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1 INTRODUCTION

1.1 Scope

This document is part of the Algorithm Theoreti@alsis Document (ATBD) of the Phase Il Land
Cover (LC) project belonging to the European Spagency (ESA) Climate Change Initiative (CCI).
It is dedicated to the pre-processing chain.

This ATBD is written through successive increments.initial version (v1) is dealing with the CCI-
LC Phase Il in general while focuses on the adtisitieveloped during the first year of the project.
This second version focuses on the activities af yeand 3 and a last version (v3) will be released
the end of the"8year. The ATBD-v3 will be the final version of tdecument.

1.2 Structure of the document

This document gives a detailed description of treegyocessing chain. After this introduction, the
document is organized in 3 main sections:

e Section 2 gives an overview of the pre-processmdCCI-LC Phase Il and lists all the

products that will be generated during the CCl-U@ase 2.
» Section 3 describes the CCI-LC pre-processing cmaidules in detail.

» Section 4 reminds the validation plan of algorithms
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2 PRE-PROCESSING IN THE YEARS 1 AND 2
OF PHASE I

2.1 General overview

The completed automated pre-processing chain pesfahe following operations (Figure 2-1):
radiometric, geometric correction, pixel identifica, atmospheric correction with aerosol retrieasl
well as compositing and mosaicking (possibly inglgdsensor merging). Improved algorithms will

be developed and validated for each of these meegsing steps.
They are exhaustively detailed in section 3.

SENSOR L1b data

lat/lon/alt

TOA reflectances

snow mask land mask

reprojected image

Figure 2-1 Schematic representation of the CCI-LC pre-processing chain including input (pre-processing chain
based on the GlobAlbedo chain)
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In case of PROBA-V, the input products in the pregessing chain are the PROBA-V Level 3 Top
Of Atmosphere daily synthesis product at 333m apatisolution (S1 TOA). Therefore the pre-
processing includes pixel identification, atmospherorrection with aerosol retrieval as well as
compositing and mosaicking only.

2.2 Products planned in the CCI-LC Phase2

The outputs of the CCI-LC Phase 2 project concérba) SR time series, global LC maps, global LS
seasonality products and a global water bodiestymty all of them being delivered along with
metadata. The outputs also include software systproducts documentation and validation reports.
The PSD focuses on the datasets.

At the end of the 3-year long Phase 2, the keyalldatasets for the end-users will be:
1) Global SR time series and associated metadata different epochs and from different
sensors:
a. Time series of AVHRR 7-day compositéeom 1992 through 1999;

b. Time series of ENVISAT MERIS Full Resolution 7-dapmposites from 2003
through 2012;

c. Time series of ENVISAT MERIS Reduced Resolutionag-@omposites from 2003
through 2012;

d. Time series of PROBA-V 7-day composites from 20iréuigh 2015 (and beyond);
e. Time series of SENTINEL-3 OLCI and SLSTR 7-day casifes from 2015 (and
beyond).

2) Global LC maps for the 1990s, 2000, 2005, 2010 2085 epochs based on the above
AVHRR, SPOT-VGT, MERIS FR and RR, PROBA-V, MODISnaposites and associated
metadata;

3) An updated global LC map for 2015 including the \@ab&ENTINEL-3 OLCI and SLSTR
composites and associated metadata
4) A global LS seasonality product and associated aa¢gafor the NDVI;

5) Global map of permanent open water bodies for 002 poch based on ENVISAT ASAR
time series.

In addition, prototypes products are foreseen, whigll demonstrate the pre-processing and
classification algorithms developed for the SENTINE and -2 missions and to expand historical
time series. They include:

1) SENTINEL-2 and Landsat 8 time series of regionalc®mposites from 2014 (and beyond)
and associated metadata;

YA 7-day compositing period is foreseen to be consistent with the other sensors, but this has to be confirmed
according to the data coverage

2 According to the availability of SENTINEL-3 data in terms of quantity and timing with respect to the overall
project planning
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2) Regional LC maps based on the above SENTINEL-2 baddsat 8 composites and
associated metadata;

3) Change maps dedicated to critical LC classes améfions according to users’ priorities
based on the above SENTINEL-2 and Landsat 8 congsoahd associated metadata;

4) Prototype water body and urban products based oNTHEEL-1 SAR data, tuned
geographically to the regional LC maps obtainedh\SENTINEL-2 data;

5) A consistent coarse spatial resolution LC map fortioental or sub-continental regions for
the 1980s based on the AVHRR Global Inventory Mmitig and Modelling System
(GIMMS) dataset;

6) An EvapoTranspiration (ET) Feasibility study wik iperformed during the first year of this
second phase. Encouraging results may lead tartiteigtion of an ET seasonality product;

7) As backup the time series of SPOT-VGT 7-day contpesrom 1998 through 2012 in case
of delayed delivery of the reprocessed SPOT VG prdtlucts.

Those products will be generated throughout thgeptofollowing the planning illustrated in Figure

2-2.

CRDPv3
Global SR time series of 7-day composites from
Sentinel-3 OLCI & SLSTR (2015-2016)

- Global LS seasonality products for the NDVI (1999-

CRDPv1 2015)

Global SR time series of 7-day composites from MERIS FR & RR
(2003-2012), AVHRR (1996) Other outcomes:

- Global LC maps for the 2000, 2005 and 2010 epochs - Updated global I C map for the 2015 epoch including the
- SAR-based global map of open permanent water bodies (2005- existing Sentinel-3 data*

2012) - Prototype SR time series of n-day composites from Sentinel-
2 and Landsat 8 (2014-2016)
Other outcomes: - Prototype high resolution LC map over Africa using
- Feasibility study on a LC condition product for the Sentinel-2 and Landsat 8
evapotranspiration variable - Prototype high resolution change maps for specific classes
- Feasibility study on the use of the AVHRR GIMMS dataset to using Sentinel-2 and Landsat 8
derive a global LC map for the 1980s epoch - Prototype regional WB product based on Sentinel-1 data

CRDPv2

- Global SR time series of 7-day composites from AVHRR (1992-
1998) and from PROBA-V (2013-2015)

- Annual global LC maps from the 1990s until 2015

- Global LS seasonality products for the Water Bodies (WB)
dynamics (2005 - 2012)

- New WB layer informing about the periods water bodies are
iced (2005-2012)

Figure 2-2: Planning of datasets to be produced in the CCI-LC Phase 2

* The reason why this update is not included in@RDPv3 is that it will be delivered at the end df yfear 3, thus not

avail

able for climate assessment
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This version of the document focuses on the pradtit will be generated during the first and the
second year of the project, i.e. not the SENTINHEiing series and not the high resolution prototype
products.

