.84 23.83 23.88 9.8 61.0
20/05/90 05:27 1990 1449 1401 1836 1977 47.0 70.9
Nighttime data

05/04/90 15:03 1190 1284 1211 1733 1716 660 —
05/04/90 16:45 11.53 12.68 1244 1637 1627 492 —
06/04/90 16:30 9.00 7.88 7.18 12.87 1280 380 —

(07/04/90 16:25 g.06 88 863 1191 1174 237 —
09/04/90 16:15 7.60  6.67 624 1224 1212 1.5 —
16/04/90 16:18 553 6.89 729 951 947 2716 —
23/04/90 15:09 8.80 10.38 10.08 1441 1525 536 —
25/04/90 16:21 471 612 657 892 9.05 311 —
26/04/90 16:10 28 373 400 6.60 6.67 152 —
17/05/90 15:43 483 544 543 718 746 660 —
18/05/90 15:32 127 248 296 488 508 419 —
19/05/90 15:22 1.65 278 316 474 466 517 —
20/05/90 15:51 0.02 0.70 120 400 391 230 —

30/05/90 16:44 517 632 621 935 940 534 —
03/06/90 15:59 354 430 466 722 725 95 —
04/06/90 15:48 242 348 384 586 591 195 —
05/06/90 15:38 1.64 244 303 451 450 340 —
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Table 5: Daytime AVHRR brightness temperatures (°C) and in situ validation temperatures
(°C) for the growing wheat crop at Walpeup. The date, time (hours:minutes), satellite surface
zenith angle (¢ in degrees) and the solar zenith angle (y in degrees) are given for the pixel
closest to the field site.

D/M/Y Time (UT) T, T, T; T, T, 0 v
22/08/90 05:08 1133 939 9.04 1033 1257 13.6 60.8
23/08/90 04:55 1589 1038 995 1338 1497 4.6 58.6
26/08/90 04:22 2035 17.18 1659 1685 19.86 483 533
29/08/90 05:30 16.05 1391 12.64 17.10 2151 27.1 6238
30/08/90 05:20 18.98 1581 14.96 18.69 1832 194 60.9
01/09/90 04:56 2448 14.00 12.16 18.70 19.67 2.5 566
03/09/90 04:34 1681 13.07 1197 1479 1649 34.0 52.9
14/09/90 04:16 2280 19.10 1824 19.15 22.04 56.5 475
15/09/90 04:03 24.12 2045 1895 2171 2402 628 454
16/09/90 05:33 27.04 2305 21.99 2200 2616 463 59.6
19/09/90 05:00 32.83 2847 2689 28.61 31.80 1.5 532
20/09/90 04:49 3320 29.73 28.18 2825 3173 168 51.1
21/09/90 04:38 3027 2643 2529 2282 2751 328 49.0
22/09/90 04:27 3191 25.68 23.81 2522 2941 458 47.0
23/09/90 04:16 31.65 27.56 26.85 2587 28.65 55.1 45.1
28/09/90 05:02 2414 21.03 19.62 24.54 26.14 3.1 516
30/09/90 04:40 3577 28.54 2678 29.60 31.66 31.8 473
02/10/90 06:01 29.73 2488 22.63 2664 28.64 463 62.0
03/10/90 04:08 4381 2551 2326 28.04 3391 61.5 413
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Table 6: Nighttime AVHRR brightness temperatures (°C) and in situ validation temperatures
(°C) for the growing wheat crop at Walpeup. The date, time (hours:minutes) and satellite
surface zenith angle (¢ in degrees) are given for the pixel closest to the field site.

