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We present an analysis of the laboratory reflectance and emissivity spectra of 11 soil samples collected on
different field campaigns carried out over a diverse suite of test sites in Europe, North Africa, and South
America from 2002 to 2008. Hemispherical reflectance spectra were measured from 2.0 to 14 μm with a
Fourier transform infrared spectrometer, and x-ray diffraction analysis (XRD) was used to determine the
mineralogical phases of the soil samples. Emissivity spectra were obtained from the hemispherical re-
flectance measurements using Kirchhoff ’s law and compared with in situ radiance measurements
obtained with a CIMEL Electronique CE312-2 thermal radiometer and converted to emissivity using
the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) temperature and
emissivity separation algorithm. The CIMEL has five narrow bands at approximately the same positions
as the ASTER. Results show a root mean square error typically below 0.015 between laboratory emis-
sivity measurements and emissivity measurements derived from the field radiometer. © 2009 Optical
Society of America

OCIS codes: 120.0120, 120.0280, 300.6300.

1. Introduction

Land surface emissivity (LSE) plays an important
role in thermal remote sensing, since it is an essen-
tial factor for calculating accurate measurements of
surface temperature by radiometry (a 1% error in
emissivity produces an error in the recovered surface
temperature of 6K in the absence of any balancing
effect from the atmosphere) [1]. In addition, LSE is
a useful indicator of the specific properties of the sur-
face and provides important angular information
that can also influence the estimation of the land sur-
face temperature [2,3].
One of the most common ways to calculate emissiv-

ity (ε) is to convert directional hemispherical reflec-
tance measurements to emissivity via Kirchhoff ’s
law, ε ¼ 1 − R, where R is the hemispherical reflec-
tance [4]. Note the emissivity can only be recovered

accurately from hemispherical measurements rather
than biconical or bidirectional reflectance measure-
ments [5,6], where the directional nature of the ra-
diation measured by biconical reflectance does not
adequately account for radiation scattered in all
directions [4]. The emissivity of a surface can be mea-
sured in either emission or reflectance. When mea-
sured in emission, the sample must be heated to
enhance the emission itself and minimize the reflec-
tion term, so reflectance measurements are used
commonly, as, for example, the Arizona State Univer-
sity spectral library [7,8] or the Advanced Space-
borne Thermal Emission and Reflection Radiometer
(ASTER) spectral library v 2.0 (ASL) [9,10]. The spec-
tral libraries mentioned above present a large num-
ber of spectra but do not capture the variation
observed in many soils. The current paper presents
additional soil sample spectra from multiple test
sites which can be used to validate spaceborne
emissivity measurements from sensors such as
the ASTER.
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The aim of this paper is to present soil emissivity
spectra corresponding to several sites that have been
used in field campaigns undertaken by the Global
Change Unit (GCU) from the University of Valencia.
These samples were subjected to mineralogical and
spectral analysis as well as radiometric comparison
with ground-based measurements carried out with
thermal radiometers. Note that, in addition to the
spectral characterization of soil samples, the emis-
sivity spectra presented in this paper can be used for
validation of temperature and emissivity separation
algorithms that can be applied to a number of air-
borne and spaceborne sensors that have also been
used to acquire data over the sites. This work is
organized as follows: Section 2 includes the soil
samples description, and describes the experimental
setup and instruments used to retrieve reflectance/
emissivity spectra and mineralogical characteristics,
Section 3 shows the results obtained, and, finally,
Section 4 summarizes the main conclusions drawn
from this study.

2. Sample Description and Experimental Setup

The soil samples used in this study were acquired
during several remote sensing field campaigns car-
ried out between 2002 and 2008. Characteristics for
the samples are provided in Table 1. This table also
provides a brief text code for each sample, which will
be used throughout the paper for simplification in
the notation. The emissivity spectra of the soil sam-
ples were obtained from hemispherical reflectance
measurements carried out at the Jet Propulsion
Laboratory (JPL) in Pasadena, California, USA, and
converted to emissivity using Kirchhoff ’s law [11].
Measurements were made of each soil sample using
a Nicolet 520 Fourier transform infrared (FT-IR)
spectrometer equipped with a Labsphere integrating
sphere. One thousand scans at 4 cm�1 spectral reso-
lution were acquired over ∼15 min =sample and
averaged together. A background spectrum was ac-
quired using a diffuse gold plate and used to remove
background radiation from the sample spectrum.
Other equipment characteristics and sample pre-
paration protocols are detailed in Baldridge et al. [9].