Table 2-1 details the satellite dataset that amarmd to be used in order to generate the global SR
composite time series in the first and second yéathe Phase Il. The time series are made of
temporal synthesis obtained over a specific conipgsperiod. The compositing period most suitable
for the classification chain — and so the tempoesgblution of the SR products delivered by the
project — has been decided in Phase 1 to be 7 @ihgsexact schema for the 7-day periods is to start
at January 1 and go on 7-day by 7-day periods tir@iend of the year. In this way, it should besdot
that the last period of December comprises 8 dagsfor leap years, the 7-day period including
February 29 comprises 8 days.

Table 2-1: Satellite data that are planned to be used to generate the CCI-LC SR time series in the 1st and 2™
years of the Phase Il

GLOBAL SRCOMPOSITE REFERENCE | SATELLITE TECHNICAL SPECIFICATIONS OF THE
TIME SERIES PERIOD DATA SATELLITE DATA SOURCE
SOURCE

AVHRR global SR composite | 1992-1999 AVHRR 2 1km

time series’ 5 spectral bands in visible and infrared
Global coverage

PROBA-V global SR 2014- PROBA-V S1 300 m resolution

composite time series 2015(and TOA spectral bands in visible and infrared

beyond) Global coverage
MERIS global SR composite | 2003-2012 ENVISAT 300-m or 1000- m resolution full swath
time series MERIS 15 spectral bands in visible and near
FR & RR infrared (NIR)

Global coverage

SPOT-VGT global SR | 1998-2012 SPOT-VGT P 1-km resolution

composite time series* spectral bands in visible and infrared
Global coverage

* It was planned to apply the complete pre-processing chain to AVHRR data and to deliver 7-day SR composites
in Phase Il yearl. As a result of the delay in data delivery, it was decided to adapt the delivery plan as follows:
deliver 7-day SR composites in Phase Il yearl. As a result of the delay in data delivery, it was decided to adapt
the delivery plan as follows:

e Yearl: delivery of 7-day TOA cloud free composites

e Year2: delivery of 7-day SR composites
* As backup - the time series of SPOT-VGT 7-day composites from 1998 through 2012 in case of delayed
delivery of the reprocessed SPOT VGT S1 products.
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3 QUALITY CONTROL OF THE INPUT
PRODUCTS

3.1 Methods

In the course of the Land Cover project belonginghe European Space Agency (ESA) Climate
Change Initiative (CCI) the quality assurance @ ihput data as well as of the output products is a
crucial working step.

The quality control process of the input produasiprises:

* automatic quality control;

» visual inspection of the input products which hdemn identified by the automatic quality

control as erroneous products.

Furthermore, the quality control of the output prod includes the visual inspection of the 7- dRy S
composites and the inspection of time series.

3.1.1 MERIS FR and RR

For the quality assessment of MERIS FR and RR Lblyrcts the following quality criteria have
been defined:

* Format error — errors regarding the metadatafdieat etc.
» Blank product - no lines with data
* Short product - products less than 7 seconds

» Duplicate product - products which have the samgisg time (exact duplicate) and duration

or which are temporarily and spatially included
* Missing data few blank lines within the product
» Shifted geolocation - wrong geolocation, mainlysmsdiby missing lines

» Horizontal and vertical stripes and wrong coloursne camera clearly different than the

others, these errors often occur in combinatioh witssing data and geolocation errors.
* Repetitive lines - repetition of lines in severaations of the product

All products which have not passed the quality cmritave been removed and cannot be used for the
calculation of the 7-day surface reflectance prtslugdditionally the MERIS FR and RR products
acquired during a special event (Calibration, Cagipar orbit manoeuvre) have been also removed
from the data set.
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3.1.2 AVHRR
For the quality assessment of AVHRR L1b productsfélowing quality criteria have been defined:

* Blank product - no lines with data
» Shifted geolocation - wrong geolocation or repetitparts

* Horizontal and vertical stripes and wrong coloursne or more bands clearly different than

the others

The criteria tests are based on the analysis ob#imel counts, row sums and columns sums of the
apparent reflectance image and of the NDVI as a®lbf the static land /water mask. In contrast to
MERIS FR and RR, only products which have not pdgbke quality control regarding the blank
product and geolocation criteria have been remaweticannot be used for the calculation of the 7-
day surface reflectance products. The other predwdhich have shown stripes and wrong colors,
have been flagged and the erroneous parts haveneesked out by the quality control process.

3.1.3 PROBA-V

At this stage of the project, no QA of the PROBASY TOA has been planned. In case of using the
internal PROBA-V L1b products a QA is foreseen.

3.2 Examples of erroneous products

3.2.1 MERIS FR and RR

The following images (Figure 3-2 - Figure 3-10udtrate the errors observed in the MERIS FR and
RR L1b data.