D/M/Y Time (UT) T, T, Ts T, T, )
15/08/90 16:08 3.44 3.85 3.85 3.98 5.19 4.0
16/08/90 15:56 1.51 2.14 2.20 3.28 4.42 19.7
17/08/90 15:45 -0.23 0.46 074  -0.74 3.49 35.3
21/08/90 16:42 2.49 2.98 2.71 4.45 5.50 46.6
22/08/90 15:31 2.24 2.73 2.82 4.28 5.06 34.5
23/08/90 16:20 3.12 5.65 5.18 7.07 9.55 18.8
25/08/90 15:58 1.04 1.95 2.10 1.15 4.30 173
26/08/90 15:47 -124  -068  -070  -0.55 2.16 32.5
29/08/90 15:14 0.97 2.16 2.35 1.96 5.55 61.1
29/08/90 16:56 0.64 1.70 2.01 1.60 5.20 56.2
31/08/90 16:33 1.56 2.02 221  -0.09 4.02 35.6
01/09/90 16:21 1.42 2.10 2.18 0.92 4.39 22.0
03/09/90 15:59 5.21 6.10 5.62 8.54  10.10 152
04/09/90 15:44 2.43 3.61 3.79 5.47 8.07 30.9
13/09/90 15:50 2.04 2.69 2.78 2.00 5.82 29.4|.
14/09/90 15:39 3.22 3.68 3.75 3.49 721 423
15/09/90 15:28 0.76 1.79 2.10 1.86 6.85 52.1
18/09/90 16:36 5.84 6.02 6.43 7.25 9.09 38.5
19/09/90 16:25 9.18 6.17 499 1272 13.50 51.3
20/09/90 16:14 6.29 7.01 6.98 7.62  10.35 6.7
21/09/90 16:03 0.36 005  -002  -0.50 3.62 11.6
26/09/90 16:49 0.52 1.86 1.80 0.09 5.56 50.6
26/09/90 16:48 2.03 3.30 3.18 4.86 7.33 50.9
28/09/90 16:27 2.96 3.97 4.11 2.10 7.04 25.4
29/09/90 16:16 3.56 4.55 4.85 0.69 6.49 8.3
30/09/90 16:04 3.86 4.48 4.94 1.74 6.63 10.1
01/10/90 15:53 3.58 5.09 5.23 4.16 9.18 27.0
02/10/90 15:42 3.59 4.97 5.00 2.33 8.73 37.0
05/10/90 15:10 4.00 4.54 5.12 6.12 8.38 62.9
08/10/90 16:17 3.98 425 4.43 2.48 7.66 12.1
09/10/90 16:06 3.11 4.39 4.73 2.44 7.60 5.6
11/10/90 15:44 4.82 5.38 5.43 3.69 8.62 35.9
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Table 7: Daytime AVHRR brightness temperatures (°C) and in situ validation temperatures
(°C) for the mature wheat crop at Walpeup. The date, time (hours:minutes), satellite surface
zenith angle (@ in degrees) and solar zenith angle (y in degrees) are given for the pixel closest
to the field site.

D/M/Y  Time (UD) T, T, Ts T, T, 0 v
22/10/90  04:06 30.11  24.65 20.55 2685 37.11 674 365
23/10/90  05:35 3313 2874 26.87 28.83 3526 384 532
24/10/90  05:24 3738 3350 31.58 3293 3970 240 509
25/10/90  05:15 47770 37.90 36.02 3566 4303 6.6 489
26/10/90  05:04 1652 4503 4406 3796 4613 121 465
28/10/90  04:39 4554  41.68 39.57 41.60 47.57 425 413
29/10/90  04:28 4723 4062 3775 4144 5286 529 39.0
01/11/90  05:38 3636 29.66 25.88 30.04 3921 389 523
02/11/90  05:27 4553  31.09 2734 3409 4499 246 499
04/11/90  05:05 4391 3927 36.11 3742 4544 113 45.1
05/11/90  04:55 48.10 42.54 3948 4129 4779 284 430
11/11/90  05:21 3962 3321 31.69 3320 40.65 239 472
12/11/90  05:08 4194 3112 29.00 3195 4076 7.1 444
14/11/90  04:55 4404 3790 3540 3594 4675 278 414
15/11/90  04:44 4343 3909 36.89 3588 4796 41.6 39.0
16/11/90  04:33 4260 3572 3375 3355 4266 523 367
18/11/90  05:55 4149 3276 31.15 3095 40.68 50.1 53.0
21/11/90  05:18 4355 3127 29.14 31.17 35.75 82 45.0
23/11/90  04:56 43.87 3209 31.50 2743 3724 274 40.1
24/11/90  04:45 4496 3739 3475 35.15 4520 413 3738
25/11/90  04:34 4379  36.64 3414 35.18 4461 519 354
25/11/90  06:14 38.68 29.57 2699 3217 37.64 64.6 559
26/11/90  04:23 44.60 3394 2932 3866 47.00 60.0 33.0
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Table 8: Nighttime AVHRR brightness temperatures (°C) and in situ validation temperatures
(°C) for the mature wheat crop at Walpeup. The date, time (hours:minutes) and satellite surface
zenith angle (@ in degrees) are given for the pixel closest to the field site.

D/M/Y Time (UT) T, T, Ts T, T, ®
19/10/90 15:56 4.21 509 523 416 9.8l 15.6
20/10/90 15:43 223 263 240 1.25 6.01 213
| 21/10/90 15:35 2.81 321 3.17 396 746  46.8
| 22/10/90 15:23 464 575 568 5.20 8.85 51.5
| 25/10/90 16:38 816 9.09 914 669 1274 299
| 26/10/90 16:27 723 1014 1033 6.68 1256  50.1
28/10/90 16:04 13.02 1306 1322 1095 1650 12.7
01/11/90 15221 824 869  7.53 929  15.11 64.4
03/11/90 16:39 926 1341 1299 1177  16.08 29.4
04/11/90 16:28 1229 1485 1486 1252 1830 15.0
05/11/90 16:17 1696 17.10 1645 1680  21.71 6.1
| 10/11/90 15:15 113 309 298 540  10.59 60.9
| 10/11/90 16:56 1.97 296 271 521 10.03 54.0
| 14/11/90 16:00 949 932 925 8.44  16.69 23.1
| 15/11/90 16:07 900 999  9.94 822 1547 0.1
| 16/11/90 15:56 9.79  10.05 892 1267 1741 377
| 17/11/90 15:45 626 750  7.05  9.09 1436 489
| 18/11/90 15:34 812 959 957 950  13.78 57.4
| 19/11/90 17:04 727 171 743 6.05 1327 53.8
| 21/11/90 16:42 5.33 848 832 723 1440 303
22/11/90 16:30 8.04 699 691 6.38  13.07 13.6
| 23/11/90 16:20 550 720  7.02 559 1278 0.2
| 25/11/90 15:57 7.17 8.78 8.43 825  15.14 37.5

