International Journal of Applied Earth Observation and Geoinformation 33 (2014) 243-254

Contents lists available at ScienceDirect

International Journal of Applied Earth Observation and
Geoinformation

journal homepage: www.elsevier.com/locate/jag

Automatic and improved radiometric correction of Landsat imagery
using reference values from MODIS surface reflectance images

@ CrossMark

X. Pons®*, L. PesquerP®, ]. Crist6bal ¢, 0. Gonzalez-Guerrero?

3 Grumets Research Group, Dep Geografia, Edifici B, Universitat Autonoma de Barcelona, 08193 Bellaterra, Catalonia, Spain
b Grumets Research Group, CREAF, Edifici C, Universitat Autonoma de Barcelona, 08193 Bellaterra, Catalonia, Spain
¢ Geophysical Institute and Institute of Northern Engineering, University of Alaska Fairbanks, 903 Koyukuk Dr, Fairbanks, USA

ARTICLE INFO ABSTRACT

Article history:

Received 19 March 2014
Accepted 12 June 2014
Available online 29 June 2014

Radiometric correction is a prerequisite for generating high-quality scientific data, making it possible
to discriminate between product artefacts and real changes in Earth processes as well as accurately
produce land cover maps and detect changes. This work contributes to the automatic generation of surface
reflectance products for Landsat satellite series. Surface reflectances are generated by a new approach
developed from a previous simplified radiometric (atmospheric +topographic) correction model. The

Keywords: ) proposed model keeps the core of the old model (incidence angles and cast-shadows through a digital
Rad t t

L:ng;:;e fic correction elevation model [DEM], Earth-Sun distance, etc.) and adds new characteristics to enhance and automatize
MODIS ground reflectance retrieval. The new model includes the following new features: (1) A fitting model based

on reference values from pseudoinvariant areas that have been automatically extracted from existing
reflectance products (Terra MODIS MODO9GA) that were selected also automatically by applying quality
criteria that include a geostatistical pattern model. This guarantees the consistency of the internal and
external series, making it unnecessary to provide extra atmospheric data for the acquisition date and time,
dark objects or dense vegetation. (2) A spatial model for atmospheric optical depth that uses detailed
DEM and MODTRAN simulations. (3) It is designed so that large time-series of images can be processed
automatically to produce consistent Landsat surface reflectance time-series. (4) The approach can handle
most images, acquired now or in the past, regardless of the processing system, with the exception of
those with extremely high cloud coverage. The new methodology has been successfully applied to a
series of near 300 images of the same area including MSS, TM and ETM+ imagery as well as to different
formats and processing systems (LPGS and NLAPS from the USGS; CEOS from ESA) for different degrees
of cloud coverage (up to 60%) and SLC-off. Reflectance products have been validated with some example
applications: time series robustness (for a pixel in a pseudoinvariant area, deviations are only 1.04% on
average along the series), spectral signatures generation (visually coherent with the MODIS ones, but
more similar between dates), and classification (up to 4 percent points better than those obtained with
the original manual method or the CDR products). In conclusion, this new approach, that could also be
applied to other sensors with similar band configurations, offers a fully automatic and reasonably good

procedure for the new era of long time-series of spatially detailed global remote sensing data.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

Pseudoinvariant area

Introduction

The Landsat satellite programme has been collecting imagery
since 1972.Itis one of the longest continuously acquired collections
of Earth observation data and has the highest impact for scien-
tific, management and policy-making purposes at detailed spatial
resolution (Goward and Masek, 2001). Moreover, it is the most
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commonly used remotely sensed satellite imagery in Landscape
Ecology studies (Newton et al., 2009) followed by NOAA-AVHRR
and SPOT-HRV/HRG. In addition, in 2008 the United States Geo-
logical Survey (USGS) released the Landsat archive, thus greatly
increasing its use by the scientific community (Vermote et al.,
2008).

The distribution and processing level of Landsat imagery has
changed since 1972, and therefore the post-processing steps,
mainly geometric and radiometric correction, have also changed.
In the case of the USGS, Landsat Level 1G (system correction of
sensor and platform derived distortions) was the standard product

0303-2434/© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).


dx.doi.org/10.1016/j.jag.2014.06.002
http://www.sciencedirect.com/science/journal/03032434
http://www.elsevier.com/locate/jag
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jag.2014.06.002&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/3.0/
mailto:Xavier.Pons@uab.cat
dx.doi.org/10.1016/j.jag.2014.06.002
http://creativecommons.org/licenses/by-nc-nd/3.0/

244 X. Pons et al. / International Journal of Applied Earth Observation and Geoinformation 33 (2014) 243-254

until 2008, when USGS started to provide a georeferenced L1T
(terrain corrected) product. Landsat Surface Reflectance prod-
ucts have been freely available since 2013 through the Climate
Data Record (CDR) (U.S. Geological Survey, 2013) generated from
the Landsat Ecosystem Disturbance Adaptive Processing System
(LEDAPS) based on the work by Masek et al. (2006). Although
the list of existing reflectance products is continuously updated
(see http://landsat.usgs.gov/documents/L4-5TM_NLAPS.xlsx), CDR
product distribution from the USGS archive is currently not com-
plete because the scenes from the National Landsat Archive
Processing System (NLAPS) are not fully processed yet. Moreover,
the distribution rights for scenes belonging to some regions and
specific periods are assigned to other agencies, for example ESA
(European Spatial Agency, 2005), resulting in a significant time lag
for obtaining continuous time-series for large regions. It is worth
noting that USGS considers that the applied radiometric correction
is not yet consolidated, as indicated in the Product Guide “Land-
sat climate data record (CDR). Surface reflectance” (U.S. Geological
Survey, 2013), and therefore carrying out research on Landsat
radiometric correction is the next challenge.