Figure 3-1: Example for horizontal stripes
(MER_FRS_1PPEPA20031202 133502 000002252022 00110 09182 7447.N1)
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Figure 3-2: Example for vertical fine stripes

(MER_FRS_1PPEPA20110806_080919 000005123105_00179_49331_2233.N1)

Figure 3-3: Example for wrong colours
(MER_FRS_1PPEPA20030213_094307_000000982013_00437_05000_2432.N1)
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Figure 3-4: Example for vertical fine stripes

(MER_FSG_1PNUPA20070802_170532_000000592060_00241_28351_1238.N1)

Figure 3-5: Example for repetitive lines

(MER_FRS_1PPEPA20050127 021857 000001122034_00132_15216_1703.N1)

Figure 3-6: Example for vertical stripes (subset of
MER_RR_1PRACR20060416_143153 000026312046_00483 21579 _0000.N1)
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Figure 3-7: Example for horizontal stripes (subset pf

MER_FSG_1PNUPA20070507_173155_000003802057_00499_27106_5656.N1)

Figure 3-8: Example for wrong colour

(MER_FRS_1PPEPA20040323_132407_000003992025_00210_10785_1095.N1)
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Figure 3-9: Example for wrong geocoding

(MER_FRS_1PPEPA20060404_024640_000002562046_00304_21400_4636.N1)

Figure 3-10: Example for multiple errors

(MER_FRS_1PPEPA20050201_163056_000002162034_00212_15296_1861.N1)
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3.2.2 AVHRR

The following images (Figure 3-11 - Figure 3-1@)strate the errors observed in the AVHRR data.

Figure 3-11:

Figure 3-12: Example for horizontal stripes (a011041693014332_024356./1b)

Figure 3-13: Example for wrong colour (subset of a011122892172654_233321.11b)
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Figure 3-14: Example for wrong geocoding (subset of a011111592120108 _074109./1b)

Figure 3-15: Example for shifted geocoding between the bands (subset of a011082692145559 114209./1b)
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Figure 3-16: Example for repetitive parts (subset of a011040792073254 _043411.11b)

3.3 Results

3.3.1 MERIS FR and RR

The QA of the MERIS FR v2013 data set has beesHed and the erroneous products have been
removed from the data set which is used for thegesing of the 7-day composites. The following
tables summarize the results of the QA for MERISV2B13 of phase Il and the results of the QA for

MERIS RR of phase |I.

Table 3-1 Results of the QA of MERIS FR L1b

MAIN CATEGORY SUBCATEGORY PrRoODUCTS RELATIVE
Potentially good 135010 97.84%
Corrupt 1456 1.06%
Short 719
Duplicate 462
Blank 275
Segregated 1522 1.10%
Sum: 137988 100%
Table 3-2: Results of the QA of MERIS RR L1b
PRODUCTS POTENTIALLY GOOD PRODUCTS POTENTIALLY BAD PRODUCTS
48940 48540 (99.18%)

337 + 63 (0.82%)
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3.3.2 AVHRR

The QA of the AVHRR L1b data set has been finistued the erroneous products have been removed
from the data set which is used for the processinthe 7-day composites. The following tables
summarize the results of the QA for AVHRR L1b dsea

Table 3-3 Results of the QA of AVHRR L1b

MAIN CATEGORY SUBCATEGORY PRODUCTS RELATIVE
Potentially good 30253 95.75%
Corrupt 1344 4.25%
Short/ Duplicate 906
Stripes 201
Geo-Coding 200
Colour 37
Sum: 31597 100%

3.3.3 PROBA-V

At this stage of the project, no QA of the PROBASY TOA has been planned. In case of using the
internal PROBA-V L1b products a QA is foreseen.
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4 LAND COVER PRE-PROCESSING CHAIN

As already mentioned, the completed automated meepsing chain generates global various
temporal resolution composites of surface reflemgarof MERIS, AVHRR SPOT-VGT and PROBA-
V by a series of pre-processing steps (Figure 2aiproved and new algorithms developed for each
of these steps are presented in the sections below.

4.1 Geometric correction
MERIS

With AMORGOS (Accurate MERIS Ortho Rectified Geadtion Operational Software), ESA has
made available a tool which improves MERIS FR gealion better than 70 RMS. AMORGOS has
been developed by ACRI-ST. The analysis of geoionaaccuracy brought a misalignment of
MERIS FR and RR forward, which is separately désctiin a technical note [Phl_TN/GEOv1.1,
2011]. In brief, in all Probability, it is a comled effect of on-board resampling of CCD coordinates
and on-ground geometric L® L1 processing. The updated version AMORGOS 4.@ddressing
this geolocation issue and therefore improves th&hing between MERIS FR and RR data. This
version has to be integrated in the pre-processiag. AMORGOS 4.0 is not applicable to any other
sensors by definition.

The investigation of the geolocation accuracy ¢ MERIS FSG and RRG revealed that the
geometric accuracy of all products fulfils the A@-requirements [Ph1l_PVASRv2.0, 2012].

SPOT VGT P + PROBA-V

The investigation of the geolocation accuracy af HPOT VGT P products revealed that the
geometric accuracy of all products fulfils the A@-requirements [Phl_PVASRv2.0, 2012].

In case of PROBA-V, the absolute geometric accutes/been determined as 300 m in the VIS and
400 m VIS/SWIR as well as the relative geometricuaacy is 150 m in the VIS and 225 m
VIS/SWIR. Therefore the geometric accuracy of PRGBAuUIfils the CCI-LC requirements [Sterckx
et al., 2014].

AVHRR

In case of the AVHRR HRPT L1b products, the relatjeolocation accuracy of near nadir pixel in a
flat area has been determined as +/- one pixeimduntainous areas or for off-nadir pixel larger
deviation can be observed. Therefore around 708ebixels of both sides along the swath of all
AVHRR HRPT L1b products have been omitted. Destite restriction the geometric accuracy of
the AVHRR HRPT L1b products doesn’t fulfil the mait CCI-LC requirements, but it fulfils the
requirement regarding the classification.
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All other sensors

In order to achieve consistent geolocation accuaacyss all used instrument data, a new module will
have to be developed if the geometric accuracy tberoproducts does not fulfil the CCI-LC
requirements with respect to the geolocation.

