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ABSTRACT ARTICLE HISTORY

This work presents the preliminary results of the first field calibration Received 2 August 2017

campaign performed in the Atacama Desert, Chile, between the 18 and Accepted 7 March 2018

22 August 2014, called the Atacama Field Campaign (ATAFIC 2014). In

situ measurements were performed in order to spectrally characterize At ) ) .
. . acama; spectroradiometry;

the surface reflectance spectra between 0.?_: and 2.5 um, radlometrlg emissivity; temperature;

temperature (8.0-14.0 um) and atmospheric measurements. A soil surface reflectance

sample was collected and analyzed using Fourier Transform Infrared

Spectroscopy and X-Ray Diffraction techniques to characterize the

surface reflectance spectra and mineralogical composition, respectively.

ASTER land surface emissivity in addition to GOES, MODIS and Landsat-8

land surface temperature (LST) were also used. Results showed that the

spectral features of the Atacama soil and the characteristics of this

geographical zone, which is featured as the most hyper-arid and

cloudless place in the world, make this area a potential target for surface

reflectance characterization. Day and night LST comparison between

field and remote sensing data are lower than 2 K and the Root Mean

Square Error for land surface emissivity is close to 2%. This work opens

the possibilities to consider the Atacama Desert as a reference target for

calibration and validation activities for earth observation missions’

purposes.

KEYWORDS

1. Introduction

The choice of suitable and representative areas for vicarious calibration campaigns is a requirement
that helps in the success of any earth observation (EO) mission and its retrievals. Several land cover
types have been used as test sites for different EO missions, not only for the calibration and vali-
dation of the radiometric features of on-board sensors, but also for the products developed from
remote sensing data. For instance, agricultural mixed areas (Sobrino et al. 2008, 2011; Krishnan
et al. 2015), barren surfaces such as deserts, lunar or polar zones (Chander et al. 2013), pastures,
crops, grasslands and mixed natural landscapes, among others (Franch, Vermote, and Claverie
2014).

Both identification and monitoring of representative targets contribute to ensure the traceability
of on-board instruments and also to assess the uncertainty of its measurements in order to be useful
for detecting long-term trends (Chander et al. 2013). These targets must be selected considering sur-
face characteristics such as spectral behavior (in terms of high surface reflectance), spatial
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representativeness, temporal stability and atmospheric conditions such as low aerosol loading, low
water vapor content and high frequency of clear-sky days, among other criteria (Scott, Thome,
and Brownlee 1996). In this context, the Committee on Earth Observation Satellites (CEOS)
(http://ceos.org) has recommended a set of well-characterized sites across the world, which are
instrumented with ground sensors for a detailed monitoring of surface and atmospheric conditions
(Chander et al. 2013). These sites are mainly classified into two different groups: Well-instrumented
and pseudo-invariant calibration sites (PICS). The well-instrumented sites are used for field cam-
paigns with the aim of obtaining absolute radiometric parameters, facilitating the traceability and
inter-comparison to evaluate the biases of future and in-flight instruments in a consistent manner.
Meanwhile, PICS are focused on the evaluation of the long-term stability of instruments on-board
satellites and the inter-comparison of multiple instruments. PICS correspond to desert areas with
sand dunes, low aerosol loading, high surface reflectance and no vegetation. These sites have been
widely used for absolute radiometric cross calibrations, to evaluate the long-term stability of on-
board satellite instruments and also for inter-comparison of multiple sensors (Helder et al. 2013;
Lacherade et al. 2013). A representative example of the applicability of both kinds of sites is presented
by Campbell et al. (2013) that focuses on the comprehensive calibration and validation process of
EO-1 Hyperion over PICS and well-instrumented flux sites.

The high scientific interest in deserts can be seen by the results of previous research where these
areas have been demonstrated to be good candidates for the assessment of multi-temporal, multi-
band or multi-angular calibration of optical satellite sensors (Cosnefroy, Leroy, and Briottet 1996;
Nagaraja Rao et al. 1999; Miesch et al. 2003; Govaerts and Clerici 2004; Olesen and Gottsche
2009; Bullard, White, and Livingstone 2011; Hulley, Hook, and Baldridge 2009; Gottsche and Hulley
2012; Jiménez-Munoz et al. 2013). Despite the advantages of desert zones, one of the most relevant
desert in the world, the Atacama Desert, has only recently began to be used for exploratory remote
sensing field campaigns.

