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This work describes the first in-flight absolute calibration of the ‘‘Sistema Satelital para la Observación de la
Tierra’’ (SSOT or Fasat-C). It was performed on January 29th 2013 at Antumapu site located in the south-
ern area of Santiago, Chile. A description of the procedure is presented which includes both ground mea-
surement and atmospheric characterization. The Chilean satellite for Earth observation carries on board a
‘‘New AstroSat Optical Modular Instrument’’ (NAOMI) high-resolution pushbroom imager which provides
a 1.45 m ground sampling distance in the panchromatic (0.455–0.744 lm) channel and a 5.8 m ground
sampling distance for the green (0.455–0.52 lm), blue (0.528–0.588 lm), red (0.625–0.695 lm) and
near-infrared (0.758–0.881 lm) channels from a 620 km orbit. Radiometric calibration was carried out
in order to estimate the land leaving radiance and bidirectional reflectance at the top of the atmosphere.
To correct the reflectance data for atmospheric effects, the Second Simulation of a Satellite Signal in the
Solar Spectrum (6S) code was used. Aerosol Optical Depth (AOD), water vapor and ozone content were
obtained from MOD04, MOD05 and MOD07 products respectively, which are derived from the Moderate
Resolution Imaging Spectroradiometer (MODIS) data. Statistical results such as BIAS, SIGMA and RMSE
were calculated for the comparison between surface reflectance values and in situ measurements. Results
show that the overall accuracy of the atmospherically corrected surface reflectance calculated from Fasat-
C imagery can be estimated to around ±5%, with a R2 coefficient of 0.939 between atmospherically cor-
rected reflectance values and in situ measurements. The atmospheric correction applied in this work by
combining MODIS data and the 6S radiative transfer code could be used for further calibration of the
Fasat-C images, although in situ atmospheric irradiance measurements are necessary to estimate reliable
values of surface reflectance. Future validation tasks have been considered for further applications to nat-
ural resources management and surface land cover classification.
� 2014 International Society for Photogrammetry and Remote Sensing, Inc. (ISPRS) Published by Elsevier

B.V. All rights reserved.
1. Introduction Fasat-C imagery is useful to obtain biophysical parameters from
The SSOT (Sistema Satelital para la Observación de la Tierra; re-
ferred hereafter as Fasat-C) was launched on December 16th, 2011,
becoming the first successful Chilean satellite mission. One of the
main purposes of the Fasat-C is the ability to detect and quantify
changes in the Chilean territory, to generate the bases for fast
emergency response in the case of earthquakes or volcanic erup-
tions and to monitor the natural surfaces affected by climate
change (i.e. glaciers or southern dense forests), among other envi-
ronmental applications.
the land surface covers. These images can be used in several appli-
cations such as environmental monitoring, mining activities, agri-
cultural production and natural resource management, among
others. Both temporal and spatial resolution can contribute to de-
velop more efficient productive process on the Chilean productiv-
ity system by considering Fasat-C images in order to fill the gaps
between technological developments and productive systems.

However, consistent measurements on the Earth’s surface have
to be calibrated (to both known accuracy and precision) in order to
provide reliable scientific information to discriminate between
artifacts and changes in the Earth process which are being moni-
tored (Roy et al., 2002). Thus, a radiometric characterization and
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Table 1
Fasat-Charlie technical specifications.

Spectral bands Bandwidth (nm)

Blue 455–520
Green 528–588
Red 625–695
Near-infrared (NIR) 758–881
Panchromatic 455–744
Orbital altitude (km) 620
Orbital inclination 97.8� Sun-synchronus
Orbital period 97 min
Revisit capability 37 days Nadir 3–5 days with tailting capability

of roll ±30�
Swath width 10 km
Coverage capability per

scene
10 � 10 km

Type sensor Pushbroom imager
Data quantization

(radiometric)
10 bit

Spatial resolution 5.8 m at Multispectral/1.45 m at panchromatic
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calibration is an essential prerequisite for creating high-quality sci-
ence data, and consequently, higher level downstream products
(Chander et al., 2009).