|
\
|
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Table 9: Daytime NOAA-11 AVHRR brightness temperatures (°C) and in situ validation tem-
peratures (°C) for the Walpeup site when the field was left fallow. The date, time (hours:minutes),
satellite surface zenith angle (¢ in degrees) and solar zenith angle (\ in degrees) are given for

the pixel closest to the field site.

D/M/Y Time(UT) T, T, Ts T, T, © v
28/08/91  05:58 17.10 1245 1198 15.16 1659 41.0 679
01/09/91  05:11 2096 1649 1594 17.92 1834 245 59.1
02/09/91  05:00 2344 1851 1736 2135 2326 392 57.1
03/09/91  04:49 21.75 1683 15.19 21.84 2146 50.6 55.1
04/09/91  04:37 23.82 1946 1833 24.00 2428 593 53.1
05/09/91  06:06 25.04 16.66 1506 2376 2349 364 679
09/09/91  05:20 2379 2069 1997 2430 2406 137 588
13/09/91  04:34 2098 1619 1431 2177 21.57 6.2 504
17/09/91  05:28 1442 1239 11.72 1425 1470 22 586
18/09/91  05:19 19.60 1237 11.12 1632 1648  20.1 56.8
22/09/91  06:11 20.67 1631 1541 19.87 2028  50.5 65.8
23/09/91  05:59 24.66 2001 19.10 2205 2267 39.8 63.3
26/09/91  05:24 2159 19.12 1795 2436 2256 92 56.1
27/09/91  05:12 2624 2040 1874 2639 2592 265 53.7
29/09/91  04:49 23.85 2034 18.86 26.03 2578 520 49.1
03/10/91  05:44 3241 3006 2832 3618 3496 19.7 586
04/10/91  05:34 3583  33.03 3130 3923 3847 1.9 56.4
05/10/91  05:20 3535 3198 3034 3822 37.17 164 536
06/10/91  05:09 30.11  27.03 2523 3537 2992 328 513
10/10/91  06:03 3118 20.18 18.01 28.61 24.14 425 61.1
11/10/91  05:52 3248 2347 2143 33.05 3045 293 587
13/10/91  05:28 3337 3139 30.10 3558 3244 56 536
02/04/92  05:18 3845 3028 2641 4510 39.09 455 56.8
03/04/92  05:07 39.07 29.69 2542 4445 3903 558 553
29/05/92  05:39 16.77 1429 1419 1722 1662  41.1 738
30/05/92  05:28 19.60 1575 1572 18.64 1832 260 722
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Table 10: Nighttime NOAA-11 AVHRR brightness temperatures (°C) and in situ validation
temperatures (°C) for the Walpeup site when the field was left fallow. The date, time
(hours:minutes), satellite surface zenith angle (¢ in degrees) and solar zenith angle (W in de-
grees) are given for the pixel closest to the field site.

D/M/Y Time (UT) T, T, T, T, T, 0 v
28/08/91  15:53 205 274 208 609 526 596 —
02/09/91  16:25 266 3.60 38 521 491 180 —
03/09/91  16:13 1.63 254 296 504 129 333 —
04/09/91  16:02 2.84 390 419 447 247 455 —
05/09/91  15:50 419 529 600 542 240 548 —
10/09/91 1633 380 477 457 150  6.25 6.8 —
11/09/91  16:21 123 188 191 513 186 238 —
15/09/91  17:16 741 860 836 13.14 1123 489 —
16/09/91  17:07 520 502 449 946 726 367 —
18/09/91  16:42 308 283 282 684 424 22 —
19/09/91  16:30 0.80 1.02 166 519 048 170 —
20/09/91  16:18 430 336 335 909 811 333 —
22/09/91  15:55 061 189 245 555 030 553 —
22/09/91  17:37 037 049 103 393 -126 627 —
26/09/91  16:46 158 228 295 654 083 141 —
30/09/91  16:03 764 747 812 1210 840 499 —
02/10/91  15:40 804 743 7.5 1231 955 650 —
06/10/91  16:34 379 483 516 1069 418 129 —
07/10/91  16:22 681 724 7.04 1260 932 300 —
08/10/91  16:11 112 215 221 963 395 435 —
09/10/91  15:59 279 434 452 1028 4.8 536 —
09/10/91  17:41 330 415 438 945 3387 641 —
10/10/91  15:48 409 480 553 1075 472 612 —
13/1091  16:54 516 613 678 982 353 179 —
15/10/91  16:31 743 706 629 1381 837 202 —
16/10/91  16:19 1.75 244 287 744 018 359 —
22/10/91  16:49 6.57 684 741 1258 590 101 —
23/1091  16:37 753 801 864 1290 697 96 —
29/10/91  17:08 1250 12.56 1241 17.69 11.67 369 —
30/1091  16:57 753 744 791 1195 713 208 —
31/10/91  16:45 512 547 591 10.18 529 1.7 —
02/04/92  16:41 1401 1489 1452 1733 1581 259 —
29/05/92  17:03 064 058 121 116 1.13 20 —
30/05/92  16:51 146  1.88 273 151 121 202 —
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Table 11: Evening NOAA-12 AVHRR brightness temperatures (°C) and in situ validation
temperatures (°C) for the Walpeup site when the field was left fallow. The date, time
(hours:minutes), satellite surface zenith angle (¢ in degrees) and solar zenith angle (y in de-