The Atacama Desert is located in the west side of the Andes Mountains and covers the southern
part of Peru, the western part of Bolivia and the Northern part of Chile. Different ecosystems, land-
scapes and biomes are present in these zones (Moreira-Munoz 2011). The hyper-arid conditions that
characterize the Chilean part of the Atacama Desert have been targeted by several works in different
scientific areas such as: geochemistry, soils and biology, astrobiology, lunar vehicles, mars analog,
mineral mapping (Wettergreen et al. 1999; Richards, Boyce, and Pringle 2001; Brown, Wild, and
Cunningham 2004; Hubbard and Crowley 2005; Clarke 2006; Lester, Satomi, and Ponce 2007;
Muiioz et al. 2007; Ramachandran, Justice, and Abrams 2011; Azua-Bustos, Urrejola, and Vicuiia
2012; Fletcher et al. 2012; Morgan et al. 2014; Wang et al. 2014) and most recently the assessment
of Tamarugo (Prosopis tamarugo), which is the only forest in the world that grows under hyper-arid
conditions (Chavez et al. 2012, 2013). Besides these scientific approaches, one of the most important
and highlighted interests in the Chilean part of the Atacama Desert is related to astronomy appli-
cations. The Atacama Desert gathers two of the most important telescopes and radio astronomy
experiments in the world: The Atacama Large Millimeter Array (ALMA) (Brown, Wild, and Cun-
ningham 2004), located in Chajnantor plateau and the European Extremely Large Telescope,
installed in Cerro Armazones, making the Atacama Desert one of the most important space obser-
vation places in the world. Above all, its low atmospheric water vapor content, high altitude and fre-
quency of cloudless days were the main features that led the selection of the Atacama Desert for the
establishment of astronomical projects; and also make it suitable for remote sensing purposes. How-
ever, the Atacama Desert has never been considered as a possible site to become a target standard
zone for remote sensing calibration or validation purposes. Previous experiments have described
the atmospheric characterization of the Atacama desert (Pinto et al. 2015; Cordero et al. 2016),
although the characterization of a target area in the Atacama Desert with remote sensing, in-situ
and laboratory measurements have not been conducted yet for remote sensing calibration or vali-
dation activities. A well site characterization can be used for further definition of a well representative
site in the Atacama desert. Thus, the objective of this manuscript is to present the first remote
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sensing field campaign carried out in the Atacama Desert describing laboratory (FT-IR, XRD and
chemical analysis) and in-situ measurements (surface reflectance spectra, radiometric temperature
and soil moisture). The structure of this paper is detailed as follows: Section 2 shows the study
area and data acquisition protocol, Section 3 shows the obtained results, the discussion is presented
in Section 4, and the conclusions about this work are shown in Section 5.

2, Study area

The Atacama Desert is the most arid zone in South-America and probably in the Earth. This area is
characterized by a west—east altitudinal gradient and desert climate types (Cereceda et al. 2008). Its
aridity can be attributed to the interactions between the large-scale atmospheric circulation, Hum-
boldt current along the coast and the Andes mountain range, generating a low mean annual precipi-
tation in the central depression, coastal fog and seasonal rainfall events in the high elevations of the
Andes mountain range (Rodwell and Hoskins 2001; Takahashi and Battisti 2007; Cereceda et al.
2008; Garreaud, Molina, and Farias 2010; Insel, Poulsen, and Ehlers 2010). In terms of paleoclimate,
the Atacama Desert changed from arid to hyper-arid conditions generating its current features (Rutl-
lant, Fuenzalida, and Aceituno 2003; Clarke 2006), although there is still no clear consensus about
the reasons of this extreme condition as detailed and described by Garreaud, Molina, and Farias
(2010). Despite the widespread sites to be found in the Atacama Desert for remote sensing appli-
cation or field campaigns, we have focused our efforts in an area close to the San Pedro de Atacama
town, named ‘El Tambillo’. The ‘El Tambillo’ area is located at 2438 m above sea level (m.a.s.l),
22 km south-west from San Pedro de Atacama town and close to the ALMA-Operations Support
Facility. The area belongs to an alluvial fan (i.e. alluvial deposit) composed of gravel, sand and
silt, originated during Pleistocene-Holocene (Servicio Nacional de Geologia y Mineria de Chile (Ser-
nageomin) 2003). ‘El Tambillo’ was chosen because of the flatness and homogeneity of the surface,
its atmospheric conditions (e.g. low aerosol loading and clear sky), the suitability to be monitored by
several optical sensors with different spatial resolution (0.50-5000 m?), and its accessibility (i.e. short
distance from the main road).