The success of any remote sensing program depends upon the
knowledge of both the spectral and radiometric characteristics of
the sensor from which the data will be available (Thome et al.,
2004). Since the launch of the Fasat-C, users have asked for techni-
cal information and radiometric calibration of the different level
products generated by the Chilean Aerospace Operation Group
(GOE). Therefore, the basic data allowing the conversion of the dig-
ital numbers to physical data are a current need that has to be ful-
filled. Because there was no reliable pre-launch data or simulation,
it was necessary to carry out an in-flight absolute calibration of the
Fasat-C data. The main objective of this work is to presents the basic
steps necessary in order to carry out a consistent radiometric cali-
bration of the Fasat-C Level 2 products in order to convert the dig-
ital number to at-sensor (or apparent) reflectance, and in addition
to present the first absolute in-flight calibration. Moreover, a reflec-
tance-based method is described to present the relative errors
achieved by comparing the surface reflectance estimated by the
Fasat-C with in situ ground measurements. This work is structured
as follows: Section 2 presents an overview of the Fasat-C such as
technical features, spectral bands, calibration coefficients and solar
irradiance values. Section 3 describes the study area and the data
acquisition for the radiometric calibration. Section 4 presents the
method used for the radiometric calibration of Fasat-C data. Sec-
tion 5 shows the results obtained for the in-flight calibration. A brief
discussion about the potential application of Fasat-C is presented in
Section 6. Finally, Section 7 summarizes this work.
Fig. 1. Normalized spectral response for each Fasat-C spectral band.
2. Fasat-C overview

Fasat-C is the first high spatial resolution mission operated by
the Chilean Air Force (FACH). The Fasat-C acquires 10-bit data in
five spectral bands covering panchromatic (455–744 nm), blue
(455–520 nm), green (528–588 nm), red (625–695 nm) and near-
infrared (758–881 nm) wavelengths. At nadir, the nominal ground
sample distance is 1.45 m (panchromatic band) and 5.8 m (multi-
spectral bands) with a nominal swath width of 10 km.

The NAOMI-1 instrument on-board Fasat-C is a pushbroom im-
ager, which constructs an image one row at a time as the focused
image of the Earth through the telescope moves across the linear
detector arrays on the focal plane. It has a heliosynchronous orbit
at an altitude of 620 km with an inclination of 97.8�. The satellite
has a revisit time of 3–5 days with a viewing angle between
±30�, and a 37 days revisit time with a nadir view angle. Table 1
summarizes the technical information of the Fasat-C.

The spectral response function of the NAOMI-1 instrument is a
key element for ground calibration and spectral comparisons. The
normalized spectral response curves for each of the Fasat-C bands
are shown in Fig. 1.

Three level of Fasat-C product are available: Level 1A product,
which presents the radiometrically corrected images; Level 2 prod-
uct which includes the geometric correction and the Level 3 product
in which a pan-sharpening MTF procedure (Modulation Transfer
Function) is performed (SAF technical report, 2013). Finally, the Fas-
at-Charlie has stereo capability (forward/backward) that allows the
generation of digital elevation models of high spatial resolution.
3. Study area and data acquisition