grees) are given for the pixel closest to the field site.

D/M/Y  Time (UT) T, T, Ts T, T, ® v
28/08/91  10:04 4.14 420 420 474 506 247 —
02/09/91  10:00 492 576 570 839 896 30.1 —
03/09/91  09:40 535 671 642 11.11 828 529 —
10/09/91  10:34 3.86 5.2 466 844 7159 243 —
17/09/91  09:49 491 483 364 1071 1037 450 —
18/09/91  11:09 229 379 339 926 726 586 —
19/09/91  10:48 144 241 217 845 390 409 —
22/09/91  09:45 566 58 563 1121 7.61 489 —
26/09/91  10:02 543 7.1 682 1355 867 293 —
30/09/91  10:19 911 10.67 10.64 1464 1083 22 —
07/10/91  11:14 743 751 624 1474 1120 614 —
08/10/91  10:53 482 600 469 1384 922 456 —
09/10/91  10:32 922 1009 948 1522 1140 192 —
10/10/91  10:11 8.85 974 937 1437 1006 160 —
13/10/91  10:49 754 911 919 1474 7.82 413 —
14/10/91  10:30 1561 1656 1619 2068 1696 125 —
22/10/91  09:22 10.18 1159 1071 1887 13.44 660 —
23/10/91  10:40 1050 1170 11.18 1699 1138 312 —
24/10/91  10:20 12.74 1299 1176 19.84 1545 1.9 —
31/10/91  09:33 938 1003 945 1561 1080 585 —
02/04/92  10:38 13.19 1457 1447 1725 1736 245 —
20/04/92  10:57 546 685 693 975 971 467 —
21/04/92  10:36 445 616 612 865 805 208 —
29/05/92  10:29 277 343 394 467 469 106 —
30/05/92  10:08 354 441 496 615 601 236 —




Validation data for land surface temperature determination from satellites 29

Table 12 Morning NOAA-12 AVHRR brightness temperatures (°C) and in situ validation tem-
peratures (°C) for the Walpeup site when the field was left fallow. The date, time (hours:minutes),
satellite surface zenith angle (¢ in degrees) and solar zenith angle (y in degrees) are given for
the pixel closest to the field site.

D/M/Y  Time(UT) T, T, Ts T, T, ¢ v
28/08/91  21:25 497 404 426 533 535 9.0 823
31/08/91  22:02 557 350 318 338 701 455 74.3
02/09/91  21:21 362 397 377 638 449 187 83.3
03/09/91  21:00 037 170 190 414 -005 453 872
05/09/91  21:59 917 748 756 1026 625 404 75.0
07/09/91  21:17 768 773 746 1124 930 246 82.6
08/09/91  20:57 1.63 219 229 494 -012 490 865
10/09/91  21:55 1406 362 255 678 668 357 743
11/09/91  21:34 149 391 333 724 657 3.6 712
15/09/91  21:51 11.40 1078 1023 1405 1529 306 735
| 17/09/91  21:09 702 573 485 881 792 353 812
| 18/09/91  20:49 194 200 108 409 282 554 851