3. Data acquisition
3.1. In situ measurements

Surface reflectance, radiometric temperature and direct solar irradiance in-situ measurements were
conducted over ‘El Tambillo’. In this area, a hyperspectral surface reflectance characterization was
made in the 0.35-2.5 um region using a FieldSpec®- 4 spectroradiometer (Analytical Spectral
Devices®, ASD). Additionally, a parallel characterization of spectral behavior ranged from 0.4 to
1.0 um was conducted using a FieldSpec® HandHeld (ASD) spectroradiometer. White reference
measurements were obtained from two Spectralon® (0.3 and 0.1 m?) standard reference panels
(one per instrument). Land leaving radiance measurements in the TIR domain (8.0-14.0 um)
were computed from brightness temperature (BT) measurements performed automatically every
10 s using an SI-111 (Apogee®) thermal radiometer was first mounted on a tripod 1 m above ground
at a 30 degree angle for an approximate footprint of 0.86 m?, and later mounted on a vehicle at 1.5 m
also at 30 degree angle for an approximate footprint of 1.93 m?. Thermal downwelling irradiance was
estimated by measuring sky BT, targeting at the sky in the opposite direction of the sun. Aerosol
optical depth and atmospheric water content were computed from direct solar irradiance measure-
ments performed with a portable CIMEL CE-317 (CIMEL Electronique®), mounted on a tripod and
pointing at the sun during the whole measurement period. Solar radiation was measured at five
channels (i.e. 0.440, 0.670, 0.870, 0.936 and 1.020 pm central wavelengths) with a 1.2° FOV. Finally,
one soil sample from the study area was collected for further laboratory analysis. Table 1 summarizes
the in-situ measurements carried out during ATAFIC 2014.
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Table 1. Instruments, measuring protocol and magnitude retrieved between 19 and 22 August 2014.

Instruments Measurement protocol Measure Units

CIMEL CE - 317 Mounted on a tripod in order to provide continuous Solar irradiance W m™2
measurements during the field activities

ASD FieldSpec - 4 Transects in 300 m? grid Surface reflectance %

(0.35-2.5 pm)
ASD FieldSpec - Transects in 100 m? grid Surface reflectance %
HandHeld - 2 km transects in vehicle (0.4-1 pm)

Apogee SI111 - Mounted on a tripod in order to provide continuous Brightness temperature K

measurements during the field activities (8.0-14.0 pm)

- 2 km transects in vehicle

The ASD FieldSpec-4 was used to measure the surface reflectance over an area of 300 m?. In this
area, the same protocol for measuring surface reflectance was applied daily during ATAFIC at the
same local time, in order to account for temporal variations of the surface reflectance. More details
of this surface and the hyperspectral characterization in addition to the atmospheric composition in
terms of water vapor and aerosol loading can be found in Pinto et al. (2015).

A FieldSpec-HandHeld spectroradiometer and an Apogee SI-111 thermal radiometer were used
for measuring the surface reflectance and BT over a different area of approximately 100 m”. This
integrated measurement protocol has been previously applied and published (Sobrino et al. 2012).
The surface reflectance measurements were conducted over the 100 m* square area, while the BT
was continuously measured at the center of the square. Moreover, based upon past experiences in
which geostationary thermal data has been validated by using off-road vehicles (Géttsche, Olesen,
and Bork-Unkelbach 2013), integrated SR and BT measurements were performed over a 2 km-
long transect to characterize the spatial heterogeneity. Figure 1 shows the study area and the
sampling method applied during ATAFIC.

Land Surface Temperature (LST) was computed from surface brightness temperature (TBsuf)
using Equation (1) based on an approximation of the radiative transfer equation:

Lrad — (1 — &)Ldown

B(LST) = . , (1)

where Lrad is the land leaving radiance (W m™) measured by a thermal radiometer, ¢ is the land
surface emissivity, Ldown is the long-wave downwelling irradiance (W m™?) converted from the
TBsky measured by the thermal radiometer and B(LST) is the Planck’s law for the LST (W
m st~ 'um™"). Finally, the LST (K) was estimated by inverting the Planck’s law.

3.2. Laboratory measurements

The collected soil sample was analyzed in the laboratory to determine its emissivity spectra, miner-
alogical composition and texture. Previous work has demonstrated the potential use of soil
characterization for remote sensing applications when FT-IR reflectance/emissivity spectra and
XRD-diffraction analysis are combined (Sobrino et al. 2009). The emissivity spectrum of the col-
lected soil sample was obtained from hemispherical reflectance measurements carried out at
NASA’s Jet Propulsion Laboratory in Pasadena, California (USA) and converted to emissivity
using Kirchhoff’s law. Measurements were performed using a Nicolet® 520 FT-IR spectrometer
equipped with a Labsphere® integrating sphere. Other equipment characteristics and sample prep-
aration protocols are detailed in Baldridge et al. (2009).

In order to determine the mineralogical soil composition, an X-Ray diffraction (XRD) analysis
was also conducted. For this purpose, the soil sample was sieved using a 200-mesh grid, after
that, it was pulverized in an agate mortar. Then, an X’Pert Pro diffractometer from PANalytical®
was used to identify the possible minerals contained in the soil sample. Measurements of X-ray
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B2 SR (FS4) B2 SR (HH)-SM (HS2) v TB(SIM111) Bl S(CE317) + SR(HH)-SM-TB

Figure 1. Study area and distribution of the surface reflectance (SR) (dashed areas) location of the solar irradiance (S) measure-
ments (square), and location of the brightness temperature (BT) measurements and soil sample collection point (star). The crosses
show the sampling points of the 2 km vehicle transect. Pictures: (A) Close-up of the study area surface showing pebbles, and (B)
view of the ‘Tamarugo’ forest from the study area.

powder diffraction were collected at 20 from 3° to 70°, with a step size of 0.02°. The copper anode X-
ray source was operated at 40 kV and 30 mA, giving a count rate of 2 s/step. Finally, the texture, elec-
trical conductivity, anions, cations and salinity were obtained by chemical analysis.