To determine mineralogical soil composition, x-ray
diffraction (XRD) analyses were carried out. For this
purpose, soil samples were first oven dried at 40 °C
during 24h to eliminate humidity content. After
that, a Fritsch Pulverisette 9 vibrating cup mill
was used for dry grinding loads of ∼10 g of the ma-
terial using a 100ml tungsten carbide coated stain-
less steel set of cup, ring, and cylinder. Milling time to
prepare soil samples for XRD analysis was 3 s. X-ray
powder diffraction scans were performed between 5°
and 65° 2θ with a step size of 0:05° 2θ and a 5 s count-
ing time in a copper-anode Bruker D5000 diffrac-
tometer, working at 40kV and 30mA, with a Ni
filter, a 1° divergence slit, a 1° antiscattering slit, a
graphite diffracted beammonochromator, and a scin-
tillation detector. EVA software (part of Diffrac-Plus
suite of Bruker AX Systems) was used for the miner-
alogical characterization.

3. Results

A. X-Ray Diffraction Analysis

The XRD analysis results are shown in Table 2,
which presents the predominant crystalline phases
of each sample. The most frequently found minerals
were quartz (SiO2), which usually occurs with feld-
spar, and calcite (CaCO3). Sands like H or D1 contain
a high proportion of crystalline quartz, which is man-
ifest in the emissivity spectra. Sample CH contains a
calicium-rich plagioclase feldspar anorthite (CaAl2
Si2O8), dolomite CaMgðCO3Þ2, and quartz. Finally,
M131 has four crystalline phases, in addition to
quartz and calcite, anorthite, and illite (2K2O⋅3MgO⋅

Al2O3⋅24SiO2⋅12H2O). Samples P and LL correspond
to sandstones with a significant clay content.

B. Reflectance and Emissivity Spectra from FT-IR
Spectroscopy

Reflectance spectra between 2 and 14 μm and emis-
sivity spectra between 8 and 14 μm for each soil sam-
ple are shown in Fig. 1. Sands (H, D1) and MD, with
the presence of quartz, is indicated by a Christiansen
peak near 12:3 μm, and another relative peak is evi-
denced at 7:4 μm. This peak occurs in a part of the
electromagnetic spectrum where terrestrial mea-
surements of atmospheric water vapor have very
strong emission/absorption bands. Because of this
limitation the feature has been used for mapping
with planetary datasets whereas, with terrestrial da-
tasets, the adjacent emissivity minimum that falls
within a clear part of the electromagnetic spectrum
[4,12] is used. The minimum values in the reststrah-
len bands (8.0 and 9:0 μm), where the absorption
coefficient is high, are clearly apparent in the spec-
tra. Similar results were observed for a quartz sam-
ple in [5]. Other samples, such as AG and B, present
quartz as the main phase but the Christiansen peak
andminimum of reststrahlen are relatively diffuse in
relation to H and D1. This is attributed to the pre-
sence of other minerals, in particular feldspar, which
may have had an influence on the hemispherical

Table 2. Mineralogical Phases Of Soil Samples Analyzed With XRDa

Quartz Calcite Feldspar Dolomite Sheet-Silicates

AG X •

B X •

BS • X
CH • X •

D1 X
D2 X •

H X •

LL X •

M131 X • • •

MD X •

P X •

a(X), main phases; (•), rest of identified minerals

3666 APPLIED OPTICS / Vol. 48, No. 19 / 1 July 2009



reflectance in that region. The rest of the samples
show several spectral features since they contain
at least three mineralogical phases.

C. Comparison with Samples Included in the ASTER
Spectral Library

The emissivity spectra presented in this paper have
been compared to other soil emissivity spectra
included in the ASL. Currently, the ASL has more
than 69 soil spectra classified according to United
States Department of Agriculture (USDA) taxonomy
soil classes. Additionally, ancillary data, such as min-
eralogical and spectroscopy descriptions, are also
provided for some samples.
The ASL spectra were convolved with the system

response of the ASTER instrument to obtain band-
averaged values for the five thermal bands: band
10 (8:1–8:5 μm), band 11 (8:5–8:9 μm), band 12 (8:9–

9:3 μm), band 13 (10:3–11:0 μm) and band 14 (11:0–
11:70 μm) (Fig. 2). The mathematical equation to
be used for convolution bandpass is presented as
follows (1):

εf ¼
R
ελδλdλR
δλdλ

; ð1Þ

where εf is the effective emissivity, ελ is the spectral
emissivity, and δλ is the system response function.
Except for the spodosol class, the ASL soils show a
high dispersion in the first three ASTER thermal
bands (between 8 and 9:5 μm), whereas this disper-
sion is minimized in a classical split-window region
between 10 and 12 μm. A similar comparison was
also presented in [14]. All samples present a slight
decreasing of emissivity value near 9 μm before an
abrupt increase. In the spodosol class, the emissivity

Fig. 1. Reflectance between 2.0 and 14:0 μm (left column) and emissivity between 8.0 and 14:0 μm (right column) for each soil.