19/09/91 22:09 16.08 3.39 2.15 6.19 6.57 49.8 68.9
‘ 25/09/91 21:43 12.12 10.17 930 12.88 1242 18.8 72.0
| 26/09/91 21:23 7.26 6.10 6.02 8.01 5.95 16.8 75.9
| 29/09/91 22:01 27.44 10.29 885 1536 1475 41.8 674
01/10/91 21:18 12.38  10.69 991 13.66 11.69 232 752
02/10/91 20:58 1295 11.59 11.09 1449 14.11 483 79.2
03/10/91 20:37 10.18 1059 1041 13.81 9.81 63.1 83.1
03/10/91 22:18 19.65 1563 1458 19.17 18.66 57.0 629
07/10/91 20:54 9.01 7.75 6.84 12.06 8.91 51.9 78.6
08/10/91 22:14 16.94 10.67 9.17 1552 1537 53.9 622
09/10/91 21:52 1536 12.12 1140 14.62 13.66 31.6 66.1
10/10/91 21:31 13.75 9.90 9.03 1221 10.30 23 701
13/10/91 22:10 19.60 1637 1552 1739 1935 503 61.6
14/10/91 21:48 2248 21.03 2026 21.84 24.01 256 65.6
15/10/91 21:27 13.30 1152 10.73 1435 12.06 9.5 69.6
17/10/91 20:46 8.31 5.47 5.34 9.20 541 579 716
18/10/91 22:05 22.18 1851 17.58 19.27 21.88 463 61.2
23/10/91 22:01 2099 1743 1640 1925 18.44 41.6 60.9
30/10/91 21:14 1500 1197 1126 1542 1193 293 68.8
31/10/91 20:53 11.78 8.85 829 1330 10.26 51.7 729
02/04/92 21:58 2045 1871 17.58 21.78 21.81 375 734
20/04/92 22:17 13.87 7.53 7.07 1126 10.52 55.8 73.1
29/05/92 21:48 0.12 0.18 0.72 1.86 1.56 25.6 84.6
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Table 13: Daytime NOAA-11 AVHRR brightness temperatures (°C) and in situ validation tem-
peratures (°C) for the pasture land at the Uardry field site. The date, time (hours:minutes),
satellite surface zenith angle (¢ in degrees) and solar zenith angle (y in degrees) are given for
the pixel closest to the field site.

DM/Y  Time(UT) T, T, T, T, T, T, o v
10/07/92  05:38 1397 11.00 10.90 13.20 13.30 1660 167 73.0
16/07/92  06:08 1426 12.06 12.17 13.50 1580 17.90 47.5 77.0
27/07/92  05:36  17.56 14.34 14.09 1570 1620 1930 23.8 703
29/07/92  05:12 2083 1652 1531 20.80 17.90 21.60 51.8 66.4
30/07/92  04:59  20.52 17.82 1694 2230 18.10 2270 60.8 64.4
31/07/92 06228  12.06 9.56 947 1290 12.80 1390 493 78.1
02/08/92  06:04 1530 12.60 1248 1540 13.10 1670 208 73.7
09/08/92  06:21 12.19 977 959 1270 1270 14.60 409 75.4
11/08/92  05:55 1674 1395 13.84 1670 15.60 1780 7.3 70.6
21/08/92  05:37 2274 1490 13.88 19.80 15.10 2040 259 65.7
24/08/92  06:41 1921 1400 13.50 19.00 1420 19.50 67.1 76.5
28/08/92  05:53  20.88 17.62 17.36 20.60 16.50 2120 1.0 67.1
08/09/92  05:22 2021 1585 1521 20.80 14.90 2140 464 59.4
09/09/92  05:09 2249 1747 1615 24.10 1670 2590 56.5 57.1
17/09/92  05:14  22.86 18.65 1731 2490 17.50 2490 53.9 56.1
22/09/92  05:54 2406 2051 19.09 2440 2190 2620 3.9 62.5
12/10/92  05:15  22.55 1991 18.80 26.80 2030 27.50 55.1 51.3
13/10/92  05:03  24.17 2097 19.44 29.80 24.60 30.70 63.2 489
13/12/92  06:13  30.65 24.87 22.75 30.60 28.10 3440 107 53.1
14/12/92  06:00 3492 2945 28.08 31.90 28.10 3650 9.8 50.3
21/12/92  06:17  36.60 2879 25.79 3450 32.90 3860 157 53.0
29/12/92  06:20 3586 30.55 28.94 3240 28.00 3840 50 529
31/12/92  05:56 4340 37.65 34.81 4120 37.00 50.10 200 47.8
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Table 14: Nighttime NOAA-11 AVHRR brightness temperatures (°C) and in situ validation
temperatures (°C) for the pasture land at the Uardry field site. The date, time (hours:minutes)
and satellite surface zenith angle (¢ in degrees) are given for the pixel closest to the field site.

