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We have expanded on previous methods for correcting sense, the requirement of thermodynamic equilibrium in
thermal infrared field measurements for atmospheric Kirchhoff ’s law is violated (Badenas, 1997).
downwelling radiance (Salisbury and D’Aria, 1992; Korb Nerry et al. (1990a,b) and Labed and Stoll (1991)
et al., 1996; Hook and Kahle, 1996) by comparing the used the ‘‘emissivity box’’ approach (in which a large box
sensitivity of various input parameters (sample tempera- surrounds a sample to allow control of the environmental
ture, diffuse gold plate emissivity, and temperature) on radiation) to determine broad-band (8–14 lm) emissivi-
this correction. We find that the sample temperature has ties in the field and laboratory. Salisbury and D’Aria
the greatest influence on the applied atmospheric correc- (1992), Korb et al. (1996), and Hook and Kahle (1996)
tion (cf. Nerry et al., 1990a,b; Labed and Stoll, 1991), presented field and computational methods for deriving
and we present a method in which the sample tempera- spectral emissivity from field radiance spectra with sup-
ture is varied to minimize the residual atmospheric emis- porting downwelling radiance measurements and radio-
sion lines in the measured field emissivity spectra. Direct metrically measured temperatures. These emissivity mea-
comparison of laboratory hemispherical reflectance mea- surements, once corrected for environmental effects, can
surements of wet-sieved and dry-sieved samples with be directly compared to laboratory hemispherical reflec-
these appropriately corrected field observations of undis- tance measurements.
turbed and disturbed soils, respectively, provides a means We have found that these methods are effective in
to predict the expected infrared spectral contrast differ- reducing field measurements, but that the results are
ences between such soils (see preceding article). Else- highly sensitive to the values of some of the input param-
vier Science Inc., 1998 eters, values which may not be well known, but also for

many purposes not crucial in themselves. In this article,
we summarize the general data reduction methodologyINTRODUCTION
used with the Designs & Prototypes FTIR field spectro-

An essential step in compositional remote sensing in the meter (cf. Korb et al., 1996; Hook and Kahle, 1996) and
region of thermal emission is comparison of field and lab- evaluate how the individual input parameters (sample
oratory spectra. Laboratory spectra are often obtained us- temperature, diffuse gold plate emissivity, and tempera-
ing an integrating sphere to provide directional hemi- ture) affect the correction of field data of soils to absolute
spherical reflectance, which Salisbury et al. (1994) showed emissivity. We find that the sample (target) temperature
could be used to derive emissivity via Kirchhoff’s law has the greatest influence on these corrections, consistent
within about 1%, despite the fact that, in the strictest with the results of Nerry et al. (1990a,b) and Labed and
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DN(k)5R(k)L(k)1O(k), (1)

where O(k) is a wavelength-dependent offset due to
electronic factors and instrumental self-emission and
R(k) is the spectral transmission efficiency or response.
Mapping from DN to radiance can be performed by ob-
taining measurements of blackbodies at two different
temperatures. Assuming detector linearity, the spectral
response for a measurement can be calculated from two
blackbodies, DNx(k), as

R(k)5
DN1(k)2DN2(k)
B(T1,k)2B(T2,k)

, (2)

where B(Tx,k) is the Planck blackbody spectral radiance
of each calibration blackbody. Offset is calculated from
either blackbody byFigure 1. Calibrated radiance of undisturbed soil (target)

and sky reflectance from a diffuse gold plate. Field data
O(k)5DN(k)2R(k)*B(T,k). (3)were acquired at Ft. Devens, Massachusetts.