3.1. Antumapu study area and ground measurements

Antumapu is one of University of Chile campuses, which is ded-
icated to Agricultural, Forest and Natural Renewable Resources sci-
ences. It is located in the southern part of Santiago, Chile
(33�330590 0S; 70�370560 0W). This area extends over more than
300 ha and is covered by crops, green grass and manmade surfaces.
During the summer season (December–February), climate condi-
tions are characterized by clear skies and dry atmosphere. Several
annual crops are continuously harvested during the year at the
Antumapu site. In order to make the field measurements, three
covers with homogeneous spectral response over a year were se-
lected for in situ calibration. These land covers are irrigated and
managed green grass (soccer field), concrete and bare soil. The soc-
cer field (100 � 75 m) was selected since this land cover type has
been used in several field campaigns developed in the past. For in-
stance, during the Dual-use European Security IR Experiment
(DESIREX) 2008, a field campaign conducted over Madrid city, a
green grass rugby field was used to calibrate and validate hyper-
spectral airborne images. Moreover, during the THERMOPOLIS
2009 field campaign carried out over Athens, the Panathinaikos
soccer field (inside the city) was also used to calibrate and validate
remote sensing images (Sobrino et al., 2009b, 2012a,b; Daglis et al.,
2010a,b). Furthermore, a turf managed green grass was also used
as calibration and validation target for SPOT imagery (Sandmier,
2000; Clark et al., 2011a,b). The concrete cover belongs to an out-
door hard court with dimensions of 30 � 50 m. Finally; the bare
soil cover is still used as a parking lot which dimensions are
10 � 35 m. This land cover presents several clasts mixed with a
loamy sand soil texture.
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Ground measurements were carried out using an ASD spectro-
radiometer over these three land covers. The ASD (Analytical Spec-
tral Devices) Handheld FieldSpec is a 512 element photodiode
array spectroradiometer with a 325–1075 nm wavelength range,
1.5 nm sampling (bandwidth), 3.5 nm resolution and scan times
as short as 17 ms. The calibration of the instrument was performed
at the Geo Forschungs Zentrum (GFZ) and includes the wavelength
calibration using a standard emission line lamp. In order to mini-
mize the random error related to each measurement, the instru-
ment was set to average ten measurements for each target scan.
After one scan on the target cover, a reference scan of a calibrated
Spectralon reference panel (Labsphere Inc.) was made. It is as-
sumed that there is no significant variation of the atmospheric con-
ditions between the target scan and the reference scan a few
seconds later. Geographic coordinates (latitude and longitude)
were registered for each target scan using a GPS system with a
positioning error of around ±1 m. The numbers of points concern-
ing the in situ measurements are detailed as follows: 17 points for
green grass cover, 10 points for concrete cover and 6 points for the
bare soil cover, which makes a total of 33 points with 10 averaged
measurements for each scan. Each point is matched to its corre-
sponding Fasat-C pixel in the L2 image. These in situ measure-
ments were performed close to the Fasat-C overpass time
(between 10:50 and 11:30 local time). That information, in addi-
tion to the technical description of the acquired Fasat-C images is
described in the next section. Finally, Fig. 2 shows the study area,
the land surface covers selected for measurement and the point
sample distribution over the study area.
Fig. 2. Study area and pictures of green grass (A), co
3.2. Fasat-C images

One Fasat-C Level 2 multispectral (5.8 m) and one panchromatic
(1.45 m) image were used in this work. The acquisition of these
images over the Antumapu site was carried on January 29th,
2013 at 10:56:21 local time (14:56:21 UTC time). Table 1 summa-
rizes the geometric conditions of the Fasat-C imagery used in this
work in addition to the Fasat-C spectral bands.

3.3. MODIS products

Atmospheric characterization is relevant for every image-pro-
cessing task where surface physical variables are estimated (Kar-
pouzli and Malthus, 2003). Thus, the characterization of aerosols,
water vapor and ozone has a high importance for surface reflec-
tance estimations. Because no spectral surface irradiance was mea-
sured at the time of Fasat-C’s overpass, atmospheric products from
the Moderate Resolution Imaging Spectroradiometer (MODIS)
were used to characterize the atmospheric conditions. These prod-
ucts have been used in other scientific publications with reliable
results and remarking the usefulness of MODIS atmospheric data
for Atmospheric correction (Gillingham and Shepherd, 2004; Nor-
jamäki and Tokola, 2007; Jiménez-Muñoz et al., 2010, 2014).