D/M/Y  Time (UT) T, T, T, T, T, T, 0
09/07/92  17:15 064 -056 -0.06 1.9 1.8 1.4 233
13/07/92  16:26 315 247  -1.73 1.0 0.9 0.1 462
15/07/92  16:03 136 -020  0.70 1.5 1.6 1.2 634
15/07/92  17:43 275 295  -1.89 0.7 0.1 0.1 545
16/07/92  17:31 019 069 136 1.9 2.6 1.5 434
26/07/92  17:11 355 366 305 04  -17  -12 160
03/08/92  17:16 194 -190 -124  -0.1 30  -12 116
06/08/92  16:39 073 094 126 3.3 2.3 1.7 246
12/08/92  17:08 266 274  3.03 4.4 5.7 4.0 8.0
17/08/92  16:08 156 -037  -0.05 2.4 1.8 1.6 624
17/08/92  17:49 259  -155 -1.26 1.8 1.2 0.6 564
24/08/92  16:24 305 237 -147 0.1 04 06 518
27/08/92  17:29 387 451 492 6.5 7.5 6.5 363
02/09/92  16:17 227 267 336 5.5 5.2 41 608
03/09/92  17:45 -1.05  -034 008 37 2.2 1.8 522
06/09/92  17:09 338 411 436 6.8 6.2 6.2 53
07/09/92  16:57 142 145 191 4.5 2.7 3.1 146
08/09/92  16:45 -1.16  -1.14  -0.66 2.9 1.2 .1 319
13/09/92  17:25 305 288  -2.09 1.9 09 20 293
15/09/92  17:02 173 192 223 4.5 3.5 2.3 8.9
16/09/92  16:49 229 273 3.07 4.7 3.9 32 272
20/09/92  17:42 -130  -0.76  -0.05 3.2 0.8 24 509
22/09/92  17:18 437 529 585 7.8 5.9 75 164
30/09/92  17:22 394 380  4.57 7.6 5.6 510 215
06/10/92  16:11 674 632 650 103 7.0 82 635
06/10/92  17:51 511 578  6.11 9.9 6.4 75 53.1
11/10/92 1651 327 369  4.29 9.3 4.7 6.0  29.1
12/10/92  16:39 628 774 832 117 8.6 9.3 433
13/10/92  16:27 780 904 918 136 11.6 122 539
08/12/92  16:55 1199 1290 1272 182 186 142 323
09/12/92  16:44 11.95 1278 1288 178 141 154 460
26/12/92  16:40 1140 1224 1210 154 122 136 515
29/12/92  17:44 1189 1300 1336 161 131 149 375
31/12/192  17:20 1843 19.10 1873 218 204 224 0.4
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Table 15: Morning NOAA-12 AVHRR brightness temperatures (°C) and in situ validation tem-
peratures (°C) for the pasture land at the Uardry field site. The date, time (hours:minutes),
satellite surface zenith angle (@ in degrees) and the solar zenith angle ( in degrees) are given
for the pixel closest to the field site.

D/M/Y _ Time (UT) T, T, Ts T, T, T, 0
09/07/92  17:15 064 -056 -0.06 1.9 1.8 14 233
13/07/92  16:26 315 247  -1.73 1.0 0.9 0.1 462
15/07/92  16:03 136 -020  0.70 1.5 1.6 1.2 63.4
15/07/92  17:43 275 295  -1.89 0.7 0.1 0.1 545
16/07/92  17:31 019 069 136 1.9 2.6 1.5 434
26/07/92  17:11 355 366 305 04 17 -12 160
03/08/92  17:16 194 -190 -124 01 30  -12 116
06/08/92  16:39 073 094 126 3.3 2.3 17 246
12/08/92  17:08 266 274  3.03 4.4 5.7 4.0 8.0
17/08/92  16:08 156 037  -0.05 2.4 1.8 1.6 624
17/08/92  17:49 259  -1.55  -1.26 1.8 12 0.6 564
24/08/92  16:24 305 237 -147 01 -04 -06 518
27/08/92  17:29 387 451 492 6.5 7.5 6.5 363
02/09/92  16:17 227 267 336 5.5 5.2 41 608
03/09/92  17:45 105  -034  0.08 3.7 2.2 18 522
06/09/92  17:09 338 411 436 6.8 6.2 6.2 53
07/09/92 1657 142 145 191 4.5 2.7 3.1 146
08/09/92 1645 .16 -1.14  -0.66 2.9 1.2 1.1 319
13/09/92  17:25 305 -2.88  -2.09 1.9 09 20 293
15/09/92  17:02 173 192 223 4.5 3.5 2.3 8.9
16/09/92 1649 229 273 3.07 4.7 3.9 32 272
20/09/92  17:42 130 -076  -0.05 3.2 0.8 24 509
22/09/92  17:18 437 529 585 7.8 5.9 75 164
30/09/92  17:22 394 380 457 7.6 5.6 51 215
06/10/92  16:11 674 632 650 103 7.0 82 635
06/10/92  17:51 511 578 6.1 9.9 6.4 75 531
11/10/92  16:51 327 3.69 429 9.3 4.7 60  29.1
12/10/92 1639 628 774 832 117 8.6 93 433
13/10/92 16127 780 9.04 918 136 11.6 122 539
08/12/92  16:55 1199 1290 1272 182 186 142 323
09/12/92  16:44 1195 1278 1288 178 141 154 460
26/12/92  16:40 1140 1224 1210 154 122 136 515
20/12/92  17:44 1189 13.00 1336 161 131 149 375
31/12/92  17:20 1843  19.10 1873 218 204 224 0.4
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Table 16: Evening NOAA-12 AVHRR brightness temperatures (°C) and in situ validation tem-
peratures (°C) for the pasture land at the Uardry field site. The date, time (hours:minutes) and
satellite surface zenith angle (¢ in degrees) are given for the pixel closest to the field site.