At-sensor measured target spectral radiance [Lmeas(k)] is
then calculated by

both field and laboratory measurements have been com- Lmeas(k)5
DNmeas(k)2O(k)

R(k)
. (4)

pleted. The geologic implications of these results and com-
parison of field measurements and laboratory spectra of The measured scene radiance is, in reality, com-
samples returned from the field are explored in our com- posed of the sum of radiances entering the instrument at
panion paper (Johnson et al., 1998), also in this issue. the input optic, and includes the desired target radiance,

reflected atmospheric downwelling radiance, and the di-
rect path radiance of the atmosphere between the targetMETHODOLOGY
and the sensor. The equation describing this relationship

All field experimental spectral data were collected with is given by
the Designs & Prototypes FTIR field spectrometer (Korb

Lmeas(k)5B(TT,k)eT(k)sP(k)et al., 1996; Hook and Kahle, 1996; Ninomiya et al.,
1 (12eT(k)) LDW(k)sP(k)1LP(k), (5)1997). Data were normally acquired with the instrument

by co-adding 16 uncalibrated magnitude spectra for each where
measurement. Three to five spectra were taken per site. B(TT,k)5Planck blackbody spectral radiance of the

target at temperature TT,These measurements were taken usually at a distance of
eT(k)5spectral emissivity of the target,z1.2 m from the target area. Additionally, data were ac-
sP(k)5path atmospheric spectral transmissivityquired of a diffuse reflective gold plate in order to mea-

between the target and instrument,sure the downwelling radiance spectrum near the time
LDW(k)5downwelling hemispherical spectralof sample spectra acquisition (see Fig. 1). Temperatures

radiance onto the target,of the target site and the gold plate were measured with
LP(k)5spectral radiance of the atmosphere patha small, portable, broadband radiometer (Omegascope

between the target and instrument.Model OS71), primarily because it allows a noncon-
tacting first-order estimation of the target site tempera- The three terms on the right of Eq. (5) then repre-
ture. The calibration blackbody temperatures were set to sent: the spectral radiance received from the target, the
bracket the site temperature over a range of 358C on av- downwelling spectral radiance reflected from the target
erage to minimize any system nonlinearities (cf. Korb et to the sensor, and the direct spectral radiance of the in-
al., 1996). In the following sections, we describe the cali- tervening atmosphere between the target and sensor.
bration of these data to total sensor-received spectral ra- Considering that the instrument-to-target distance is
diance (W/m2/sr/lm), apparent emissivity, and absolute on the order of 1 m, a MODTRAN 3 radiative transfer
emissivity corrected for downwelling radiance. model approximating conditions during one of the field

examples given here (Ft. Devens, Massachusetts) shows
Radiometric Calibration that within the wavelength range, 8–14 lm, the effects
An instrumental count (DN) from the spectrometer is a of atmospheric transmissivity [sP(k).0.99] and path radi-
function of at-sensor spectral radiance, L(k), and instru- ance [LP(k),0.5% of total radiance] may be considered

negligible, and Eq. (5) may then be simplified tomental factors, such that
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LG(k)5eG(k)B(TG,k)1(12eG(k))LDW(k), (7)

where:

LG(k)5measured spectral radiance from the
diffuse gold plate,

eG(k)5spectral emissivity of the gold plate,
B(TG,k)5Planck blackbody spectral radiance of the

gold plate at temperature, TG .

Rearranging Eq. (7), the downwelling spectral radi-
ance, which is required in Eq. (6), is calculated from

LDW(k)5
LG(k)2eG(k)B(TG,k)

12eG(k)
. (8)

We measure the approximate temperature of the
gold plate, TG with a broadband radiometer observing
the black back of the gold plate. The spectral reflectivity
of the diffuse gold surface, qG(k), is fairly flat, has been
measured between 0.94 and 0.97 (Salisbury and D’Aria,
1992; Salisbury et al., 1994), and, according to Kirch-
hoff ’s law, results in a spectral emissivity of between 0.03
and 0.06. In the MODTRAN-3 1-m path example for Ft.
Devens, emission from the plate results in an average 7%
of the total radiance received at the sensor integrated
over the 8–14 lm region.