4.1.1 MERIS FR and RR - AMORGOS - 4.0

AMORGOS includes a precise orbit determinationtrimsent pointing and performs an ortho-
rectification. The AMORGOS Software User Manual angtrface Control Document as well as the
Software Transfer Document (Issue 2.0) were madéadole by ESA to the GlobCover team [Arino
et al., 2008] on 23.12.2005. This document is idetlin the GlobCover Design Justification File
[GlobCover_DJFv3.8, 2008] as Amorgos_ICD-SUM_2.8.dnd Amorgos_STD _ilrO.doc.

AMORGOS is run once for every MERIS _FRS 1P file agdnerates the corresponding
MER_FSO_1P file. Re-build of the instrument pradjctis done using MER_FRS_1P internal data,
the so-called MERIS detector index data set, amtksadditional MERIS Level 1b auxiliary data, the
FR frame offset, extracted from appropriate MER_INZ file. For each MERIS pixel restored in
instrument projection, an ortho-rectification algfom computes the first intersection between the
pixel's line of sight and the Earth surface, repraed by interpolation of the Digital Elevation Mzd
(DEM) cells elevations on top of the referencepsiiiid. Line of sight is determined using its paigti
vector expressed relative to the satellite, thellgat location and attitude, which are in turn
determined from Orbit and Attitude files using tl@propriate CFI routines. Location of the
intersection is expressed as longitude, geoddtiad@ and geodetic altitude.

AMORGOS is producing a so called FSG (Full Swatlo-@errected) product. This is structurally
identical with the FRS product but with 3 additibm@nds for the precise and corrected latitude,
longitude and altitude.

AMORGOS is executable software, which takes a MERRS product as input and generates an
FSG product as output. AMORGOS performs an impravadgation and pointing calculation and
orthocorrects the data using an external digitavation model. The FSG product in principle is an
FRS product with three additional bands: corredsdude and longitude, and the altitude. An
important issue is the limitation of frame numbfsthe FSG product. Due to output product time
limits, the number of lines of an FSG product careaeed the value of 10305. Because the input
FRS product may consist of up to 12865 lines, tloegssing of such a product has to be performed in
two steps. AMORGOS provides input switches in thfiguration file to handle this constraint.

Since AMORGOS is a binary distribution for Linux, runs only under this operating system. It
expects a certain directory structure, as depictelde following Figure 4-1, which is taken frometh
AMORGOS Software Transfer Document. The figure doatscontain the DEM directory, where the
tiles of the digital elevation model reside.
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AMORGOS EXECUTABLE DISTRIBUTION TREE STRUCTURE legend :

existing directory

AMORGOS Executable . _ T . S
Distribution DVD-rom i e e e i
_$,;MORGOS_INSTAL__L ; created directory

created files

executable. input files auxiliary files reference
script and output files
configuration
files

Figure 4-1: AMORGOS directory structure (from the GlobCover 2005 project — [GlobCover_DJFv3.8, 2008])
The improvements of AMORGOS V4.0 with respect tevimus version (V3.0pl) are:

» the processing of MERIS RR L1b products (MER_RR) b geo-referenced RR L1B
(MER_RRG_1P);

» the handling of the both reprocessing 2 and repiog 3 data (the difference affecting the
format of an L1b processor auxiliary data file alsed by AMORGOS, not the MERIS L1b
products).

Consequently, the testing philosophy addressestviioechanges listed above by verifying that:
MERIS RR georeferenced products generated by AMORE®.0 give results equivalent to:

* MERIS FR georeferenced products with same covegagerated by AMORGOS V4.0, the
FR mode being already validated;

* MERIS RR georeferenced products are generated bg3)Ehe MERIS Ground Segment
test platform, in which the geo-reference optioa haen implemented and validated for both
RR and FR.

* MERIS FR georeferenced products generated by AMORE®.0 give results equivalent to
products with same coverage generated by AMORGO®&WBIEGS, the latter having been
validated against AMORGOS V3);

*  AMORGOS V4.0 results are equivalent when obtaimredhfMERIS 2nd re-processing data
and MERIS 3rd reprocessing data with identical cage, and that for both RR and FR.
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Test scenes have been selected so as to offerusatypes of terrain, in particular including
mountainous areas with a high variability of eléwat In all cases, validation is assessed through
comparisons of (a) pixel altitudes with respecthe reference and (b) pixel geolocation through
computation of ground distance with respect toréfierence geolocation [Bourg et al., 2011].

Short summary of validation results:
* AMORGOS V4.0 RR versus FR - test is fully satisfayg;
» AMORGOS V4.0 RR versus MEGS RR - test is fullyisfattory;
* AMORGOS V4.0 FR versus MEGS FR- test is fully sfaigtory;

«  AMORGOS V4.0 from re-processing 3 versus AMORGOSfiMn re-processing 2 - test is
fully satisfactory for both resolutions.

4.1.2 Pseudo-code representation

This subsection provides an overview of the geametorrection from the software development
point of view. A more detailed description of tlegical flow and individual processing steps can be
found in the CCI Land Cover DPM [Ph1_DPMv2.2, 201RB)rthermore the input and output products
being used within the LC-CCI processing modules @scribed in the CCl Land Cover |IODD
[Ph1_10DDv1.0, 2013] in more detalil.

GEOMETRIC CORRECTION—MERIS
algorithm AMORGOS is

i nput : MERIS reduced or full resolution Level 1B product: either a Full Swath
or a standard half-swath Scene produc t MER_XXX_1P
ENVISAT Orhit files: DOR_VOR_AX and/or, DOR_POR_AX and/or, AUX_FRO_AX
Restituted Attitude file: AUX_FRA_AX
the Julian Date, date

configfile (Linux only)
out put: MER_FSO_1P, MER_FSG_1P or MER_FRG_1P or MER_RRG_1P
Status and error log files

optional: TIFF format output radiance files.X , X s tands
for the spectral band index, in [1,15], TIFF format flags
file, TIFF format geolocation data files
A detailed description of the single algorithms use d within AMORGOS is
beyond the scope of this document, more comprehensi ve information on this

tool can be found in [Bourg and Etanchaud, 2007].