Atmospheric conditions (water vapour, aerosols, etc.) and dif-
ferent illumination caused by the solar position according to the
acquisition date and time, location on Earth and relief (cast shad-
ows, etc.) may cause undesired artefacts in remote sensing images.
It is therefore very important to apply the process known as radio-
metric correction (Pons and Solé-Sugrafies, 1994; Richards and Jia,
2005; Janzen et al., 2006). Radiometric correction is a set of tech-
niques designed to convert the digital values captured by a sensor
to physical quantities of interest, such as radiance, reflectance or
surface temperature (Pons and Arcalis, 2012). This transformation
is required, for example, to facilitate the comparison between the
same or different remote sensors at different times, as well as to
compare satellite or aerial data with data from field-based sensors
(Franklin and Giles, 1995). Radiometric correction is also a prereq-
uisite for generating high-quality scientific data (Chander et al.,
2009), making it possible to discriminate between product arte-
facts and real changes in Earth processes (Roy et al., 2002) as well as
produce accurate land cover maps and detect changes (Song et al.,
2001), among other applications.

In the radiometric correction, topographic effects (mainly inci-
dence angles and cast shadows) can be successfully taken into
account using an accurate elevation source such as high resolution
digital elevation models (DEM) from local cartographic institutes,
or from worldwide freely available data, like the NASA Shuttle
Radar Topographic Mission (Rabus et al., 2003) or the ASTER Global
Digital Elevation Map (Slater et al.,2011). Although worldwide high
quality DEM at medium resolution were not very available not so
long ago, the current state of DEM datasets makes proper topo-
graphic correction of any optical remote sensing product possible.
These datasets thus play a key role in improving radiometric cor-
rection methods (Hale and Rock, 2003; Riafio et al., 2003; Hantson
and Chuvieco, 2011). To remove the atmospheric effects, detailed
information on atmospheric parameters such as aerosols, water
vapour and ozone is often required, being local atmospheric mea-
surements or re-analysis data a common source of atmospheric
information. However, atmospheric radiosondes are usually not
available at the time of satellite pass and a single atmospheric
radiosonde might not be representative of the atmospheric con-
ditions of wide swath satellite images such as those provided by
Landsat, NOAA-AVHRR and TERRA/AQUA-MODIS sensors, espe-
cially in areas with highly variable relief (Cristébal et al., 2009).
The AERONET network is another important source of atmospheric
data, but asin the case of radiosonde data, ground network distribu-
tion might not be wide enough to provide atmospheric parameters
over large areas (Themistocleous et al., 2012). Reanalysis data
can also provide atmospheric inputs for atmospheric correction;

however, its spatial resolution is still too coarse to be applied to
medium resolution imagery.

Several proposals have been made to overcome, at least par-
tially, the difficulties involved in applying radiometric correction
in a general way, from the simplest dark-object methods (Chavez,
1988) to other, more complete methods that integrate several fac-
tors but keep general feasibility as a basic principle (e.g., Pons
and Solé-Sugrafies, 1994, among many others). Nevertheless, times
have changed. Together with the availability of near-global detailed
DEM, the current free availability of a large part of the Landsat
data bank makes it now possible to consider a new paradigm in
which medium-high resolution Earth observation data can be used
as long time-series for local or global scale studies, such as global
forest change (Hansen et al., 2013). Landsat data can be used to gain
an understanding of global phenomena using a close-up approach.
Indeed, other data with a higher temporal revisit time have a spatial
resolution that does not allow to explain some aspects of complex
landscapes configured by relief or human history (Pons et al., 2014).
This exciting new situation allows new scientific goals to be for-
mulated in a variety of fields, from global change to land planning.
However, when we face this possibility, we realize that although
there are currently many different radiometric correction methods
(Vicente-Serrano et al., 2008), this does not always guarantee radio-
metric homogeneity in large time-series (Schroeder et al., 2006),
which shows that radiometric correction is not completely resolved
asyet(Fengetal, 2012), which is especially true for Landsat (Masek
et al., 2006). Therefore, current methods have to be revisited in
order to be automated in this new era of big data with an important
objective to address: to produce series that are “internally” robust
while being highly consistent compared to other principal time-
series of remote sensing images, such as MODIS (Potapov et al.,
2008).

The aim of this work is to revise and improve a previous
radiometric (atmospheric, dark-object based, and topographic)
correction method (Pons and Solé-Sugrafies, 1994), which has
been widely used with Landsat imagery, by using rigorous meta-
data management that allows automatic radiometric correction
of most Landsat imagery while being highly consistent with the
Terra-MODIS daily reflectance products. The atmospheric part of
the method is improved by accounting for more realistic atmo-
spheric conditions by using pseudoinvariant areas, PIA (Hadjimitsis
etal., 2009), generated with 10-year series of Terra-MODIS imagery
and polynomial fitting of atmospheric optical depth using MOD-
TRAN simulations, although it would also be possible to use other
radiative transfer models currently in use (e.g., 6S, Kotchenova
et al., 2006). Other works, such as Gao et al. (2010), have shown
that MODIS-like data could be used as a consistent reference for
Landsat-like satellite data. The method was then applied automat-
ically in a heterogeneous area, in terms of landscape and relief, over
nearly 300 Landsat images from 1984 to 2014 that include different
platforms, sensors (MSS, TM and ETM+), processing types and dif-
ferent levels of cloud clover. In other relevant contributions, such
as Feng et al. (2013), only imagery practically without clouds was
selected (Global Land Survey, GLS); however, using Landsat as a
long time-series means that images with cloudy areas need to be
included in order to properly carry out, for example, drought mon-
itoring. Finally, surface reflectance will be evaluated through time
series robustness, and a spectral signature analysis and image clas-
sification over a set of 14 selected images will be carried out. In
this paper Landsat-8 imagery was not considered, as in the case of
the CDR product (U.S. Geological Survey, 2013), because USGS is
still in the process of reviewing its data quality. Future studies for
Landsat-8 as well as other platforms (e.g., Sentinel-2) will be car-
ried out in the near future, although we strongly believe that the
methodology described here could be easily applied to these new
missions.
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Fig. 1. Flowchart for the proposed methodology, from DN to reflectance values. DN:
digital numbers; PIA: pseudoinvariant areas. Letters from a to g are referenced in
the text.
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Model presentation