1 July 2009 / Vol. 48, No. 19 / APPLIED OPTICS 3667



spectra extracted from the ASL contain glass but
there are no strong peaks in the emissivity spectra,
which suggests the glass is amorphous rather than
crystalline. The B soil spectrum shows mineralogical
peaks, attributed to quartz (near 12 μm). In addition,
XRD analysis shows a high content of this mineral,
which could explain the different results between
ASL and B spodosol class.

D. Comparison with Ground-Based Measurements

Surface emissivities can be retrieved from ground-
based measurements collected with multiband radi-
ometers by applying the temperature and emissivity
separation (TES) algorithm, which utilizes a “cali-
bration curve” to recover the surface emissivity
[13,14]. This algorithm has also been applied to
ground-based measurements [15,16]. Therefore, we
have applied the algorithm to the band-averaged
data and compared the emissivity retrieved with the
actual emissivity measured in the laboratory.

Ground-based measurements were collected with
a CIMEL CE 312-2 radiometer, with five thermal
narrow bands similar to the ASTER ones, plus one
broadband (8–14 μm). Details of the technical charac-
teristics of the instrument can be found in [15,16]. A
diffuse reflectance standard plate (Infragold from
Labsphere Inc.) was also used to measure the sky
downwelling irradiance. Except for sample BS, which
was measured in situ during the corresponding field
campaign, the rest of samples were measured out-
doors during January 2008 at the University of
Valencia, Spain. Measurements were carried out un-
der clear-sky conditions and calm winds. Soil sam-
ples were placed on the ground, covering a spot of 30×
30 × 3 cm.. Twelve measurements were made of each
sample. Samples CH and P were not measured, since
there was insufficient material to cover the radio-
meter field of view. For the comparison, spectra
retrieved from FT-IR spectroscopy were averaged
to the CIMEL bands using its spectral response
functions.

Results are presented in Table 3, and show good
agreement between the ground-basedmeasurements
and laboratory measurements, with a total bias of
0.011 and a standard deviation (1-sigma) of 0.009.
The total root mean square error (RMSE) was below
0.015, which is the nominal accuracy of the TES al-
gorithm [13]. These small differences are attributed
to slight differences in the sample preparation and
application of the TES algorithm to the CIMEL data
to obtain the emissivity.

E. Band-Averaged Emissivities for Common Thermal
Remote Sensing Sensors

Finally, we provide band-averaged emissivity values
(using sensor bands spectral response functions) for
common thermal remote sensing sensors, such as
ASTER onboard the Terra platform, Thematic Map-
per (TM) onboard the Landsat-5 platform, Advanced
Very High Resolution Radiometer (AVHRR) onboard
the National Oceanic and Atmospheric Administra-
tion (NOAA)-18 platform and Moderate Resolution
Imaging Spectroradiometer (MODIS) on board the
Terra and Aqua platforms. The results are presented
in Table 4. These band emissivity values can be
considered as a reference to apply methods for land
surface temperature retrieval (as, for example, single
channel or split window) in which the knowledge of
surface emissivity is required.

Fig. 2. Emissivity mean values of MD, LL, BS, and the seven
spectra related with inceptisol orders provided by the JPL for each
ASTER thermal bands. (a) Inceptisol refers to the mean value for
seven samples, (b) entisol and (c) mollisol for 10 and nine samples,
respectively, and (d) spodosol for only one.

3668 APPLIED OPTICS / Vol. 48, No. 19 / 1 July 2009



4. Conclusions

In this study we have provided the emissivity spectra
for a variety of soils, which can be used to evaluate
land surface temperature algorithms for a variety of
satellite sensors. The emissivity spectra presented
were compared to other soil spectra included in
the ASL and to surface emissivities retrieved from
ground-based measurements. Results indicated a
good agreement, with a RMSE bellow 0.015 and a
high linear correlation coefficient (R2 ¼ 0:988). Fu-
ture work will focus on the effect of particle size
on the emissivity spectra of soils.

The authors thank J. Bastida and Mar Urquiola of
the Industrial Mineral Laboratory at Department of
Geology of the University of Valencia for their help in
mineralogical soil analysis. The authors also thank,
for supporting this paper in part, the Ministerio de
Ciencia y Tecnología (TERMASAT, project ESP2005-
07724-C05-04; EODIS, project AYA2008-0595-C04-
01) and the European Union (CEOP-AEGIS, project
FP7-ENV-2007-1 proposal 212921; WATCH, project
036946).
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