4, Method

Different surface reflectance and emissivity values were derived for several spectral bands of the most
used optical sensors such as the Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) on board the Terra Satellite, the Moderate Resolution Imaging Spectroradiometer
(MODIS) on board the Terra and Aqua satellites, the Enhanced Thematic Mapper Plus (ETM+)
on board Landsat 7, the Operational Land Imager (OLI) and Thermal Infrared Sensor (TIRS) on
board Landsat 8, and the New AstroSat Optical Modular Instrument-1 (NAOMI-1) on board the
Chilean satellite Fasat-Charlie. With this aim, the surface reflectance and emissivity spectra were
convolved with the relative spectral response of each sensor band using the RSR calculator software
(Durdn-Alarcén et al. 2014). The convolved emissivities were then compared to values obtained
from the ASTER Global Emissivity Dataset (GED) v3 (Hulley et al. 2015) for the study area. The
emissivity values from the ASTER GED product are the result of averaging all ASTER observations
in time from 2000 to 2008 into a single value, since each pixel’s standard deviation is also included in
the product it was possible to characterize the spatial and temporal variation of emissivity in the
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study area by means of the coefficient of variation (CV) showed in Equation (2):

SDEV
CV = P 2)

where SDEV and x are the standard deviation and mean of a single pixel through time, respectively.

LST at different spatial resolutions was obtained from Geostationary Operational Environmental
Satellites (GOES) (~5000 m?), MODIS (~1000 m®) and L8 TIRS (~100 m?). The GOES GEO-
LAND-2 LST product uses a Dual-Algorithm proposed by Freitas et al. (2013). In the case of
MODIS, the LST retrieval uses a generalized split-window algorithm over clear-sky conditions
(Wan 1999). For this study, the MOD11A1 collection 5 product was used. Finally, LST from L8
TIRS data was estimated using the single channel algorithm proposed by Jiménez-Muioz et al.
(2014) and using the Global Atmospheric Profiles from Reanalysis Information database (Mattar
et al. 2015). It is noteworthy that although the L8 TIRS data is originally acquired at a resolution
of 100 m®, the distributed product is delivered at 30 m* after a cubic convolution resampling in
order to match the OLI multispectral bands.

5. Results
5.1. Surface characterization

The surface of the study area is mainly covered by sand and pebbles; then, it is thought it was origi-
nated by alluvial-fan formative processes (Jungers et al. 2013). According to the results of the XRD
analysis, the mineralogical composition of the ATAFIC zone soil is mainly composed of labradorite
((Ca,Na)(ALSi)4Og), quartz (SiO,) and magnetite (Fe;O,4). Other minerals such as microcline, inter-
mediate muscovite (sericite), biotite, ferroactinolite and traces of montmorillonite were present in
the sample. The mineral composition of the sample coincides with the chemical analysis (Table
2), that reveals the concentration of cations and anions. The texture of the site was identified as
sandy loam.

The surface emissivity spectra obtained in the laboratory is shown in Figure 2. The sand sample
has two different grain sizes, the fine grain representative of sand and the coarse grain that corre-
spond to the pebbles. In terms of emissivity, sand and pebbles show a similar spectral behavior,
although different magnitudes. Despite the fact that the emissivity spectra were obtained using an
infragold integrating sphere that avoids bi-directional effects in the TIR (Salisbury, Wald, and
D’Aria 1994), the fine-grained soil samples (i.e. sand) showed a slightly lower magnitude than
mixed ones or coarse-grained samples (i.e. sand and pebbles, or only pebbles, respectively). A poss-
ible anisotropic effect added by the pebbles could explain this increase in the emissivity values or it

Table 2. Textural and chemical analysis of the Atacama soil sample.

Parameters Units Values
Sand (2-0.05 mm) % 793
Silt (0.05-0.002 mm) % 14.8
Clay (<0.002 mm) % 5.9
Ca’* mmol+/L 7.77
Mgt 0.61
Na* 1.90
K" 0.56
S02~ mmol-/L 0.065
a- 0.51
HCO*~ 0.01
pH unitless 7.98
Electrical conductivity (EC) dS/m 0.88
Sodium absorption ratio (SAR) unitless 0.93
Percentage of interchangeable sodium (ESP) % 1.36

Water saturation 21.01
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Figure 2. Soil emissivity spectra for the sand, pebbles and mixed sand and pebbles samples collected in the field.

could be attributed to the mineralogical differences since the sand probably has more clay content
than pebbles (Salisbury and D’Aria 1992). The average difference between the pebbles and sand
emissivities in the TIR window (8.0-14.0 um) is approximately 2.1%.