Variations in measurements of downwelling radiance
may occur due to any change within the reflective field ofFigure 2. Apparent emissivities of disturbed and undis-
view of the sensor. Significant variations in downwellingturbed soils at Ft. Devens, Massachusetts (top) and

Ft. A.P. Hill (bottom). Note sharp atmospheric emis- radiance have been noted primarily only when clouds or
sion lines due to the downwelling radiance component, man-made objects obscure the scene directly overhead.
particularly in the reststrahlen bands near 9 lm. Although data presented here were acquired under rela-

tively constant atmospheric conditions, we recognize that
the effects of time variations between target and downwel-Lmeas(k)5B(TT,k)eT(k)1(12eT(k))LDW(k). (6)
ling radiance measurements can significantly affect the

Figure 1 shows examples of spectral radiance data ability of our technique to correct for the contribution of
of undisturbed ground at Ft. Devens, Massachusetts and downwelling radiance to the calculation of absolute emis-
radiance from a diffuse gold reflector. Two examples of sivity (Korb et al., 1996).
typical apparent emissivity spectra of disturbed and un-
disturbed soils are shown in Figure 2 (Ft. Devens, top;

Absolute Emissivity CalculationFt. A.P. Hill, bottom). These spectra include reflected
In order to calculate the absolute spectral emissivity cor-downwelling radiance, which must be removed to derive
rected for reflected downwelling radiance, Eq. (6) mayabsolute emissivity, as described in the next section.
be rewritten as

Downwelling Radiance Correction
eT(k)5

Lmeas(k)2LDW(k)
B(TT,k)2LDW(k)

. (9)We follow the example of Salisbury and D’Aria (1992),
Rivard et al. (1995), Korb et al. (1996), and Hook and

Therefore, only the following three parameters mustKahle (1996) and use a diffuse reflecting gold plate to
be either measured or estimated: the temperature of themeasure downwelling spectral radiance. Korb et al. (1996)
target, the temperature of the gold plate, and the emis-and Hook and Kahle (1996) showed that the downwelling
sivity of the diffuse gold surface. The emissivity of thespectral radiance correction to the diffuse gold plate spec-
gold, as noted previously, has been measured in the labo-tral measurement introduces a small error because the
ratory, is spectrally flat, and can be incorporated as a sca-emissivity of the diffuse gold plate is not exactly 1.0. The
lar. In the field, both the temperatures of the gold platedownwelling spectral radiance measurement includes a
and the ground surface are estimated from radiometerterm which incorporates thermal emission from the plate

such that measurements.
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Figure 3. Plots of apparent emissivity and emissivity corrected Figure 5. Plot showing the effects on derived absolute emis-
for reflected downwelling radiance from an undisturbed soil sivity of a field spectrum by varying the temperature of the
surface at Ft. Devens, Massachusetts. gold plate. The gold plate emissivity was held constant at 0.04,

and the ground temperature held constant at 22.68C.

Figure 3 is a plot of the uncorrected, or apparent peratures constant and varying the gold emissivity, the ef-
emissivity of undisturbed soil from Ft. Devens shown in fects of errors in the gold surface emissivity measurement
Figure 2 (top). In addition, shown in this plot is the can be shown. Figure 4 gives three plots of corrected tar-
emissivity corrected for reflected downwelling radiance get spectral emissivity for three different emissivity values
calculated following the procedures outlined above and for the gold surface. For this particular sample (Ft. A.P.
described below. The technique removes the sharp at- Hill), the effect of varying the gold emissivity is only sig-
mospheric emission lines contributed to the field mea- nificant within the reststrahlen bands. By either halving
surement by downwelling radiance from the atmosphere (0.02) or doubling (0.08) the gold emissivity from our orig-
reflected from the target surface and ‘‘fills in’’ the silicate inal estimate of 0.04, results in a band depth contrast of
reststrahlen doublet near 9 lm. only z1% or z2%, respectively.