Algorithm 4-1: Geometric correction — MERIS - AMORGOS (see Bourg and Etanchaud, 2007)
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4.2 Radiometric Calibration

4.2.1 MERIS FR and RR calibration and smile correction
MERIS calibration

Spectral and radiometric calibrations are key mees for all quantitative algorithms which exploit
the spectral shape and magnitude. The spectrdbrattin of MERIS is performed by using
measurements of a coloured diffuser and by a sgeutatching technique using the measurements of
the Q.5 absorption band. The spectral calibration has Ipgeved to be within 0.1nm accuracy. This
is considered to be adequate for the generati@CHLC products. The radiometric accuracy is more
critical. MERIS has two diffusers on-board, thesffione being used regularly to monitor the
radiometric response and the second one being eapgosun light only 3 to 4 times per year in order
to monitor the ageing of the first diffuser. Withig technique it was possible to derive a new
degradation model of the instrument, which is agplifor the third reprocessing of Reduced
Resolution products and for the reprocessing of Resolution products. This reprocessing quality is
required for CCI-LC.

The radiometric calibration as described below isoa-linear process including several steps. The
radiometric gains are the second last step beferd_1b are written. However, the last step is the
straylight correction which is a non-linear procass not revertible from L1b product. The improved

Calibration is therefore only an approximation.

The valid MERIS samples are digital counts resglfiom the detection and acquisition by MERIS of
a bi-dimensional field of spectral radiance in frohthe instrument. The objective of the radionetr
processing, together with the stray light correttiis to estimate that spectral radiance. An irevers
model of the MERIS processing is used for that psep using parameters stored in the
Characterisation and Radiometric Calibration daiaeb and the MERIS samples themselves. The
MERIS acquisition model may be described as:

Xpgoms = NonLimym [9(TYE) [Apim (Losems + Goim(Lussor)) + Sy (Lo jem,s) |
+ 9e(TFP)C ] + ¢
eg. 4-1
where

« mis the camera (or modulel; is the spectral band is the pixel columnf is a frame
(processing unit of number of image lines)

*  XokmfiS the MERIS raw sample

* NonLim,, is a non-linear function, representing the noedintransformations which take
place in the CCD, amplifier and A/D converter; Namdepends on band and gain settings

T"®Yis the temperature of the MERIS amplifiers (VE@s}he time of frame f

TP is the temperature of the MERIS detectors (CCD#)atime of frame f

* g andg. are (dimensionless) temperature correction funstio
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* Al,xmthe "absolute radiometric gain" in counts/radeanait; AL depends on band & gain
settings

* Lyxmsthe spectral radiance distribution in front of MER
* Smymsthe smear signal., due to continuous sensingbf by MERIS

«  C%kmthe calibrated dark signal (possibly includingaamboard compensation), dependent on
band and gain settings

* Gpxma linear operator (weighted sum) representingstregy light contribution to the signal.
For a given sample, some stray light is expectethfall the other samples in the module,
spread into the sample by specular (ghost imagsgaitering processes

* ¢is arandom process representative of the noidengasurement errors

This model is inverted during processing: The iseeof the absolute instrument gain WAk, is
applied to the valid samples of all bands aftek@ad smear signal subtraction, with a compensation
for the estimated temperature which is expressedfasction of time:

Rpmys = (ALb,k,m)_l {(Xl,),k,m,f — Sprms )" [90 + g1(tr — trer) + 92(tr — tref)z] - Cb,k,m,f}
eq. 4-2

where Rymsare the spectral radiances before the straylightection. The CoastColour Improved
calibration is assuming the final straylight coteztradiances as equal to thigR+

Coherent noise equalisation

The MERIS equalization module performs a radiometqualisation of the MERIS L1b products. It
reduces detector-to-detector and camera-to-cargstansatic radiometric differences and results into
a diminution of the vertical stripping observedMERIS L1b products. The MERIS swath is imaged
by a CCD. The radiance at each pixel of a MERIS pfdducts results from the measurements of 5
cameras spread across the swath, each one imapgant ef the swath with 740 so-called detectors in
FR (corresponding to 185 mean detectors in RR)s Tésults into 3700 detectors imaging the swath
of MERIS FRS product (925 in RR). The responseagheone of these detectors is calibrated during
the routine operation of the instrument. Residuadeutainties in the calibration process result into
detector-to-detector and camera-to-camera systenratliiometric differences. The equalisation
corrects for these radiometric differences viataobdetector dependant coefficients correctingttfier
residual uncertainties in the calibration proc@3sese coefficients are retrieved via a methodology
described by Bouvet and Ramino, [Bouvet and Ramo#@i0], based on observations of the
Antarctica plateau spread out throughout the MERIiSSion lifetime.

The coefficients are different for MERIS Reducedd afull Resolution products. While the
compilation of a full mission data set in reducedalution, and subsequently the calculation of the
noise equalisation coefficients, this process tsyebcompleted for full resolution data. Consedlyen
the coherent noise equalisation is not includetienCoastColour Preliminary Processing [Bouvet and
Ramoino, 2010].
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Smile correction

MERIS is measuring the reflected sun light usingdQ€chnique. A CCD is measuring in one of its
dimensions one image line, and in the other dinoengie spectrally dispersed radiance for each pixel
along the image line. l.e., the spectral measur&rafreach pixel along an image line is made By it'
own set of sensors of the CCD. This causes smadtians of the spectral wavelength of each pixel
along the image. This is called the "smile effect".

The MERIS instrument is composed of 5 cameras, egciipped with it is own CCD sensor. The
variation of the wavelength per pixel is in ordérlam from one camera to another, while they are in
the order of 0.1nm within one camera.

Even though this variation is small compared to gpectral bandwidth of a band, which is typical

10nm, and can hardly be seen in an image, it casecdisturbances in processing algorithms which
require very precise measurements, for examplerdtréeval of chlorophyll in the ocean. These

disturbances can result in visual artefact ("canmmyeders") or reduced accuracy of the Level 2
products. Therefore, the MERIS Level 2 processorects the smile effect. The Level 1b product is
not smile corrected, because this product shalligeothe user exactly what the instrument is
measuring, and that is in fact the radiance agihen wavelength of each pixel.