The proposed model (flowchart in Fig. 1) converts from digital
number (DN) values to ground reflectances on the solar spectrum at
ground level based on the simplified radiometric correction model
developed by Pons and Solé-Sugrafies (1994). This method was
originally designed for Landsat imagery, although it has also been
applied to other platforms and sensors, such as Terra/Aqua-MODIS,
SPOT-HRG/HRYV, IRS-LISS-III, PROBA-CHRIS or the airborne CASI
(Zha et al., 2005; Roman-Cuesta et al., 2005; Garcia-Millan et al.,
2013). Some applications using this radiometric correction model
include forest mapping (Vazquez, 2008; Pérez-Cabello et al., 2010;
Zabala and Pons, 2011), crop mapping (Barbosa et al., 1996; Nuarsa
et al., 2010; Moré et al., 2011), energy flux modelling (Crist6bal
et al.,, 2011), grassland studies (Zha et al., 2003; Liu et al., 2005),
climate-related modelling (Collado et al., 2002), biomass estima-
tion (Lopes et al., 2009; Barrachina et al., 2010), water monitoring
(Sanchez et al., 2010; Pons et al., 2012) and forest fire research
(Chuvieco et al., 2002; Oliveras et al., 2009), among others.

The model formulation includes topography and atmospheric
effects and takes into account several factors, such as relief and
solar position (incidence angles and cast shadows), Earth-Sun dis-
tance, optical depth, exoatmospheric solar irradiance and sensor
calibration parameters. It needs two main inputs: the radiance
received by the sensor from an area where there is only (or mainly)
atmospheric contribution and the atmospheric optical depth. Other
necessary parameters, such as date and time of the image, are read
directly from the image metadata or are easily available from exter-
nal sources.

The model retrieves reflectance at ground level as the simplified
radiometric correction model (Pons and Solé-Sugrafies, 1994)in Eq.

(1):

e 7L - La] - d? )

T cost-Ey-T- Ty

where p is the spectral reflectance at ground level, Eg is the exoat-
mospheric spectral solar irradiance (W m~2 um~1), Lis the spectral
radiance at sensor level, 8 is the incidence angle between the solar
vector and the normal vector of the terrain (accounting for its slope
and aspect), d is the Sun-Earth distance in astronomical units, L,
is the spectral radiance received by the sensor from an area where
there is only atmospheric contribution, 71 is the atmospheric trans-
mittance through the path Sun to Earth and 75 is the atmospheric
transmittance through the path Earth to Sun. t; and t, are both
wavelength dependent and calculated according to Egs. (2) for the
Sun to Earth direction and Earth to Sun, (3), respectively:

T = e(fo/COS(S)) (2)

Ty = elTo/cos(v)) (3)

where 1 is the atmospheric optical depth, s is the illumination
zenith angle of the Sun and v is the view zenith angle of the sensor.

As this paper aims to improve and automate the previous radio-
metric correction model, we would like to explain a modification
that has been applied over recent years and that is related to the
“Implementation” section of the original paper. It was discussed
then how to adapt reflectance values to the 8-bit per pixel and spec-
tral band data type, which was usually used at that time; later on,
the solution was to change to using real (float, 4 byte) representa-
tions (often in percentage) directly or, for storage saving purposes,
using short integer (2 byte) values conveniently scaled after mul-
tiplying reflectance values by 10000. At the same time, this is a
general converging solution for the new sensors with higher radio-
metric resolutions (for example 12 bits in the Landsat-8 Operational
Land Imager, OLI, and in the Sentinel-2 Multispectral Imager, MSI).
This modification was implemented in the MiraMon GIS & RS soft-
ware (Pons, 2000) along with other improvements not discussed
here (specification of the incidence angle considered not reliable
because it exceeds Lambertian limits for most surfaces, detection
of cast-shadow pixels, possibility to model the angle of incidence
from a DEM of higher resolution than the image, etc.).

The atmospheric part of the model is based on calculating L,
(Eq. (1)) and tq (Egs. (2) and (3)) for a specific image date and time
and for each spectral band. According to Chavez (1988) and Bariou
et al. (1986), and in the original model formulation, L, can be esti-
mated from surfaces that do not receive any direct solar irradiation
by using a procedure often referred to as dark object subtraction
or the histogram minimum method. We obtained it manually by
means of a histogram inspection in order to avoid problems such
as false minima in the histogram (for example, due to sensor errors)
or approaches based on cumulating a certain percentage of mini-
mum values of the histogram before deciding the L, to be used. We
tried to determine a reasonable minimum in accordance with com-
pletely shadowed surfaces (self shadows and cast shadows), or with
water bodies in the NIR and, especially, the SWIR. In addition, in the
formulation of the original model, Ty was considered constant for
the full scene (according to, for instance, Dozier, 1989).