Due to the low emissivity of the diffuse gold plate,
the effect of errors in the measurement of the gold plateEFFECTS OF INPUT PARAMETERS
temperature is minimal. Shown in Figure 5 are the re-

As pointed out, measurements or estimates of the tem- sults on target emissivity obtained by varying the gold
perature of the target, the temperature of the gold plate, plate temperature while holding the gold emissivity and
and the emissivity of the diffuse gold surface are required
for these corrections. By keeping the two required tem-

Figure 6. Plot showing the effects on derived absolute
emissivity of a field spectrum by varying the target or

Figure 4. Plot showing the effects on derived absolute emis- ground temperature. The gold plate temperature was held
sivity of a field spectrum by varying the diffuse gold reflec- constant at 288C, and its diffuse surface emissivity held
tor emissivity. The gold plate temperature was held constant constant at 0.04. Each curve represents the best fit at each
at 288C, and the ground temperature held constant at 22.68C. specific estimated ground temperature.
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Figure 7. Derived absolute emissivity spectra (solid) for a Figure 8. Emissivity residuals between derived absolute
range of target temperatures from 258C (top curve) to emissivity and best-fit curves as a function of temperature.
318C (bottom curve) in 0.58C increments. Superimposed Reflected atmospheric emission lines are minimized at a
on the emissivity spectra are the second-order best-fit target temperature of 27.58C.
curves (dashed) for these temperatures.

sion lines in the measured spectrum and, secondarily, re-
ground temperature constant in Eq. (8) and (9). This sults in too high an estimate of the overall spectral emis-
plot demonstrates that a wide range of temperature esti- sivity (.1.0). Overestimating the ground temperature
mates produce little variance in the final emissivity. produces low values of emissivity and reinserts, in an op-

Errors in measurement of the ground surface tem- posite sense, the atmospheric lines.
perature, however, can have a significant effect on the The ability of this method to recover accurate emis-
target emissivity calculation. Figure 6 plots the corrected sivities from field data is illustrated by Figure 9, which
emissivity results from varying the ground temperature shows spectra of the same soils obtained in the field and
estimation by approximately 628C while keeping the in the laboratory. The top portion of Figure 9 shows
gold plate temperature and gold surface emissivity con- spectra of disturbed (field emissivity—atmospheric emis-
stant. Two important effects are noted when the ground sion lines minimized) and dry-sieved (laboratory hemi-
or target temperature is incorrectly estimated: 1) The en- spherical reflectance) soils overlain. The field spectrum
tire calculated spectrum is affected, not only the rest- shows slightly higher emissivity due to minor residual soil
strahlen bands; and 2) the atmospheric emission lines are moisture in the overturned soil during data collection.
accentuated, either in the plus or minus direction. Our The lower plot of Figure 9 shows that the spectra of un-
method uses as the objective function, the minimization disturbed soil (field) matches that of the wet-sieved soil
of the reflected atmospheric emission lines within a por- (lab).
tion of the measured spectrum (the short wavelength
lobe of the silicate reststrahlen doublet between 8.12

CONCLUSIONSmm and 8.60 lm). By fixing the diffuse gold plate tem-
perature and emissivity, and varying only the target tem- The methods presented here offer significant promise of
perature, the spectrum is fit with a second-order polyno- additional versatility in spectral measurements of soils in
mial as best representing the general shape of the the thermal infrared. Field measurements required to
reststrahlen lobe, and the residuals between the resulting obtain the data necessary to implement these techniques
emissivity spectrum and the second-order polynomial are straightforward and relatively easy to implement.
curve are calculated. The effects of the various input parameters suggest

Figure 7 shows the calculated emissivity spectrum that, particularly those due to uncertainties in the mea-
(solid) within this wavelength region for a range of target surement of the target or ground temperature, the
temperatures from 258C to 318C in 0.58C increments. primary figure of merit in determining the quality and
Superimposed on the emissivity spectra are the second- accuracy of the applied atmospheric correction is the
order best-fit curves (dashed). A plot of the emissivity minimization of the residual atmospheric emission lines
residuals as a function of temperature is given in Figure in the measured emissivity spectra.
8 and shows that the atmospheric emission lines are min- Direct comparison of hemispherical reflectance mea-
imized at a target temperature of 27.58C for this exam- surements of wet-sieved and dry-sieved samples versus
ple. From Figure 7 it can be seen that underestimating undisturbed and disturbed soils, respectively, may provide

a means to predict the expected discrimination perfor-the ground temperature retains the atmospheric emis-
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