The surface reflectance spectra measured with the ASD FieldSpec HandHeld (HH) and FieldSpec
4 (F4) are presented in Figure 3. Despite the surface reflectance spectra retrieved from HH is slightly
higher in magnitude, both spectra are similar with a Root Mean Square Error (RMSE) equal to 0.8%
between 0.4 and 1.0 um and a coefficient of determination (r*) equal to 0.998. The highest standard
deviation values were obtained around 0.75 pm, while the minimum standard deviation was located
in the region between 0.5 and 0.6 pm. The region close to 1.0 um presents a possible background
noise evidenced in the HH, as well the region close to 0.4 um. This could probably be attributed
to the sensitivity of the instrumentation in the limits of the bandwidth. The noise influences are

0.301

FieldSpec HH
0.251

FieldSpec 4

Reflectance
o
o
&

0.151

0.101

03 05 07 09 11 13 15 17 19 21 23 25
Wavelength (um)

Figure 3. Mean surface reflectance for Atacama soil sample derived from FieldSpec HH (0.4-1.0 um) and FieldSpec 4 (0.35-2.5 pm)
on 19 August 2014. The standard deviations for FieldSpec HH and Fieldspec 4 measurements are also shown.
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also evidenced in the spectral domain between 2.3 and 2.5 um for the F4. As for the atmospheric
parameters retrieved during the field campaign, the optical depth ranged between 0.04 and 0.362
for the 440 and 870 nm wavelengths, respectively, and the water vapor concentration was lower
than 0.4 g cm ™. A detailed analysis of the atmospheric characterization in addition to the surface
spectra measured by FieldSpec4 appears in Pinto et al. (2015).

5.2. In-situ measurements and remote sensing comparison

Based on the GED data, the mean emissivity for each band shows low spatial variations in the study
area and mostly in the site where the soil sample was acquired (Figure 4). Nevertheless, the CV
(Equation 2) shows values of up to 0.3% for the bands located between 8.1 and 9.3 um (bands 10,
11 and 12), in contrast to the bands located in the range between 10.2 to 11.7 um (bands 13 and
14), where the CV is low (less than 0.09%). Despite this spatial variability, the area where the
measurements were carried out, present a very low CV, ranging between 0.1% for band 10, and
0.01% for band 14. The highest CV was observed far from the area where the measurements were
performed, specifically located near to the Atacama salt pan that presents high anisotropy structure
and it is influenced by external parameters such as weather conditions (e.g. wind, temperature) and
mining activities.

The importance of land surface emissivity and reflectance characterization of the study area in
the Atacama Desert is highly related to the main applications in remote sensing for comparing
in-situ measurements with satellite retrievals and also key for vicarious calibration processes.
Thus, Table 3 shows the land surface reflectance convolved for the most commonly used remote
sensors such as OLI (Landsat 8), ETM+ (Landsat 7), ASTER (Terra) and MODIS (Terra and
Aqua). Additionally, values for the Chilean sensor NAOMI (Fasat-Charlie) are also shown. All
these sensors are capable of monitoring the study area of ATAFIC, and the in-situ surface
measurements can fulfill the requirements to validate or even calibrate the land surface products
derived from the data provided by the mentioned sensors. Despite the fact that slight variations
can be observed when comparing the surface reflectance retrieved by two different spectroradi-
ometers, the magnitudes for each sensor band are quite similar and did not show any significant
variation.

Table 4 shows the surface emissivity derived in the laboratory from the soil sample and convolved
for each of the thermal band of the OLL, ETM+, ASTER and MODIS sensors. These values are a first
approximation which could be considered in further evaluation the current and future thermal
remote sensing missions. Figure 5 shows the comparison between the land surface emissivity
from the lab measurements convolved to the five ASTER bands and the ASTER GED emissivity
product.

These results show a slight bias (~3%) in the emissivity values for ASTER bands 10, 11 and 12
even though the spectral shapes match closely. However, for bands 13 and 14, the bias was lower
(0.6%) showing a good performance between laboratory and GED data. The bias in bands 10-12
could be attributed to the ASTER emissivity calibration curve, which is derived from a subset of
the ASTER spectral library, not accounting for the types of soils found in this region. The standard
deviation of each ASTER band also evidenced the stability in the magnitude of the emissivity values,
showing a higher amplitude at ASTER bands located between 8.1 and 9.3 pm when compared with
the bands located in the 10.2 and 11.7 um region. The RMSE for sand, pebbles and mixed samples
(sand and pebbles), in average for all bands were 2.8, 3.2 and 2.5%, respectively, suggesting a good
agreement between the laboratory and GED data, despite the possible bias located in some of the
ASTER bands.