However, these procedures can be problematic in some
situations. For example, approximating L, by simple his-
togram + shadows methods is not convenient in the visible part
of the spectrum when there are no hard shadows on the image.
Regarding 7, it is obvious that a very complex atmospheric situa-
tion, e.g. with many clouds, over a large area is extremely difficult
to model, but it is also true that in these situations optical remote
sensing imagery is not used. Nevertheless, assuming a completely
homogeneous atmosphere might be a simplistic approach for many
still-useful optical images. For these reasons, the new method
improves the estimation of L, and 7 in an automatic procedure,
and, like the original, can be applied to most past or future solar
spectrum domain imagery, with the exception of those with very
high cloud coverage. The main idea is to use the well-known
and validated Terra-MODIS time series of reflectance surfaces
(Kotchenova and Vermote, 2007; Vermote and Kotchenova, 2008)
to detect pseudoinvariant areas (PIA) and to use the reflectance on
these areas to estimate L, and 7 for the Landsat scenes to be cor-
rected. In other words, once a data bank of PIA has been obtained
for the region of interest, and given a Landsat image in this region,
L, and tg at the time of the satellite pass are estimated for each PIA
by fitting Eq. (1) (see section “Pseudoinvariant area (PIA) genera-
tion through MODIS imagery” for details). The atmospheric optical
depth is initially modelled by means of a third order polynomial
function, Eq. (4) for TM and ETM+ sensors and Eq. (5) for MSS sen-
sors, fitted with MODTRAN (2012) mean atmospheric optical depth
values computed in transmittance mode with several standard
atmospheres (US Standard 1976, MidLattiude Summer, MidLatti-
tude Winter, SubArtic Summer, SubArticWinter and Tropical) and
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Table 1
Range of possible values for atmospheric optical depth, L, thresholds (in Wm~2 sr~! um~") and tolerance reflectances.
B G R NIR SWIR1 SWIR2
Top min ™ 0.265 0.212 0.155 0.097 0.053 0.049
MSS 0.221 0.160 0.141 0.158
Tp Mmax ™ 0.600 0.433 0.337 0.250 0.150 0.105
MSS 0.453 0.346 0.314 0.350
L, min 1717 7.77 3.64 0.13 -0.84 -0.37
L, max 37.97 20.75 12.20 5.99 0.09 0.05
Tolerance reflectance 0.017 0.015 0.015 0.023 0.022 0.015
discrete altitude steps of 250 m from 0 to 9000 m; and finally recal-
culated by adjusting reference values to Eq. (1).
5 0.524225166047 —0.000171924013 2.4651 x 108 —-1.25x 1072 cs
G 0.424690785121 —0.000142127493 2.1028 x 1078 —1.08 x 10~ 12 1 G
R R 0.329870334052 —0.000117419948 1.7625x 10~% —0.91 x 10~ 12 h CR @
T = = . 5 + 4
TNIR 0.240047724024 —0.000096115185 1.4375x 10~% —0.73 x 10712 h CNIR
3
TSWIR1 0.127035444124 —0.000048971938 0.7141 x 10~® —0.36 x 10~ 12 h CSWIR1
TSWIR2 0.103740066427 —0.000035915172 0.5254 x 1078  —0.27 x 10712 CSWIR2
c 0.444322570590 —0.000148839670 2.1868 x 10~% —1.1210 x 10~ 12 1 e
R R 0.338446985809 —0.000119629348 1.7951 x 107® —0.9266 x 10~ 12 h CR
T = = o2 |+ (5)
TNIRI 0.308032298646 —0.000111491404 1.6392 x 10~® —0.8353 x 10~ 12 h CNIR1
3
TNIR2 0.347199426572 —0.000123280911 1.6401 x 10~® —0.7680 x 10~ 12 h CNIR2

where 1 is the atmospheric optical depth for each spectral band, h
is the elevation and c is a small additive corrector that is calculated
for each band in order to adjust a specific image (date) according
to its PIA reflectance values.

Moreover, values of L, and g obtained from PIAs are checked
with a possible value range. 7y thresholds are obtained using the
MODTRAN simulations previously explained and L, thresholds are
based on previous experience from several manual corrections
under different atmospheric conditions. Therefore, when a value
of L, or 7, is over these ranges (Table 1) a specific PIA is not used in
a particular correction. This occurs when, on a particular date, the
reflectance value is too far (tolerance parameter in Table 1) from the
reference value in that PIA (for example because this PIA is under
a cloud on the specific date of the image to be corrected).

It is important to note that the proposed model also includes a
topographic correction to account for differences in illumination
conditions (solar position at the moment of the image acqui-
sition with respect to surface slope, aspect and elevation) and
produces similar reflectance responses for similar terrain features
(Vanonckelen et al., 2013), which makes it possible to calculate
reflectance in high relief areas accurately (Hantson and Chuvieco,
2011). We chose to implement the cosine topographic correction
model (Teillet et al., 1982) because it is highly suitable for an
automatic methodology like this one. Other methodologies can
be more appropriate under optimal conditions but are not suit-
able for general application. For instance, using a bidirectional
reflectance distribution function (BRDF) approach could very con-
venient because it does not assume a Lambertian response, but as
Goslee (2012) states, the necessary information is rarely if ever
available, and extremely difficult to obtain for regional or long-
term studies. Other advanced methods require knowledge on the
different land cover classes or ground reference information, such
as for example the phenological stage (Riafio et al., 2003; Hantson
and Chuvieco, 2011; Meyer et al., 1993; Vincini and Reeder, 2000),
which not available for long time series. The main criticism of cosine

correction is that it can produce overcorrection (Zhang and Gao,
2011) in low illumination conditions, when the diffuse irradiance
contribution is significant. However, and according to Proy et al.
(1989), the Pons and Solé-Sugrafes (1994) methodology discards
pixels under incidence angles over 70° as they are considered
not to be reliable because they do not usually show Lambertian
behaviour for most surfaces. Therefore, by avoiding areas where
the Lambertian assumption can hardly be done, overcorrection
in these areas is also avoided. Nevertheless, we also tested the
effect of the semi-empirical c-correction method (Teillet et al.,
1982) in the section devoted to evaluating the method by clas-
sification results. In fact, in its original form, ¢ can be derived
from the correlation between each band and the cosine of the
illumination.

Model application

The model was applied regionally in a heterogeneous area in
terms of topography and land cover (see section “Application site”).
A total of 291 Landsat scenes from different sensors, processing
types and cloud cover were processed, and a DEM was used to
run the model (see section “Remote sensing imagery and ancillary
data”). PIA were generated through a filtering process of 10-year
time-series of the Terra-MODIS daily reflectance product (section
“Pseudoinvariant area (PIA) generation through MODIS imagery”).
Finally, the model performance was evaluated by calculating the
standard deviation along the time series on 30% of the PIA on images
corrected automatically and by comparing image classification and
spectral signatures over a 14 image evaluation set (see section
“Model evaluation: time series robustness, spectral signatures and
image classification”).
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0 1000 km

0 200 km
I

Landsat WRS-2 197031 scene
Classification test area

Fig. 2. Study area and model evaluation area. The green rectangle is the Landsat
WRS2 197-031 scene. The red rectangle is the area where the classification evalua-
tion was applied. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of the article.)