The MODIS products used in this work are described as follows:
MODIS Atmospheric profile product (MOD04_L2) dataset (Kauf-
man and Tanré, 1998) was used to obtain the Aerosol Optical
Depth (AOD) at 550 nm at a 10 � 10 km spatial resolution; ozone
concentration was derived from the MOD07 dataset (Gao and
ncrete (B) and bare soil (C and D) land covers.
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Kaufman, 1998) at a 5 � 5 km resolution and water vapor concen-
tration at a 1 � 1 km resolution was derived from MOD05 data
(Seemann et al., 2002).

3.4. Library spectra

Laboratory spectra measurements have been widely used as
additional information in field campaigns and remote sensing cal-
ibration/validation processes (Sobrino et al., 2009a). In this work,
the green grass spectra presented in the Aster Spectral Library
(ASL) by Baldridge et al. (2009) was selected for spectra compari-
son with Fasat-C data and in situ spectra measurements. A detailed
description of the spectra comparison is presented in Section 4.3.

4. Methods

4.1. Fasat-C radiometric calibration procedure

The radiometric calibration of Fasat-C consists in converting the
Digital Number (DN) to at-sensor radiance and reflectance. The
Digital Numbers (DN) of the Fasat-C images (multispectral and
panchromatic) were converted to at-sensor radiance for each spec-
tral band using (1):

Lk ¼ DNk � ðGainkÞ�1 þ Physical Bias ð1Þ

where k is the Fasat-C spectral band, Lk is the at-sensor apparent
radiance (W m�2 lm�1 str�1), DNk is the Digital Number of each
band (0–1024), Gain is the conversion coefficients (0.9338110;
1.0134981; 1.2136321; 1.5855519 and 1.275168 for the blue,
green, red, near-infrared and panchromatic channels respectively).
The physical bias was considered to be equal to zero (SAF technical
report, 2013). Gain coefficients were used as the default values to
obtain the at-sensor radiance. The coefficients were obtained in lab-
oratory conditions and had never been tested before for in-flight
calibration over agricultural areas. Thus, the applications of a first
calibration can allow to test the reliability of these coefficients
and also to analyze the spectral variation including atmospheric
correction. Once the Fasat-C images were converted to radiance,
the at-sensor reflectance can be derived using (2):

qk ¼
p � Lk � d2

Esunk � cosðhÞ ð2Þ

where qk is the spectral reflectance, d is the Earth–Sun distance in
astronomic units (0.98496 for the 01/29/2013), p is a constant equal
to 3.1415927, h is the solar zenith angle given by the image acqui-
Table 2
Geometric corners, sun–satellite position and atmospheric data at the moment of imagery

Geometric conditions Values

Upper left W 70�390430 0S 33�280330 0

Down left W70�410160 0S33�340040 0

Upper right W 70�330120 0S33�290470 0

Down right W70�340450 0S33�350170 0

Central position W70�370140 0S33�310540 0

Sun–satellite position Angles

Satellite incidence angle 5.76�
Satellite azimuth angle 99.99�
Sun azimuth angle 67.50�
Sun elevation angle 59.36�

Atmospheric conditions MODIS T

Water content – Uw (g/cm2) 1.639 0
Ozone content – UOZ (cm-atm) 0.273 0
Aerosol Optical Depth at 550 nm 0.063 0
Aerosol type Urban
sition time, and Esun (W m�2 lm�1) is the mean solar irradiance at
the top of the atmosphere for the k band. This last parameter was
estimated using the normalized spectral response of each Fasat-C
band and the solar irradiance spectra proposed by Thuillier et al.
(2003). Both spectra were convolved as shown in (3).