In terms of the spatial distribution, the emissivity values obtained from GED data did not show
any significant variation in terms of CV values, because of typically constitute a spatially hom-
ogenous surface. These results represent a first comparison between laboratory and remote sensing
data in order to demonstrate the possible applications of the study area for further remote sensing
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Table 3. Mean and standard deviation (o) of surface reflectance values measured with ASD HandHeld (HH) and Fieldspec 4 (F4)
filtered for different bands of several sensors.

Band (Bandwidth pm) pxo (HH) pxo (F4) MODIS pxo (HH) pxo (F4)
OLI-01 (0.43-0.45) 0.143 £ 0.003 0.139 +0.005 BO1 (0.62-0.67) 0.229 £ 0.005 0.218 £ 0.008
OLI-02 (0.45-0.51) 0.155+0.003 0.150 £ 0.005 B02 (0.84-0.88) 0.246 £+ 0.005 0.236 £ 0.009
OLI-03 (0.53-0.59) 0.190 £ 0.004 0.182 £ 0.006 B03 (0.46-0.47) 0.151 £ 0.003 0.145 £ 0.005
OLI-04 (0.64-0.67) 0.231 £ 0.005 0.220 £ 0.008 B04 (0.55-0.57) 0.184 £ 0.004 0.176 £ 0.006
OLI-05 (0.85-0.88) 0.245 +0.005 0.235+0.009 BO5 (1.23-1.25) - 0.286 £ 0.010
OLI-06 (1.57-1.65) - 0.288 £0.010 B06 (1.63-1.66) - 0.287 £0.010
OLI-07 (2.11-2.29) - 0.287 £0.010 B07 (2.11-2.16) - 0.281+£0.010
OLI-08 (0.50-0.68) 0.204 £ 0.004 0.195 £ 0.007 B08 (0.41-0.42) 0.133 £ 0.003 0.129 £ 0.004
OLI-09 (1.36-1.38) - 0.276 £0.010 B09 (0.44-0.45) 0.143 £ 0.003 0.139+ 0.005
ETM+-01 (0.42-0.52) 0.154 £ 0.003 0.148 £ 0.005 B10 (0.48-0.49) 0.156 + 0.003 0.150 £ 0.005
ETM+-02 (0.52-0.60) 0.190 £ 0.004 0.182 £ 0.006 B11 (0.53-0.54) 0.171 £0.003 0.164 £ 0.006
ETM+-03 (0.63-0.69) 0.232 £ 0.005 0.222 +0.008 B12 (0.55-0.56) 0.179 £ 0.004 0.172 £ 0.006
ETM+-04 (0.77-0.90) 0.248 +0.005 0.238 £ 0.009 B13 (0.66-0.67) 0.233 +£0.005 0.222 £ 0.008
ETM+-05 (1.55-1.75) - 0.287 £0.010 B14 (0.67-0.68) 0.236 £+ 0.005 0.225 £ 0.008
ETM+-07 (2.09-2.35) - 0.277 £0.010 B15 (0.74-0.75) 0.250 £ 0.005 0.239+0.009
ETM+-08 (0.52-0.90) 0.233 £ 0.005 0.223 +0.008 B16 (0.86-0.88) 0.245 £+ 0.005 0.235 £ 0.009
ASTER-01 (0.52-0.60) 0.187 £ 0.004 0.180 + 0.006 B17 (0.89-0.92) 0.243 £ 0.005 0.235+0.009
ASTER-02 (0.63-0.69) 0.232 £ 0.005 0.221 £0.008 B18 (0.93-0.94) 0.244 £+ 0.006 0.237 £0.009
ASTER-03N (0.76-0.86) 0.250 £ 0.005 0.239+0.009 B19 (0.92-0.97) 0.245 +0.006 0.237 £ 0.009
NAOMI-01 (0.46-0.52) 0.157 £ 0.003 0.151 £ 0.005

NAOMI-02 (0.53-0.59) 0.188 + 0.004 0.180 £ 0.006

NAOMI-03 (0.63-0.70) 0.232 £ 0.005 0.221 £0.008

NAOMI-04 (0.76-0.88) 0.249 £ 0.005 0.239£0.009

NAOMI-PAN (0.46-0.74) 0.203 £ 0.004 0.194 £ 0.007

research concerning surface characterization. The possible differences in the ASTER GED bands
need to be addressed in future research accounting for different soil sample collection, since one
spectra can be used to characterize the site, but other spectra are required to estimate the possible
variations of the soil in the same study area.

Figure 6 shows the in-situ and remote sensing LST for the ATAFIC study area. Also shown are the
corresponding pixel footprints for each remote sensor and an in-situ LST time series between 30 min
before and 30 min after the Landsat 8 overpass.

Table 4. Emissivities for the effective bandwidth of common sensors derived from measured emissivity spectra.