Application site

The 20000 km? study area is located in Catalonia, in the north-
east of the Iberian Peninsula (Fig. 2), matching the 197-031 path
and row in the Worldwide Reference System-2 (WRS-2) used to
distribute Landsat 4-7 full frames. The centre of the scene is approx-
imately 2°40’'E 41°40’N. The illumination conditions throughout
the year are quite different due to latitude (solar elevation angles
range from 20.5° to 61.4° at the time of the satellite pass). The
area alternates between mountains and plains with a mean ele-
vation of around 700 m a.s.l, ranging from 0 to 3000 m a.s.l. The

rugged surface terrain makes the zone interesting for consider-
ing topographic effects on radiometric correction methods. The
study area is also composed of different land cover types in a
heterogeneous landscape, such as crops, perennial and deciduous
woods, shrub areas, urban areas and inland waters, which also
makes the site interesting for classification and spectral signature
purposes.

Remote sensing imagery and ancillary data

The radiometric correction model was run over 291 Land-
sat images from the 197-031 path and row (see green area in
Fig. 2) obtained between 1984 and 2014 (see Table 2). In order
to evaluate the performance of the model, 14 Landsat images
were selected considering a wide range of situations based on
cloud cover (up to 60%), processing type, format distribution, sen-
sor, spectral signature and classification and image metadata (see
Table 3). Image metadata, such as scale and offset parameters to
convert from DN to radiance, as well as date/time to compute
illumination conditions, are especially important for automating
the radiometric process. Therefore, correct metadata treatment is
necessary due to the differences in metadata formats between dif-
ferent image distributors and different software capabilities (Pons,
2000; Zabala and Pons, 2002; Pesquer et al., 2012). Landsat images
distributed by the United States Geological Survey (USGS) were
downloaded from the EarthExplorer website (http://earthexplorer.
usgs.gov), and European Space Agency (ESA) images were available
from a previous project (Pons et al., 2012) and completed with an
ESA image request (research project 10837). Landsat CDR products,
used in the results validation section, were also downloaded from
the EarthExplorer website.

In order to generate the PIA, a 10-year time-series, from 2002
to 2011, of the Terra-MODIS daily surface reflectance product
(MODO09GA) was downloaded from the NASA Earth Observing Sys-
tem Data and Information System (http://reverb.echo.nasa.gov/
reverb/) (step ain flowchart Fig. 1). Terra-MODIS reflectance bands
similar to Landsat (see Table 4) at 500 m spatial resolution were
processed.

Finally, to run the topographic correction of the model, we used
a DEM of 15m spatial resolution (MET-15) from the Institut Car-
tografic de Catalunya (ICC, 2011).

Pseudoinvariant area (PIA) generation through MODIS imagery

PIA were generated through the Terra-MODIS surface
reflectance product (MODO09GA) at 500m spatial resolution.
This is a very feasible product (Justice et al., 2002), widely used
and referenced in the literature for research and applications (e.g.,
Maier, 2010; Yi et al., 2008). In addition, it has some advantages
that make it suitable for generating PIA for Landsat radiometric
correction, such as having a similar spectral configuration (see
Table 4) and a similar image acquisition time as Landsat platforms,

Table 2

Summary of the nearly 300 Landsat images processed from the path-row 197-031; these images were obtained between 1984 and 2014.
Platform Sensor Distributor Type of processing Number of images Total
Landsat 5 MSS USGS NLAPS 2

LPGS 12 14

Landsat 4 ™ USGS LPGS 7
Landsat 4 ™ USGS NLAPS 1 8
Landsat 5 ™ USGS LPGS 75
Landsat 5 ™ ESA CEOS 71 146
Landsat 7 SLC-on USGS LPGS 33 123
Landsat 7 SLC-on ESA CEOS 9
Landsat 7 SLC-off USGS LPGS 81
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Table 3

List of images used to perform different evaluations of the radiometric correction (see “Main role” column). These images were selected from the nearly 300 images of Table 2.
Date (yyyy-mm-dd) Distributor Type of processing Platform Sensor Main role
1984-06-03 USGS LPGS Landsat 5 MSS Type of processing
1985-07-24 USGS NLAPS Landsat 5 ™ Type of processing
1991-07-01 USGS NLAPS Landsat 4 ™ Type of processing
2001-09-30 USGS LPGS Landsat 7 ETM+ Cloud cover
2003-02-08 ESA CEOS Landsat 7 ETM+ Type of processing
2004-09-30 ESA CEOS Landsat 5 ™ Spectral signature and classification
2005-04-26 ESA CEOS Landsat 5 ™ Spectral signature and classification
2005-05-28 ESA CEOS Landsat 5 ™ Spectral signature and classification
2005-06-29 ESA CEOS Landsat 5 ™ Spectral signature and classification
2008-06-13 USGS LPGS Landsat 7 ETM+ Cloud clover + SLC-off
2011-03-10 USGS LPGS Landsat 5 ™ Classification
2011-04-11 USGS LPGS Landsat 5 ™ Classification
2011-05-29 USGS LPGS Landsat 5 ™ Classification
2011-10-04 USGS LPGS Landsat 5 ™ Classification

Table 4

Correspondence of spectral bands between Terra-MODIS (Feng et al., 2013) and Landsat TM, ETM+ and MSS (Chander et al., 2009).

Band Landsat (MSS) TM/ETM+ MSS spectral range TM spectral ETM+ spectral MODIS band MODIS spectral
band number (nm) (Landsat 4-5) range (nm) range (nm) number range (nm)

B 1 450-520 450-515 3 459-479

G (1)2 497-607 520-600 525-605 4 545-565

R (2)3 603-696 630-690 630-690 1 620-670

NIR (3)4 701-813 760-900 750-900 2 841-876
(4) 808-1023

SWIR1 5 1550-1750 1550-1750 6 1628-1652

SWIR2 7 2080-2350 2090-2350 7 2105-2155

which minimizes differences in atmospheric and illumination
conditions (Feng et al., 2012).