Esunk ¼
R1

0 EsunðkÞ � R0ðkÞdk
R1

0 R0ðkÞdk
ð3Þ

where Esun(k) is the solar spectrum published by Thuillier et al.
(2003) and R0k is the spectral response of each spectral band. The
Thuillier’s solar spectrum is recommended by the Committee on
Earth Observation Satellites (CEOS) Working Group on Calibration
and Validation (WGCV) for being more accurate and an improve-
ment over other solar spectrum models (Chander et al., 2009) such
as the Rossow 1985 (Rossow et al., 1985); Wehrli 1985 (Wehrli,
1985); Kneizys 1988 (Kneizys et al., 1988) and ASTM E-490 (ASTM,
2000).
4.2. Atmospheric correction

The Second Simulation of a Satellite Signal in the Solar Spec-
trum (6S) radiative transfer code (Vermote et al., 1997) was used
to estimate surface reflectance values from sensor measurements.
The 6S model has been widely used for remote sensing atmo-
spheric correction since this code is practical, fast and efficient.
Several works have applied this method to correct airborne imag-
ery (less than 3 m of spatial resolution) (Franch et al., 2013; Mattar
et al., 2014), remote sensing imagery at high (less than 5 m) (Mar-
tin et al., 2012), medium (between 15–90 m) (Jiménez-Muñoz
et al., 2010) and coarse spatial resolution (between 250–1000 m)
(Vermote et al., 1997). In fact, one of the widely used surface reflec-
tance products (MOD09) derived from MODIS data uses the atmo-
spheric correction of the 6S model.

The atmospheric parameters for water vapor (W), ozone (O3)
and Aerosol Optical Depth (AOD) provided by the MODIS products
were used as input values of the 6S model. Also, several values of
W, O3 and (AOD) were tested in order to analyze the atmospheric
influences on the at-sensor radiance and therefore the effects over
surface reflectance. Table 2 summarizes the initial concentrations
for W, O3 and AOD derived from MODIS products and the addi-
tional test values. A similar procedure concerning initial concentra-
tions and additional parameters to test the reliability of the
atmospheric correction was published in Jiménez-Muñoz et al.
(2010) about the MODIS product used to correct Visible, Near-
Infrared and Thermal imagery.
acquisition.

est values

.5 1.0 2.0 3.0

.1 0.2 0.3 0.5

.03 0.1 0.2 0.3
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4.3. Ground comparison

The surface reflectance estimated from Fasat-C data was com-
pared to the ground spectra measured for each surface cover. The
comparison was carried out for the multispectral and panchro-
matic images. To obtain the mean reflectance for the Fasat-C spec-
tral bands, the Relative Spectral Response Calculator (RSRc�)
(Durán-Alarcón et al., 2014) was used. The RSRc� calculator is a
free software currently available for scientific purposes which
can convolve any spectrum for a given filtering function. This pro-
cedure was also carried out for the green grass spectra derived
from the ASL to compare green grass measurements.

The comparison was performed for each of the three selected
covers and for the whole set of measurements using the bias,
Fig. 3. Flowchart of the proposed methodology for the evaluation o
standard deviation and root mean square error (RMSE). Finally, a
statistical analysis consisting in a linear regression between surface
reflectance derived from the Fasat-C and in situ measurements
was made. Fig. 3 presents the flowchart of the aforementioned
methodology.
5. Results

5.1. Esun values

The exoatmospheric irradiance for each Fasat-C spectral band is
presented in Table 3. Thuillier et al. (2003) sun solar spectrum is
considered as the standard by the CEOS community following the
f multispectral (MS) and panchromatic (PAN) Fasat-C images.



Table 3
Mean exo-atmospheric irradiance estimated for each Fasat-C spectral band.

Fasat-C
band

Solar spectrum source % Error from Thuillier et al. (2003)

Thuillier et al.
(2003)

ASTM
(2000)

Kneizys et al.
(1988)

Rossow et al.
(1985)

Wehrli
(1985)

ASTM
(2000)

Kneizys et al.
(1988)

Rossow et al.
(1985)

Wehrli
(1985)