The smile correction consists actually of two paatsadiance correction and a reflectance cornectio
The reflectance correction consists of an estimatd the reflectance spectral slope from the
measurements in two neighbouring bands, and tleepioiation of the reflectance along this slope
from the actual pixel wavelength to the nominal elength of the considered band. It is defined in an
external configuration data file, which bands Ww#l corrected, and which bands are used for the slop
estimation. The smile corrected reflectapgg_ ... iS calculated according to:

— pbrr(bz) - pbrr(bo)
Pstope Apix (b, detector(j)) — Ay (by, detector(j))

psm—corr(bl) = pbrr(bl) + pslope ' (Anom (bl) - Apix (blrdeteCtor(j)))

eg. 4-3
where

*  pprr IS the Bottom-of-Rayleigh reflectance

* Ay is the wavelength per pixel

*  Anom IS the nominal wavelengths

» detector(j) is the the detector index at the pixel locatiothef spectra
e b, is the band index of reflectance to be corrected

e b, is the upper band index for interpolating the slop

* by is the lower band index for interpolating the g€op

*  Psiope IS the slope of reflectance
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4.2.2 PROBA-V and SPOT VGT P

Quantitative algorithms, which exploit the spectsabpe and magnitude, require the spectral and
radiometric calibrations as key activities. Thelgyaf the spectral and the radiometric calibratiaf

the SPOT VGT P as well as PROBA-V sensors are ailyehonitored by the satellite data provider.
Furthermore the calibration information released WO has been taken into account. The
consistency of TOA reflectance values of SPOT VGand MERIS RR has been assessed over the
CEOS LandNet sites and other stable areas. A neteelet description can be found in the CCI-LC
PVASR [Ph1_PVASRv2.0, 2012].

In case of PROBA-V, the spectral correction functiwill be applied to calculate the equivalent
SPOT VGT P measurements. As a result, the progessiain will be the same as for Spot-VGT P
[Dierckx et al., 2015].

Spectral correction function [Dierckx et al., 2015]

The top-of-atmosphere reflectance values of PROBgaN be transformed to the top-of-atmosphere
reflectance values of SPOT VGT P using the spectnaiection function as follows:

PspoT-veT band i = SlOPe€; * Ppropa—v pana i + Of fset;
eq. 4-4
where Band i = Blue, Red, NIR, SWIR.

Table 4-1 TOA spectral correction functions between PROBA-V and SPOT VGT [Dierckx et al., 2015]

AGREEMENT
OFFSET SLOPE B —— RMSE
BLUE 0.0034 0.9971 0.999 0.0032
RED 0.0029 0.9983 0.999 0.0030
NIR 0.0024 1.0005 0.999 0.0031
SWIR 0.0062 1.0214 0.986 0.0100

4.2.3 AVHRR

The quality of the spectral and the radiometrigbcation of AVHRR sensor are monitored carefully
by the satellite data provider. Therefore, we udlke into account available documentation and
findings (e.g. improved correction corrections) |mhed in peer reviewed publications as well as
follow calibration information released by NOAA. i$ planned to assess consistency of TOA
reflectance values of AVHRR and SPOT VGT P overGEOS LandNet sites and other stable areas.
With these actions, we will try to be up-to-datehmmost recent calibration, and we will be able to
detect major anomalies.
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Visible channel calibration of AVHHR [Kidwell, 1998

The percent albedo;Aneasured by the sensor channel i is calculatedliagar function of the input
data value C [counts] as follows:

A= SiC+Ijand A7°™ = A; dgun/earth/cos(esun)

d? !

sun/earth ~

1+ 0.033 cos [%

eq. 4-5

where $and | are respectively, the scaled slope and intercalpieg, d the sun/earth distance in AU.
The slopes and intercepts for AVHRR Channels 1 2Zade included in the used IGBP USGS L1b
products. To retrieve the spectral radiance R [\i4¢m-sr)] from percent albedo A, the following

equation have to be applied:

[ ‘ l]
t t 100 A W

where F [W/r] is integrated solar spectral irradiance, weightgahe spectral response function of
the channel and W is the equivalent width of thecsjal response functiqn

Table 4-2: Values of W and F [Kidwell, 1998]

SATELLITE W, F. W, F
NOAA-11 0.113 184.10 0.229 241.10
NOAA-14 0.136 221.42 0.245 252.29

Thermal channel calibration of AVHHR [Kidwell, 1998

The radiance EmW/(mP-sr-cni')] measured by the sensor channel i is calculatea lmear function
of the input data value C [counts] as follows:
E; = S;C+1;
eq. 4-7
where $and | are respectively, the scaled slope and intercaloteg. The slopes and intercepts for

AVHRR Channels 3, 4 and 5 are included in the U&BIP USGS L1b products. To retrieve the
brightness temperature from radiance E, the folhgvéquation has to be applied:

Vv

cv3
In [1 + E; ]

T(E;) =

eq. 4-8

where T [K] is temperature for radiance valuevEs the central wave number of the channel{xm
and G and G are constants (G 1.1910659 x 10-5 mW/(hsr cm®) and G = 1.438833 cm K). The
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central wave numbers (cm-1) for Channels 3, 4,%iad a function of temperature can be found in

Table 4-3.
Table 4-3: NOAA-11 Central Wave Numbers for AVHRR IR Channels [Kidwell, 1998]
TEMPERATURERANGE (K) CHANNEL 3(cM-1) | CHANNEL 4 (cm-1) | CHANNEL 5(CcM-1)
180-225 2663.50 926.81 841.40
225-275 2668.15 927.36 841.81
275-320 2671.40 927.83 842.20
270-310 2670.96 927.75 842.14

Note: The 270-310 K range is applicable for sea surface temperatures.

To account for non-linearities in case of NOAA-1ie correction terms are provided in Table 4-4

and have to be added to the scene brightness tatapes computed from the linear calibration.