In order to ensure the highest PIA quality, a selection of avail-
able MODIS surface reflectance images was made by applying the
methodology developed in Pesquer et al. (2013a) based on two
criteria: quality masks and reasonable acquisition geometry, and
a geostatistical spatial pattern analysis using variograms. In addi-
tion, a new, third criterion based on illumination conditions was
included in the present work. Indeed, in the original methodol-
ogy, image pixels were selected according to quality masks (when
snow, fire or cloud flags were not present the product was con-
sidered of ideal quality) and images with a sensor zenith angle
higher than 35° were excluded. The second criterion was used to
detect statistical image anomalies through a spatial pattern model
obtained from variogram analysis; previous works demonstrated
the potential uses of geostatistical tools for analysing spatial pat-
terns (Garrigues et al., 2007; Wallace et al., 2000) as well as for
image quality assessment (Pesquer et al., 2013b). In the third, new
criterion, illumination conditions were taken into account through
aDEM (Wilson and Gallant, 2000; Veraverbeke et al.,2010) in order
to avoid both cast shadow pixels and pixels under an incidence
angle higher than 70° (Proy et al., 1989), considered to be not reli-
able because they do not usually show Lambertian behaviour for
most surfaces. Nevertheless, the condition of being pseudoinvari-
ant means that the selected PIA are mostly located in non-rugged
areas; therefore, combining the two illumination correction proto-
cols makes PIA even more comparable to Landsat imagery. After
these three criteria were applied to MODIS imagery (step b in
flowchart Fig. 1), a mean image and a standard deviation image
were computed for the 10-year period.

A PIA should show almost constant reflectance values for long
time periods. In this study we selected PIA by choosing those pixels
that have low standard deviation reflectance values in the image
of the standard deviation of the 10-year MODIS series. According
to Feng et al. (2013) these thresholds should not be the same for
all MODIS bands, and a new set of thresholds has been defined for
each band (Table 5).

Model evaluation: time series robustness, spectral signatures and
image classification

291 Landsat images from the MSS, TM and ETM+ sensors were
used to evaluate the performance of the automatic radiometric cor-
rection. These images were obtained between 1984 and 2014 and
distributed by different agencies (ESA and USGS) and in different
formats (see Table 2). This time series was produced by using, to fit
the model, a 70% of the total PIA available, while the remaining 30%
of PIA were used to evaluate the time series robustness; in these
last PIA, variations in reflectance were computed along the series.

Moreover, using the 14 Landsat image evaluation set (see
Table 3), reprocessed using all of the PIA to fit the model, we
produced a land cover map of the natural areas, created by
classification, and spectral signatures were extracted from the
radiometrically corrected Landsat imagery. In the classification,
based on the methodology proposed by Serra et al. (2003) and
previously applied to other areas (Moré et al., 2007; Serra et al.,
2009; Zabala and Pons, 2011; Pons et al., 2012), results were com-
pared to the classification obtained using imagery corrected by the
previous method (non-automatic, and where the atmospheric opti-
cal depth is a constant) and to the classification obtained using
the USGS product (when it exists). Two classifications using two
sets of images (2011-03-10, 2011-04-11, 2011-05-29, 2011-10-
04 and 2004-09-30, 2005-04-26, 2005-05-28, 2005-06-29) were
produced. Input variables were Landsat solar bands and NDVI
and greenness and wetness Tasseled Cap components (Kauth and
Thomas, 1976) for each date, using a total of 36 images for each
classification. The accuracy was tested through independent test
areas (Campbell, 1996). Classifications were mainly focused on nat-
ural vegetation categories (legend in Fig. 7) in a subregion of the
study area measuring 25 km x 25 km, located in a mountain region,
heterogeneous in terms of covers and relief (see red rectangle in
Fig. 2).

In addition to image classification, spectral signatures were
extracted from Landsat imagery (see Table 3) and compared to
the MODIS reflectance product to evaluate signature coherence. A
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Table 5
Maximum standard deviation (in reflectance units x10, typical for MODIS reflectance products) to be considered as a pseudoinvariant pixel.
B G R NIR SWIR1 SWIR2
Standard deviation 241 199 193 270 309 212

Table 6
Number of PIA used per date and Landsat band. B: blue, G: green, R: red, NIR: near
infrared, SWIR*: short wave infrared for TM and ETM+, and NIR2 for MSS.

Date B G R NIR SWIRT* SWIR2
1984-06-03 45 75 21 120

1985-07-24 17 23 55 147 296 218
1991-07-01 7 133 113 100 190 164
2001-09-30# 11 135 144 216 222 216
2003-08-02 3 201 249 173 285 279
2004-09-30 15 212 264 277 240 223
2005-04-26 274 279 281 285 286 273
2005-05-28 239 300 304 308 309 308
2005-06-29 175 265 264 280 284 278
2008-06-13# 8 31 54 73 102 92
2011-03-10 34 263 203 266 284 280
2011-04-11# 204 281 280 287 289 289
2011-05-29 79 226 219 158 264 258
2011-10-04 1 65 251 257 291 290

total of 14 sites with a mean area of 63 ha and at least the area of
the MODIS pixel size (500 m x 500 m) corresponding to four repre-
sentative land cover types (Aleppo pine, Holm oak tree, Scots pine
and urban) were selected using the Land Cover Map of Catalonia
(MCSC3, 2005). It was ensured that these areas did not belong to
any PIA used to run the radiometric correction.

We also considered to check results through the Landsat-MODIS
Consistency Checking System (LMCCS, Feng et al., 2012), but we
could not adopt it easily because we used images in different for-
mats and from different processing chains.