Blue 1977.95 1949.71 1954.74 1954.49 1951.71 1.43 1.17 1.19 1.33
Green 1825.62 1851.95 1856.86 1855.53 1854.03 1.44 1.71 1.64 1.56
Red 1538.27 1553.83 1557.62 1556.38 1555.83 1.01 1.26 1.18 1.14
NIR 1091.43 1100.0 1103.19 1102.98 1101.42 0.79 1.08 1.06 0.92
Pan 1706.90 1714.01 1718.39 1717.81 1715.98 0.42 0.67 0.64 0.53
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analysis presented in Chander et al. (2009). However, when using
other solar spectra and convolving them using the Fasat-C relative
spectral response, the exoatmospheric sun values for each multi-
spectral and panchromatic band varied by between 1% and 2%
(about 20 W m�2). Some slight differences can be evidenced for
the blue and green bands and the lowest differences were obtained
for the NIR and the PAN channels. Neverthless, this variation is not
statistically significant when the reflectance values are derived
from the Fasat-C computed spectral radiance.

5.2. Surface reflectance comparison

Atmospherically corrected surface reflectance values were com-
pared to in situ measurements through the calculation of the bias,
r and RMSE. For the green grass cover, the error values are lower
than 2% for the blue, green, red and panchromatic bands. As ex-
pected, the NIR band presents the highest values of surface reflec-
tance, although the bias and r give this band the highest RMSE.

The green grass cover evidenced high amplitude in surface
reflectance values at the moment of measurement not evidenced
before. Fig. 4 shows the spatial variability of the surface reflectance
achieved over the green grass cover. Three different areas can be
distinguished on the NIR band: a central zone with lower values
of green grass, a particular zone with higher values and the rest
Fig. 4. Spatial variability of the surface spectral reflectance for blue (A), green (B),
red (C) and near infrared (D) bands over green grass. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
of the field. This effect can be attributed to two different factors,
the green grass varieties present in the field that have grown and
merged in the same area, and the field use for other activities.
The green grass cover belongs to a soccer field, which presents
an intensive daily irrigation and weekly use. So, the center of the
Fig. 5. Green grass reflectance estimated from ground measurements and Fasat-C
data for blue (455–520 nm), green (528–588 nm), and red (625–695 nm) and near-
infrared (758–881 nm). The test values of AOD (a), O3 (b) and W (c) are also shown.
The values derived from MODIS products are indicated in the legend.
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green grass field tends to present less vegetation cover and also
low values of surface reflectance in comparison with the borders.
Moreover, the grass varieties planted were spatially uniform which
also contributes to generate a heterogeneous surface. These factors
have strongly influenced the green grass cover structure and there-
fore, the photosynthetic activity. Accounting for the green grass
spectra from the ASL, the RMSE between in situ measurements
and the ASL green grass spectra are 1.0%; 2.4%; 0.9% and 6.3% for
blue, green, red and NIR bands respectively. These errors dimin-
ished when the surface reflectance estimated from each Fasat-C
band is compared with the ASL convolved values for the green
grass. Those RMSE are 1.1%; 1.0%; 1.2% and 4.2% for blue, green,
red and NIR bands respectively.

The effect of the atmospheric correction on the green grass
spectral signature can be seen in Fig. 5. The correction procedure
over each other Fasat-C band presents a high/low effect on the
NIR and blue band respectively. For the blue band, the surface
Fig. 6. Bare soil reflectance estimated from ground measurements and Fasat-C data
for blue (455–520 nm), green (528–588 nm), and red (625–695 nm) and near-
infrared (758–881 nm). The test values of AOD (a), O3 (b) and W (c) are also shown.
The values derived from MODIS products are indicated in the legend.
reflectance values have diminished in relation to the TOA (Top Of
Atmosphere) values. Otherwise, in the NIR, the surface reflectance
values have increased in relation to the TOA values. These effects
are accounted for by the aerosol band absorption process in this re-
gion of the spectrum. It seems in Fig. 5a that AOD values can im-
prove the surface reflectance values when considering a higher
value of AOD in comparison with MODIS product (> than 0.2). Nev-
ertheless, this change in the value of AOD is not relevant for the
other bands. For all the concentration of AOD, the TOA reflectance
presents the higher difference at comparing to ASL and in situ,
denoting the effects of atmospheric correction. For both Fig. 5b
and c, the effect of O3 and W values over the estimated surface
reflectance is quite similar for all spectral bands. It is important
to denote that the atmospheric influence is higher in the blue
and near-infrared bands (5–10% of the surface reflectance value).