Sensor Band Bandwidth (um) Ef (um) Sand Pebbles Sand and pebbles
ETM+ (L7) 6 10.4-12.5 11.349 0.957 0.962 0.955
TIRS (L8) 10 10.60-11.19 10.904 0.951 0.958 0.947
11 11.50-12.51 12.003 0.963 0.966 0.960
ASTER (TERRA) 10 8.125-8.475 8.287 0.947 0.956 0.947
11 8.475-8.825 8.635 0.936 0.944 0.931
12 8.925-9.275 9.079 0.93 0.931 0.921
13 10.25-10.95 10.659 0.95 0.957 0.947
14 10.95-11.65 11.289 0.951 0.957 0.948
MODIS (Terra) 20 3.66-3.84 3.788 0.652 0.824 0.719
21 3.929-3.989 3.992 0.648 0.826 0.719
22 3.929-3.989 3.972 0.648 0.826 0.719
23 4.02-4.08 4.057 0.649 0.825 0.718
24 4.433-4.498 4473 0.73 0.865 0.779
25 4.482-4.549 4.545 0.741 0.871 0.788
27 6.535-6.895 6.771 0.956 0.964 0.957
28 7.175-7.475 7.343 0.973 0.973 0.971
29 8.4-8.7 8.529 0.939 0.947 0.935
30 9.58-9.88 9.734 0.937 0.945 0.935
31 10.78-11.28 11.019 0.951 0.957 0.947
32 11.77-12.27 12.033 0.963 0.967 0.96
33 13.185-13.485 13.365 0.972 0.974 0.97
34 13.485-13.785 13.683 0.974 0.976 0.973
35 13.785-14.085 13913 0.974 0.975 0.974

36 14.085-14.385 14.196 0.976 0.975 0.973
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Figure 5. Emissivity values obtained from the laboratory spectra and the GED values for the 100 m pixel closest to the soil sample’s
collection site.

The area covered by a GOES pixel has an LST range of around 5 K, whereas the temperature range of
a MODIS pixel is lower than 3 K, and less than 1 K for the area represented by the selected TIRS pixel.
The in-situ LST evidenced a high surface thermal inertia, showing an increase from 304 to 316 K
between 13:59 and 15:30 UTC for 21 August. A similar behavior was observed during 20 and 22 August
. This temperature effect, in addition to the salt concentration (i.e. compounds derived from Na), affects
the soil water availability (Kampf et al. 2005) and therefore limits the growth of vegetation cover, keep-
ing the surface barren during the whole year. Nevertheless, the in-situ LST showed values similar to
GOES, MODIS (Terraand Aqua) and TIRS (L8) LST at day and night times during the field campaign.

Despite the fact that ATAFIC study area is spatially homogenous, the changes in LST at the time
of the L8 overpass (14:30 UTGC; 11:30 local time) only allowed a short time period for acquiring in-
situ measurements suitable to be compared to satellite retrievals. The small difference between Land-
sat and in-situ LST (<2 K) during the day allows considering this site for further works related to
calibration or validation activities and in such case, in-situ data might be complemented by using
more soil collection points for emissivity retrievals in order to decrease possible uncertainties.
Despite the good agreement between in-situ and remote sensing LST during ATAFIC campaign,
it is necessary to analyze the temporal variability of the LST in the past decade in order to evaluate
the capabilities of the study area to be used as a possible site to validate LST retrieved from remote
sensors. To this end, Figure 7 shows the long-term LST for the ATAFIC site derived from MODIS
(Terra and Aqua) and its standard deviation.

At daytime, it can be seen that LST presents high annual amplitude (~20 K) where the annual
mean standard deviation of LST derived from the Terra and Aqua is close to 4 K. The LST obtained
at daytime shows higher values from Aqua than Terra; being consistent with the overpass times and
presenting a higher variability during September to November. In contrast, the LST derived from
Terra at daytime presents a lower variability than Aqua. For nighttime, both LST sources (Aqua
and Terra) are quite similar during the year and the annual mean standard deviation of LST is
lower than 2 K estimating a maximum and minimum variability of LST during July and December,
respectively. There is important to mention that radiance-based method to estimate LST can be used
for this site based on the homogeneous of ATAFIC and the emissivity spectra presented in this
manuscript (Wan and Li 2008; Hulley and Hook 2012).

6. Discussion

Several requirements need to be fulfilled in order to consider the acquisition of surface parameters
for spectroscopy and remote sensing applications (Milton, Fox, and Schaepman 2006). During ATA-
FIC, most of the activities for both the surface and atmospheric characterizations were performed
applying pre-established in-situ measurement protocols in addition to laboratory measurements.
The results presented here have demonstrated the advantages and usefulness of this area for the
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Figure 6. Top: (A) GOES pixel footprint (~5000 m?) over the LST image retrieved from TIRS data using a Split-Window method over
the ATAFIC field campaign area at 14:30 UTC 08/21 (with the location of the corresponding MODIS pixel), and (B) MODIS pixel
footprint (~1000 m?) showing the location of the L8 pixel (~30 m?) corresponding to the selected site of in-situ measurements.
Middle: LST values from in-situ measurements and retrieved by GOES, MODIS (Terra and Aqua) and TIRS (L8) over the ATAFIC cam-
paign period. Bottom: In-situ and TIRS (SC and SW) LST for the ATAFIC study area at the time of the L8 overpass. Time is in UTC
(Local time = UTC-3).
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Figure 7. (A) Daily LST values from Terra and Aqua for the 2003-2015 period and its standard deviation (B) for the ATAFIC study
area. The green rectangle shows the field campaign period.