Results and discussion
Metadata and image processing type

A total of 291 images from several Landsat platforms (Landsat-
4, Landsat-5 and Landsat-7) and sensors (MSS, TM and ETM+)
using USGS and ESA file formats and processing chains were auto-
matically corrected (see Table 1 and step g in flowchart Fig. 1).
As previously stated, metadata are essential to properly correct
remote sensing imagery, especially to avoid errors if an automatic

Number of images per month

20

15

10

1 2 3 4 5 6 7 8 9 10 11 12

Fig. 3. Monthly distribution of Terra-MODIS best quality images from 2002 to 2011.

radiometric correction is applied. From the beginning of the Land-
sat programme, different file formats have been used to distribute
Landsat imagery, such as CEOS, GeoTIFF and NDF. These distribu-
tion formats depend on the source of acquisition, pre-processing
level and processing date; this is also true for the metadata files,
which often change (Pons et al.,, 2012; Feng et al., 2012). In addi-
tion, these formats are associated with different Landsat image
processing systems, particularly with NLAPS and LPGS in the USGS
case (Cristobal et al., 2009). Although the Landsat image distribu-
tors continually refine image and metadata distribution, in some of
the processed imagery there is a lack of coherence between image
metadata and values in the literature, especially regarding DN to
radiances conversion. Therefore, an important part of this work was
to read multiple formats and to ensure proper metadata handling
in order to apply the most appropriate values according to those
in the literature to avoid further errors caused by these kinds of
discrepancies.

Pseudoinvariant areas (PIA) and atmospheric optical depth

A total of 124 MODIS images (specified in Appendix 1) fulfill-
ing the PIA filtering criteria from 2002 to 2011 and reproducing a

Fig. 4. Landsat-7 ETM+ 4,5,3 RGB composite from 2008-06-13 image after a radiometric correction under very high cloud cover and SLC-off artefacts.
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Table 7
Statistics of the time series robustness analysis in % reflectance units. Note that these values are, in all cases, lower than the deviations indicated by Feng et al. (2013).
B G R NIR SWIR SWIR2
Average absolute deviation about median 0.54% 0.68% 0.69% 1.81% 1.56% 0.96%

seasonal phenology were selected (see Fig. 3). A total of 444 PIA
of 500 m x 500 m were obtained by applying the thresholds from
Table 5 to these 124 images (step c in flowchart Fig. 1). Then, and
according to the proposed methodology, Eq. (1) was applied to each
PIA for each Landsat band and date (step d in flowchart Fig. 1) in
order to fit L, and 7g parameters. In all cases, Table 1 thresholds
were guaranteed discarding those Landsat images that, when fitting
L, and 7 (step e in flowchart Fig. 1), implied exceeding reasonable
thresholds.

The number of PIA used in each radiometric correction is dif-
ferent depending on the band and date (see Table 6 and step fin
flowchart Fig. 1) due to different image atmospheric conditions.
From the image evaluation set, 12 images were successfully cor-
rected with a default tolerance reflectance. However, in two ETM+
images (2001-09-30 and 2008-06-13 flagged with # in Table 6 and
Fig.4)and one TM image (2011-04-11), it was necessary to increase
(1.5 factor) the tolerance threshold (Table 1). Indeed, the combina-
tion of high cloud cover (27% and 58%, respectively) and SLC-off
artefacts meant that the minimum number of PIA for a numeri-
cal solution was not obtained. Therefore, in scenes where PIA are
hard to find, a reference-based approach (Gao et al., 2010) can be
applied. However, in the case of having images with a high cloud
percentage, tolerance could be augmented to correct the cloudless
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Fig. 5. Atmospheric optical depth computed as a function of elevation for the 2011-
05-29 image.
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Fig. 6. Upper-Left panel: 4-5-3 RGB composite of the reflectance product generated by the automatic method on 26-April-2005, including fitting and test areas used for
classification. Upper-Right panel: DTM of the study area. Lower-Left panel: result of the classification of natural areas using the new reflectance product.
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Fig.7. Spectral signatures of four different categories and four different dates comparing the Landsat automatic radiometric correction (left column) and the MODIS reflectance
product (right column). Note that these signatures have not been determined over MODIS pseudo-invariant areas.

parts of the image. This is especially useful when long time-series
of remote sensing imagery are needed, such as in drought analysis
(Domingo et al., 2013). Because the proposed method is automatic,
image metadata were updated to keep the user informed about the
applied tolerance and, consequently, about the potential radiomet-
ric correction quality.

Finally, determining c, the small additive corrector in Eq. (4)
based on PIA reference values, allows the continuous model of the
atmospheric optical depth to be adapted to each Landsat band and

date, resulting in a more detailed estimation of the atmospheric
optical depth (see Fig. 5).

Time series robustness

In order to evaluate the robustness of the method, reflectance
values along the time series were randomly split into two groups:
70% of them were used to fit the model, while the remaining 30%
were used for testing purposes. A total dataset of 291 Landsat
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Table 8
Comparison of the global accuracy of the 2011 classifications generated by the
manual and automatic methods and by the CDR product.

2011 Automatic Manual CDR

Global accuracy 77.80% 76.20% 73.90%

images from different sensors between 1984 and 2014 were then
processed (see Table 2). From this dataset, 214 images were suc-
cessfully corrected, 174 using the default reflectance tolerance and
40 by slightly increasing (1.5) this range. The remaining 77 images
(26%) could not be corrected mainly because of the heavy cloud
coverage.

30% of PIA were used for testing purposes because they provide
the reflectance on these areas over the corrected Landsat images
and these reflectance time series should have a minimum variation.
For each PIA pixel, its average absolute deviation about median was
calculated along the whole time series for each spectral band; only
PIA with 20 or more dates over the time series were used.

The results (Table 7) show that these deviations are 1.04% on
average along the series, having its minimum in the blue band and
its maximum in the NIR band, and are always under the thresh-
olds of PIA deviation defined in Table 5 according to Feng et al.
(2013). This therefore demonstrates the robustness of the correc-
tion method over time. These results suggest that perhaps the
thresholds could be narrower so that reflectances that are even
more stable would be obtained in PIA.