Table 4-4: Non-linearity errors for NOAA-11 Channel 4 and Channel 5

TARGET INTERNAL TARGET TEMPERATURE[°C]
TEMPERATURE NOAA-11 CHANNEL 4 NOAA-11 CHANNEL 5
(K] 10 15 20 10 15 20

320 4.29 3.71 3.25 1.43 1.26 1.12
315 3.50 2.98 2.55 1.23 1.03 0.89
310 2.85 2.33 1.91 1.05 0.84 0.70
305 2.23 1.73 1.32 0.85 0.64 0.47
295 1.05 0.68 0.22 0.43 0.28 0.09
285 0.24 -0.21 -0.67 0.07 -0.07 -0.23
275 -0.45 -0.79 -1.15 -0.19 -0.34 -0.47
265 -1.06 -1.37 -1.66 -0.37 -0.51 -0.60
255 -1.41 -1.72 -2.03 -0.60 -0.77 -0.78
245 -1.70 -1.96 -2.22 -0.72 -0.90 -0.92
235 -1.87 -2.10 -2.28 -0.84 -1.02 -1.00
225 -1.90 -2.14 -2.36 -0.94 -1.06 -1.16
215 -1.82 -2.02 -2.20 1.43 1.26 1.12
205 -1.54 -1.76 -1.98 1.23 1.03 0.89

To account for non-linearities in case of NOAA-&4, alternate method of handling the-non-linearity
has been proposed, which can be applied to radianseead of brightness temperatures. This method

can be also applied to the AVHRR data of NOAA-11altn et al., 1998[Steyn-Roset al., 1992].
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As was the case with previous instruments, gainshople calibration coefficients for each channel
are imbedded in the Level 1b data stream whichwallthe user to perform a linear calibration.
However, these coefficients are derived using azeso radiance of spaces,Rvhich is a constant for
each channel and which makes the radiance comsciimependent of the internal calibration target
temperature. The slope and intercept coefficiergslarived with the following equation:

G= X0 = Rp oy = R,

CT - Csp

p — G Csp

eg. 4-9
where G is the slope, | is the intercept,iRthe radiance of the target; 8 the counts of the target,
and G, is counts of space. These coefficients provideeal radiance, R where C is the counts of
the channel:

Rlin: G : C + I

eg. 4-10
The following equation provides a corrected radeafAD, for AVHRR channels 3, 4 and 5 which is
a function only of the linear radiance:

RAD = A Ry, +B- R}, +D

eq. 4-11
The regression coefficients (A, B and D) to appiig equation for NOAA-11 AVHRR Channels 3, 4
and 5 are contained in Table 4-7 as well as for R4 AVHRR Channels 3, 4 and 5 are contained

in Table 4-5.This corrected radiance can be converted to thghtmess temperature [W/tmam-sr)]
temperatures using the following equation:

Vv

cv3
In [1 + E; ]

T(E;) =

eq. 4-12

where T [K] is temperature for radiance valuevEs the central wave number of the channel{lgm
and G and G are constants (G 1.1910659 x 10-5 mW/(hsr cm®) and G = 1.438833 cm K). The
central wave numbers (cm-1) for Channels 3, 4,%@ad a function of temperature can be found in
Table 4-3 or Table 4-6.

Table 4-5: Radiance correction coefficients for NOAA-14 AVHRR Channels 3, 4, and 5

RADIANCE CORRECTIONCOEFFICIENTS CHANNEL 3 CHANNEL 4 CHANNEL 5
A 1.00359 0.92378 0.96194
B 0.0 0.0003822 0.0001742
D -0.0031 3.72 2.00
Radiance of Space, Rsp 0.0069 -4.05 -2.29
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Table 4-6: NOAA-14 Central Wave Numbers for AVHRR IR Channels [Kidwell, 1998]

TEMPERATURERANGE (K) CH. 3(cMm-1) CH. 4 (cm-1) CH.5(cMm-1)
190-230 2638.652 928.2603 834.4496
230-270 2642.807 928.8284 834.8066
270-310 2645.899 929.3323 835.1647
290-330 2647.169 929.5878 835.374
Note: The 270-310 K range is applicable for sea surface temperatures.

Table 4-7: Radiance correction coefficients for NOAA-11 AVHRR Channels 3, 4, and 5

RADIANCE CORRECTIONCOEFFICIENTS CHANNEL 3 CHANNEL 4 CHANNEL 5
A 1.0 0.8412000 0.9460000
B 0.0 0.0008739 0.0002504
D 0.0 7.2100000 2.9200000
Radiance of Space, Rsp - -8.0500000 --3.5100000

4.2.4 Pseudo-code representation

This subsection provides an overview of the radibimealibration from the software development
point of view. A more detailed description of tlegical flow and individual processing steps can be
found in the CCI Land Cover DPM [Ph1_DPMv2.2, 201]rthermore the input and output products
being used within the LC-CCI processing modules @escribed in the CCI Land Cover IODD
[Ph1_IODDv1.0, 2013] in more detail.
Coherent noise equalisation - MERIS
algorithm coherent_noise_equalisation is
i nput : the equalisation coefficients, array coeff[]

(from auxdata file: [Bouvet and Ramoi no, 2010])

the reflectance to be equalised, rho

the Julian Date, date

out put : the equalised reflectance, rho Eq

return rho Eq

Algorithm 4-2: Coherent Noise Equalisation

Smile correction - MERIS
al gori t hmsmile_correction is
i nput : the spectrum of Bottom-of-Rayleigh reflectances,

array  rhoBIr[]
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the band index, b
the upper band indices for slope comput ation, array upperindex(]
(from auxdata file: [Ph1_|ODD v1.0, 2013], section 5.5)
the lower band indices for slope comput ation, array lowerlndex]]
(from auxdata file: [Ph1_|ODD v1.0, 2013], section 5.5)
the detector index, d
a land/water indicator, isLand
the pixel wavelengths, array pixXWwl[]
( from auxdata file: [Ph1_IODDv1.0, 2013], section 5. 5)
the nominal wavelengths, array nomWvI[]
( from auxdata file: [Ph1_IODDv1.0, 2013], section 5. 5)
out put : corrected reflectance for given band index, rhoSmcCorr
return rhoSmCorr