The results obtained for bare soil are presented in Fig. 6. The
RMSE for the blue, green and the panchromatic bands are about
Fig. 7. Concrete reflectance estimated from ground measurements and Fasat-C data
for blue (455–520 nm), green (528–588 nm), and red (625–695 nm) and near-
infrared (758–881 nm). The test values of AOD (a), O3 (b) and W (c) are also shown.
The values derived from MODIS products are indicated in the legend.



Table 4
Surface reflectance comparison (%) between Fasat-Charlie and in situ measurements using MODIS atmospheric parameters in the atmospheric correction. Bias, r and RMSE are
presented.

Fasat-C band Surface

Green grass Bare soil Concrete

Bias r RMSE Bias r RMSE Bias r RMSE

Blue �2.09 0.16 2.10 5.13 1.18% 5.27 8.03 1.38 8.15
Green �1.36 0.49 1.44 4.97 1.26% 5.13 6.69 1.53 6.87
Red �1.90 0.38 1.94 7.21 1.76% 7.50 7.07 1.58 7.25
NIR 6.74 3.86 7.76 0.08 1.40% 1.40 1.68 0.84 1.88
Pan �8.56 0.67 8.59 �7.36 0.48 7.37 �4.34 5.2 6.77
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5%, the red band presents a slightly higher RMSE value of �7%, and
the near infrared band presents the lowest RMSE value of �2%. The
bare soil cover is characterized mainly by stones, silicates particles
and moist sand, so the influences on the surface reflectance are
complex and difficult to characterize and compare. We did not evi-
dence any significant difference between surface reflectance at
using other values of AOD, O3 or W for the bare soil cover. In the
case of concrete (Fig. 7), the material composition (mainly sili-
cates) is not homogeneous and the aggregated land path radiance
could be systematically offset from the point-ground measure-
ments obtained by the ASD. The maximum RMSE was evidenced
for the blue band and the minimum for the near-infrared band.
In general, the average RMSE or the concrete is about 5%. Similar
results were obtained to the green grass cover where the higher
values of AOD generate a lower RMSE (0.2–0.3 AOD). However,
the at-sensor reflectance presents the highest value for the blue
band probably attributed to some pigments contained in the con-
crete which has a peak in the blue band. For the different values
of W and O3, the influence on the atmospheric correction is less
significant than that of the AOD.

Both bare soil and the concrete targets used in Antumapu test
site can be considered as urban materials which are difficult to
compare between ground and remote sensing imagery. Several pa-
pers have addressed the urban materials characterization by using
a broad spectral library in the optical range (Herold et al., 2004;
Baldridge et al., 2009), thermal range (Sobrino et al., 2012a,b) or
synergic characterization by using reflectance and thermal data
(Small, 2006; Roberts et al., 2012). The high degree of spatial and
spectral heterogeneity of each targets (natural or artificial) require
specific attention to the spectral dimension. In fact, the composi-
tion of the concrete can influence the surface spectral reflectance
as is the case when comparing surface reflectance and the reflec-
tance calculated at-sensor and at-surface from Fasat-C imagery.