D/M/Y _ Time (UT) T, T, T, T, T, T, 0
09/07/92 1057 089 145 1.75 4.9 5.1 44 582
12/07/92  09:57 076 221 249 5.2 6.3 6.0 262
29/07/92  10:32 473 588  6.13 7.1 8.4 78 344
02/08/92  10:46 231 225 -1.74 1.6 2.3 23 502
03/08/92  10:26 206 -158  -1.26 1.5 0.9 1.0 258
06/08/92  09:21 373 474 457 8.1 7.9 77 597
09/08/92  09:58 074 136  1.49 42 3.7 3.9 198
11/08/92  09:14 209 359 378 6.7 6.9 6.9  64.0
17/08/92  10:27 189 307  3.03 6.0 6.1 6.3 288
18/08/92  10:06 012 003 055 3.1 2.8 2.3 5.8
24/08/92  09:38 099 -053  -0.18 2.9 1.8 3.5 456
30/08/92  09:10 394 391 281 7.9 8.6 77 668
02/09/92  09:47 470 498 499 8.6 7.3 9.2 359
03/09/92  09:25 1.81 286  2.85 7.2 6.2 75 5713
06/09/92  10:02 325 463 465 8.6 7.9 92 137
10/09/92  10:16 391 504  4.88 9.0 75 104 118
29/09/92  10:12 223 329 3.4 8.5 4.8 8.2 4.1
30/09/92  09:54 427 591 600 11.0 8.5 9.9 307
05/10/92  09:44 6.89  7.64 749 127 8.8 103 392
12/10/92  10:35 792 933 946 146 105 139 398
13/10/92  10:14 1096 1162 1139 165 137 163 8.8
08/12/92  10:19 1544 1593 1502 2.1  19.6 220 182
09/12/92  09:58 1896 18.66 17.87 214 193 229 184
10/12/92  09:36 1762 18.08 1729 237 222 251 465
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Table 17: ATSR brightness temperatures, in situ temperatures (T;), and viewing angles for
validation data from the Walpeup site. The in situ values have been interpolated to the ATSR
overpass time. In all cases the in situ data were obtained within one hour of the ATSR data. T,
and T f;; are the 11 pm ATSR nadir and forward brightness temperatures; T ®;; and T I}, are the
12 um ATSR nadir and forward brightness temperatures. All temperatures are in °C. @,, @y, and
Y are the nadir and forward surface zenith angles, and solar zenith angles respectively.

Date Time (UT) Tnll Tfll Tnlz Tflz Ts [0 Q¢ ¥

03/09/91 13:27 503 433 499 476 763 25 549 —
06/09/91 13:27 1026 1041 1059 1038 11.90 2.5 54.9 —
06/10/91 13:27 852 6.68 850 543 1385 2.5 54.9 —
09/10/91 13:27 806 652 806 639 11.37 25 54.9 —

12/10/91 13:27 1245 11.51 12.62 1146 16.99 2.5 54.9 —
21/10/91 13:27 1026  9.19 10.06 9.16 1482 2.5 54.9 —
05/10/91 00:35 29.19 26.86 27.49 2541 3188 5.6 548 342
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Table 18: ATSR brightness temperatures T*, Tf,,, T%,, and Tf;, in situ temperatures (T;), and
viewing angles (degrees) for the validation data obtained from the Uardry site. All tempera-
tures are in °C. @,, @r, and Y are the nadir and forward surface zenith angles, and solar zenith
angles respectively.

Date Time (UT) Tn, T, T, T, T, ©p 0% v
03/08/92 13:03 201 -228 -121 -1.67 0.02 2.8 549 —
07/08/92 00:21 13.33 1293 1291 1243 14.98 14.6 53.6 58.9
28/08/92 13:17 0.54 -0.78 1.00 -0.08 2.84 13.9 53.7 —
10/09/92 13:09 4.07 3.31 4.81 3.28 6.76 142 53.7 —
13/09/92 13:15 0.03 -1.80 032 -1.18 3.68 19.5 52.6 —
14/09/92 00:27 21.23 20.71 20.80 20.00 22.40 192 52.7 45.8
17/09/92 00:33 20.54 19.16 19.18 17.61 23.56 7.8 54.6 439
29/09/92 13:12 3.55 2.50 3.86 2.90 5.54 19.8 526 -
05/10/92 13:23 6.26 4.08 6.24 4.53 9.82 2.5 550 —
12/10/92 13:03 8.47 8.09 8.82 8.24 12.02 2.9 549 —
21/10/92 13:20 7.39 7.07 7.67 7.30 10.00 8.3 545 —