Classification

Two classifications were generated from three different radio-
metric correction methods: Pons and Solé-Sugrafies (1994) (called
“manual” in Tables 8 and 9), the USGS product (called “CDR” in
Table 8) and the proposed automatic method (called “automatic”
inTables 8 and 9). The results in Table 8 and Fig. 6, obtained from an
independent set of test areas, show that the accuracy of the maps
obtained from the imagery corrected by any of these three methods
is similar. Moreover, in the two classification sets (2004/2005 and
2011), the automatic methodology improves the manual classifica-
tion probably due the new, vertically heterogeneous model of the
atmospheric optical depth and the more objective determination of
L,.This means that the new method is at least as robust as the origi-
nal manual method, and makes it possible to correct large volumes
of Landsat imagery automatically without any manual supervision
once PIA are generated.

In addition, a comparison between two topographic methods,
cosine and the c-correction, were applied for this previous 2011
example of classification. In this case, the global accuracy obtained
by applying the c-correction is 76.30% for the 2011 period, less
than when the cosine method was applied, and 82.70%, for the
2004-05, which is very similar to the cosine approach. This good
performance of cosine with respect to the c-correction is mainly
caused by two factors: by avoiding non-Lambertian responses in
large incidence angles, pixels usually benefitted by the c-correction
were excluded and, moreover, fitting of the ¢ parameter could be
negatively affected by clouds and snow cover in the correlation step
that generates the slope and offset parameters needed to compute
it (the case in the 2011 image).

Table 9
Comparison of the global accuracy of the 2004/2005 classifications generated by the
manual and automatic methods.

2004-2005 Automatic Manual

Global accuracy 82.50% 80.10%

Spectral signatures

MODIS and Landsat spectral signatures were compared to
evaluate the radiometric correction. Spectral signatures of four cat-
egories that were representative of the study area (Urban, Aleppo
pine (Pinus halepensis), Scots pine (Pinus sylvestris) and Holm oak
(Quercus ilex)) were extracted from several polygons with a min-
imum area of 28 ha, and a mean reflectance value was computed.
Results are similar to those obtained from MODIS, but are more
coherent in the Landsat corrected series when different dates are
compared (see Fig. 7) (all forests are evergreen). However, when
deviations inside each date are compared, MODIS shows lower val-
ues probably because of its larger pixel size, which produces more
“averaged” figures between the different pixels of the signature
polygon for a specific date.

Conclusions

An improved and automated radiometric correction method
based on Pons and Solé-Sugrafies (1994) has been successfully
evaluated and ground surface reflectances were obtained for differ-
ent types of Landsat platforms (Landsat-4, 5 and 7), sensors (MSS,
TM and ETM+), formats and processing types (LPGS, NLAPS, CEOS)
and even in images with high cloud cover and SCL-off artefacts
(Landsat-7). The proposed methodology has demonstrated to be
fully automatic, from the selection of the best quality MODIS ref-
erence images and the generation of pseudoinvariant areas (PIA)
to the retrieval of coherent ground surface reflectances. About 300
Landsat images were processed without using any auxiliary mete-
orological or atmospheric products and not requiring dark objects
or dense vegetation areas. The methodology proved to be useful to
obtain long time-series of robust imagery. Itis worth noting that the
PIA concept can also be applied to other platforms with similar band
configurations, such as SPOT high resolution instruments (HRG,
HRVIR or HRV) and the VEGETATION instrument, adapting model
equations when required. Evaluation results showed good visual
agreement between the MODIS and Landsat spectral signatures,
and classification results yielded better quality images corrected
with the new automatic radiometric correction method than those
obtained with the original manual method or the CDR products.
The new method also demonstrated that it is feasible to automati-
cally correct large volumes of Landsat imagery from automatically
generated PIA without any manual supervision. Moreover, images
can be corrected for a wide variety of situations, providing a larger
databank for our area than the CDR product currently does.

We would like to emphasize that this simplified approach is not
intended to substitute highly precise radiometric corrections made
when more detailed topographic or atmospheric information is
available, but rather offers a reasonably good procedure for the new
era of long time-series of global remote sensing data. Future work
will be focused on the implementation of this automatic radiomet-
ric correction method for Landsat-8, SPOT and Sentinel-2 data.
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Appendix A.
List of the 124 images (MODIS Terra MODO9GA product)

selected for generating pseudoinvariant areas. They are grouped
by year.

® 20020615; 20020622; 20020814; 20020915; 20020926

¢ 20030208; 20030312; 20030321; 20030406; 20030614,
20030625; 20030630; 20030711; 20030718; 20030803;
20030810; 20030918; 20031105

* 20040213; 20040424; 20040618; 20040722; 20040814,
20040922; 20040927;

® 20050213; 20050319; 20050427; 20050506; 20050525;
20050529; 20050626; 20050716; 20050806; 20050831;
20051223;

* 20060104; 20060126; 20060207; 20060214; 20060228;
20060302; 20060311; 20060327; 20060331; 20060412;
20060509; 20060519; 20060525; 20060601; 20060608;
20060613; 20060619; 20060624; 20060703; 20060710;
20060721; 20060726; 20060731; 20060804; 20060809;
20060903; 20060910; 20061007; 20061028; 20061030;
20061106; 20061110; 20061212; 20061226; 20061228;
20061231;

e 20070314; 20070424; 20070508; 20070602; 20070706;
20070715; 20070805; 20070828; 20070901; 20070906;
20071019; 20071102;

e 20080208; 20080222; 20080302; 20080314; 20080622;
20080701; 20080720; 20080724; 20080731; 20080805;
20080915; 20081005;

® 20090226; 20090314; 20090319; 20090718; 20090723;

20090817; 20090821; 20090906; 20090929; 20091013;

¢ 20100520; 20100621; 20100705; 20100714; 20100930;
20101007; 20101018;

¢ 20110205; 20110307; 20110401; 20110412; 20110622;
20110627, 20110811; 20110823; 20110910; 20111003;

20111010; 20111026.
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