6. Discussion

Considering both multispectral and panchromatic bands, a
RMSE ranging between 1% and 10% was obtained over the three
land covers considered in this work (Table 4). As a first in-flight
calibration, the Fasat-C L2 product presents a reasonable perfor-
mance when compared to ground measurements. Ground mea-
surements were carried out on the Antumapu site which has
shown several difficulties in its use as a remote sensing test site.
Despite the fact that large homogeneous areas can be found in
Antumapu, the spectral signature calculated for the covers used
in this work are heterogeneous which influences the ground-sen-
sor comparison. A dedicated well implemented agricultural or nat-
ural test site is desirable for further calibration/validation
protocols. This site can be located in Chile or combined with an
international site. For instance, the Barrax agriculture area which
has been selected by the European Space Agency to carry out sev-
eral field campaigns to test explorer satellite missions (Sobrino
et al., 2008, 2009c, 2011)
For all the targets considered in this work (concrete, bare soil
and green grass), the at-sensor reflectance for the blue band is
slightly high and the atmospheric correction by using data from
MODIS data is not enough to obtain reliable values of surface
reflectance. Furthermore, MODIS products can be useful data for
correcting the atmospheric effect in the optical range in spite of
some bias that these data can introduce into spatial atmospheric
correction. However, the atmospheric urban influences such as ur-
ban aerosols or other gases could not be accounted for in some
areas because of MODIS products spatial resolution (larger than
1 km). Nevertheless, to correct Fasat-C imagery from the atmo-
spheric effect by using the 6S radiative code and MODIS products
a good performance considering its spatial resolution can be
achieved for surface reflectance values. However, ground measure-
ments have to be included in order to assess the radiative effects of
correcting high spatial resolution imagery using coarse aerosol
data. In this work, these effects are included in the ground–surface
comparison between Fasat-C and in situ data. Given that Fasat-C
multispectral bands were atmospherically corrected achieving
low errors (�3%), these results have to be tested in future works
considering in situ atmospheric measurements.

The in situ atmospheric measurements are mandatory for fur-
ther calibration over urban areas using Fasat-C imagery. In our
case, the atmospheric contaminants and trace gases of Santiago
influence the land leaving radiance captured by the Fasat-C for
the scene analyzed in this work. The temporal and variablity of
those atmospheric particles were anlayzed in several works (i.e.
Didyk et al., 2000; Gramsch et al., 2006; Seguel et al., 2009; Muñoz
and Alcafuz, 2012). Other efforts were conducted to analyze the
relation between particulate matter concentration over Santiago
and climatic oscilation (Ragsdale et al., 2013). However, a compre-
hensive spatial and temporal concentration analysis of these urban
gases such as particulate matter and pollutants is still underway
because of the scarce number of monitoring stations in addition
to the topography and seasonal atmospheric patterns. All these fac-
tors generate a spatial gap in some areas of Santiago. This gap pro-
duced in southern part of Santiago is poorly described by MODIS
products and therefore the surface reflectance obtained from the
6S corrections can be over or under estimated. A possible way to
improve the atmospheric corrections over Santiago is based on
the use of Lidar measurements performed in the northwest part
of the city (Muñoz and Alcafuz, 2012). Neverthless, these atmo-
spheric measurements need to be accompained by in situ surface
reflectance values registered for several targets located near the LI-
DAR location.

7. Conclusion

In this work a Fasat-C Level 2 image was used for the first
in-flight calibration which was carried out over Antumapu site
located in Santiago de Chile. Because it is in urban area, aerosol
influences are hard to correct without in situ profiles. Despite
the fact that MODIS products could be considered useful for
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atmoshperic correction, error is introduced because of the spatial
resolution of the MODIS aerosol, water vapor and ozone products.
Further calibration/validation procedures will be carried out in
order to test the realiability of Fasat-C images over diverse land
surface covers in addition to investigating the other potential
capabilities such as the stereo images and the pansharpening
processing method.

The conversion from Digital Number to at-sensor reflectance in
addition to the exoatmospheric values have been also described.
By comparing the at-surface reflectance derived from Fasat-C with
in situ ground measurements, the relative error for the multispec-
tral band is about 5%, additionally, the panchromatic comparison
showed a similar error for the green grass, concrete and bare soil
covers. The blue band may present an overestimation which in-
vites to recalibrate the original gain coefficients. Further cross cal-
ibration/validation field campaigns will be carried out in order to
analyze possible improvements that could be done to the spectral
comparison on the multispectral and panchromatic values.
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