22/10/92 00:32 2739 2253 2641 2124 34.88 80 545 315
09/12/92  00:24 32.69 2771 30.19 2485 4217 200 525 260
10/01/93 00:18 3496 2945 33.10 27.67 42.50 9.0 544 304
13/01/93 00:24 37.66 3479 36.09 3329 4560 203 525 29.6
19/01/93 00:35 3521 3033 32.88 2747 44.03 2.1 550 285
01/02/93 00:27 38.84 33.22 36.85 3047 51.16 192 5277 325
30/03/93 00:35 23.48 21.57 2221 19.93 29.62 23 550 455
30/12/92 13:10 18.31 17.09 18.07 17.09 23.53 83 545 —
12/01/93 13:10 13.13 11.91 13.34 1255 1898 199 525 —
18/01/93 13:21 18.75 17.13 18.16 16.28 22.88 2.6 549 —
28/01/93 13:07 1790 15.66 17.36 1551 2273 142 53.7 —
31/01/93 13:12 23.09 21.73 2252 2034 2790 19.6 52.6 —
03/02/93 13:18 23.17 21.24 23.64 21.17 28.85 83 545 —
13/02/93 13:04 21.21 2024 20.76 19.63 24.17 8.5 545 —
04/03/93 13:07 11.19 1036 11.47 1038 1633 142 537 —
07/03/93 13:12 13.95 13.09 14.15 1277 1858 19.6 52.6 —
20/03/93 13:04 1541 15.67 1441 15.05 19.10 85 545 —
26/03/93 13:15 14.30 13.65 14.14 13.39 16.52 139 53.7 —
29/03/93 13:21 9.54 8.83 936 8.89 11.95 2.5 55.0 —
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Table 19: Mean monthly climatological atmospheric parameters for the Walpeup site. See text
for definitions of the parameters. The units for all radiances are mW/(mZcmlsr). 7, is the
monthly mean temperature at 1000 mb.

Month Ty n Ts Y45 R4~L R5~L R4T R5T PW
K g cm?

Jan 295.60 0.811 0.747 2997 16,51 26.04 1553 25.68 1.46
Feb 295.50 0.811 0.747 2.987 16.80 2620 15.60 26.06 1.42
Mar 293.20 0.824 0.765 3.023 15.03 23.58 13.97 23.25 1.31
Apr 289.85 0.838 0.785 3.068 13.02 2044 12.03 20.23 1.18
May 28570 0.858 0.814 3.214 10.83 17.02 9.88 16.62 0.98
Jun 282.60 0.868 0.829 3.329 9.61 15.01 870 14.66 0.90
Jul 28230 0.875 0.838 3.450 899 13.96 8.07 13.62 0.84
Aug 283.65 0.875 0.838 3.445 9.01 14.03 8.10 13.64 0.84
Sep 286.60 0.872 0.835 3.428 9.52 14.84 857 1447 0.87
Oct 28995 0.862 0.819 3.294 10.86 16.86 9.82 16.44 1.00
Nov 292.05 0.855 0.811 3.246 11.64 18.05 10.56 17.65 1.07
Dec 294.10 0.843 0.792 3.136 13.09 2035 12.13 20.22 1.19

Table 20: Mean monthly climatological atmospheric parameters for the Hay site. The units for
all radiances are mW/(m%cmlsr). T is the monthly mean temperature at 1000 mb.

Month Ty Tg Ts Tys R4~L R5~L R4T RST PW
K g cm?
Jan 295.08 0.809 0.745 2.974 16.58 26.11 1559 25.75 1.46
Feb 29478 0.804 0.737 2954 17.23 2699 16.13  26.80 1.46
Mar 29245 0.819 0.758 2988 1527 2401 1424 23.75 1.35
Apr 288.83  0.837 0.784 3.056 1297 2042 1199 20.11 1.18
May 284.60 0.856 0.811 3.183 10.80 16.99 9.86 16.60 1.01
Jun 281.70 0.868 0.829 3.318 9.48 14.82 8.57 14.46 0.91
Jul 281.25 0.875 0.838 3.425 8.85 13.77 7.95 13.41 0.84
Aug 282.65 0.874 0.836 3.398 898 14.02 8.09 13.64 0.86
Sep 28545 0.869 0.830 3.360 9.62 15.02 8.69 14.65 0.90
Oct 288.88 0.856 0.812 3.223 11.13 17.34 10.12 17.00 1.04
Nov 291.05 0.851 0.804 3.184 11.90 1853 1085 18.21 1.11
Dec 29348 0.838 0.786 3.096 13.37 20.85 12.36 20.66 1.22

Table 21: Emissivity measurements and error estimates for the soils at Walpeup and
Hay, and for the growing and senesced wheat crops at Walpeup.

Surface type Emissivity Emissivity error
11 pm 12 pm 11 um 12 um

Walpeup-sandy soil 0.955 0.965 +0.005 +0.005

Walpeup-growing wheat 0.976 10.015

Walpeup-senesced wheat? 0.980 +0.007

Hay soil (red clay) 0.958 0.967 +0.005 +0.005

Hay soil/vegetation mixture 0.978 0.982 +£0.005 +0.005

1Broadband (10-12.5 ym) measurements.
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