acquisition of different types of data and for the execution of all mandatory activities that vicarious
calibration and validation processes require, either for low, middle or high spatial resolution sensors.
Moreover, the retrievals obtained from atmospheric measurements (Pinto et al. 2015) show that
aerosol loading and water vapor content over this area are very low (i.e. less than 0.5 g cm™).
The low water vapor concentration near the ATAFIC study area has been previously shown by
Galewsky et al. (2011) and Cordero et al. (2016), who reported the lowest concentration of atmos-
pheric water vapor in the surface of the Earth. Another important benefit of the Atacama desert is it’s
high frequency of clear-sky days, which was studied by Kiemle et al. (2015) with data from the
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) level-2product.
These atmospheric features also conditioned the Atacama Desert to be a target zone for testing
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land surface emissivity/reflectance or atmospheric data bases derived from reanalysis (Jiménez-
Munoz et al. 2010; Mattar et al. 2015). MODTRAN 4.0 (Berk et al. 1998) simulations derived
from ERA-Interim atmospheric profiles demonstrate the high values of atmospheric transmissivity
during June, July and August for MODIS and Landsat thermal bands (Figure 8). In average, the
atmospheric transmissivity is over 85% and decrease during the summer season (December, Jan-
uary and February) due to an increase in the water vapor content related to the Bolivian winter.

The surface emissivity spectra obtained for the soil sample collected at the study area showed a
good agreement when compared to remote sensing data. The contrast between emissivity spectra
and the ASTER GED showed the lowest bias for bands 13 and 14. As for bands 10, 11 and 12,
the higher bias could be explained by the greater spatial and temporal heterogeneity of emissivity
in these bands, and the fact that only one soil sample was used to obtain the laboratory emissivity
spectra. Also, the ASTER calibration curve may not accurately represent the spectral variability in
these types of soils. In the case of surface reflectance, radiometric measurements showed stable values
for different measurement protocols applied in the study area. Despite these good results, further
research needs to be addressed in order to evaluate the study area in terms of the spatial/temporal
pseudo-invariance of the spectral behavior of the site or to perform vicarious calibration for optical
remote sensing.

The long-term LST data derived from MODIS for the ATAFIC location showed low standard
deviation ~2 K during nighttime and reasonable values at daytime demonstrated by in-situ data.
The ATAFIC site presents a homogeneous land cover during the whole year that is not affected
by local rainfall events often occurring during the austral summer, the so-called Invierno Boliviano.
Similar works related to the validation of LST in desert areas evidence some green up during short
periods of rainfall which generate changes in the land surface cover and therefore in the emissivity
affecting the LST validation products (Géttsche et al. 2016), nevertheless this is not the case for the
ATAFIC study area.

The efforts dedicated during ATAFIC can be considered as a milestone in South American remote
sensing experiences, where new satellites administrated by locally space agencies or institutions of
developing countries are becoming crucial for EO. For instance, the cases of the Brazilian program
with forthcoming CBERS missions (Ponzoni and Albuquerque 2008) or the Fasat-Charlie (Mattar
et al. 2014; Barrientos et al. 2016), which is the first successful Chilean satellite mission that can
be calibrated or inter-compared with data from similar remote sensing sensors. In this particular
case, the Atacama Desert could be used as a reference site for updating or validating current absolute
calibration coefficients or for future vicarious calibration activities.

7. Conclusion

This manuscript describes and presents the first remote sensing field campaign carried out in the
Atacama Desert. Surface and atmospheric measurements accompanied with laboratory analysis,
showed that the study area has a high potential for further remote sensing applications. The extre-
mely low atmospheric water vapor loading and the cloudiness patterns highlight the atmospheric
conditions of the ‘El Tambillo’ zone. For LST and emissivity, the data collected during ATAFIC
2014 can be used for the preliminary test, although further works must be focused on the spatial het-
erogeneity of thermal remote sensing sensors such as MODIS or GOES. For the case of ASTER,
Landsat or Sentinel-3 spatial resolution at the 100 m level, a low spatial variability has been estimated
over the study area for thermal calibration or validation activities. Finally, the results showed in this
work contribute to the definition of a potential site to develop calibration and validation protocols in
South-America, the fact that will benefit current and forthcoming space missions. Indeed, ATAFIC
2014 is the first approach to consider the Atacama Desert in further calibration and validation
remote sensing field campaigns.
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