Algorithm 4-3: Smile correction

4.3 Additional pre-processing step for the PROBA-V S1 DA data

The PROBA-V S1 TOA data are synthesise productg;iwtio not include the observation time on a
pixel-basis. Therefore the observation time (UT@$ o be calculated based on the azimuth angle
and the longitude as follows:

TIME =
24

HOUR = INTEGER[24 - TIME]
MINUTE = INTEGER[60 - (24 - TIME — HOUR)]

Minute
SECOND = INTEGER [3600 . (24 -TIME — HOUR — 0 )]
ro 2m-(d—1)
365

6 =10.006918 — 0.399912 cosT' + 0.070257 sinT" — 0.006758 cos 2I'
+ 0.000907sin2I' — 0.002697 cos 3I' + 0.00148sin 3T

E, = 229.18312
- (0.000075 + 0.001868 cosT' — 0.032077 sinT" — 0.014615 cos 2T
— 0.04089 sin 2T
12 - SAA
12
T

WOZ =

eg. 4-13
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where d is the day number (DQOY), such that d = thenlst January, lon is the longitude [degrEe],

is the Day angle$ is the declination, Eis the equation of time, WOZ is the “true locah&” and
SAA is the sun azimuth angle [rad] (it has the iorigt due south, measures angles clockwise, so that
due east is negative and west positive).

4.4 Land water delineation and cloud screening - pixadentification

The Multi Sensor Pixel Identification approach (ehiis also applied in the GlobAlbedo project)
classifies each pixel to be processed accordirg $eries of pixel categories, which include cloud,
clear-land, clear-water and clear-snow. Cloudy Igib@e not processed in CCI-LC project, while
land, water and snow pixels must be distinguishedabse of the particular processing steps
associated to each surface type. In particularem@ikels must be separated from land surfaces even
in the case of continental water bodies, as thesdélagged in the final pre-processed product. Snow
and snow-free surfaces will also be consideredraggdg in the final pre-processed product.

The Pixel Identification approach has been willapplied to MERIS FR and RR, AVHRR SPOT
VGT P as well as PROBA-V data.

4.4.1 Pixel identification

The term “Pixel identification” refers to a class#tion of a measurement made by a space borne
radiometer, for the purpose of identifying propestof the measurement which are influencing further
algorithmic processing steps. Most importantlyhis tlassification of a measurement as being made
over cloud, a clear sky land surface or a clearaigan surface. The term “pixel” is often used for
such a measurement in order to express it beinggéaa spatially oriented collection of many
measurements, which all are geo- located and which, as a whole, an image of the earth below the
satellite.

While the information if a pixel is made over waterland can be taken from a static map, provided

the geo-location of the pixel is better than thee sdf the pixel, as a good first guess, the cloud

coverage is spatially and temporally highly vareabhd needs to be derived from the measurement
itself. After knowing whether a pixel is cloudy atear, in the clear sky case the land-water

information can be refined using the measuremem iE particularly necessary in the coastal zone

where the actual land-water boundary is changirgtduides, when the pixel size is small enough to

resolve this difference. Also maps are not alwaysect so that a radiometric refinement is advisabl

4.4.2 Background

A large portion of the earth surface is covered ddyuds [Paperin and Brockmann, 2007].
Consequently, most earth observation images invisible spectral domain include a significant
amount of cloudy pixels. Such measurements aréettéa two opposite ways: either cloud properties
are retrieved , e.g. for weather forecast or clemstudies ([Wylie, 1998], [Rossow and Schiffer,
1999], [Liou, 1992]), or the focus of the interesthe earth surface — being it land or water -ctvis

then masked by the cloud [Luo et al., 2008]. In [Hiter case, the presence of the cloud needs to be
identified, and the change of the surface reflexadue to the cloud has to be estimated.
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An image pixel can be cloud free, totally cloudy partly cloudy. In the cloud free case there are n
water droplets or ice crystals in the atmospher&hvbhange the surface reflectance. In the totally
cloudy case the optical thickness is so high that portion of surface reflectance at the signal
measured by the satellite is negligible. The partbudy case comprises all intermediate situations
where the measured reflectance is a mixture ofjaifsiant portion of the surface reflectance, but
modified due to the presence of a cloud. This @mither due to an optically thin cloud, or theuclo

is covering only a fraction of a pixel in the fiebdl view of the sensor [GlobAlbedo ATBD/CLv1.0,
2013].

Cloud free and totally cloudy pixels can be idéatifrather easily, and most of the tests usedrith ea
observation processing systems for cloud identiboatoday, assign either of these two stages, and
hence also partly cloudy cases have to be asstgrether of these two classes [Eumetsat, 2006]. Fo
spatial high resolution instruments such a bindoua flag is not appropriate if several different
higher level processing algorithms are appliedhezovhich having a different robustness to partial
cloudy pixel [Brockmann et al., 2008]. Some novgbathms therefore deliver a graduated scale, as
an indicator of the extent to which a signal iduahced by the presence of clouds ([Schiller et al.
2008], [Gomez-Chova et al., 2007], [Merchant et2006]). Such an indicator can be related to cloud
properties, e.g. apparent cloud optical thickntss atmospheric transmission ([Schiller et al.,&800

or cloud features ([Schiller et al., 2008].

Clouds have certain characteristics which can teal der their identification and characterisation
[Luo et al., 2008]: brightness, whiteness, coldgemture and high altitude. However, none of these
characteristics is always given if a pixel is clguthis is the main problem of cloud identification

Thin clouds are difficult to differentiate from gtit land surfaces and clouds in the mountains ean b
lower than the mountain ridges around. Then othethods not based on the features given below
must be used. In particular, the clouds can be @dsected using the spatial and temporal varigbilit
of the reflected radiation. In addition, cloudsesn the tropospheric gases. This leads to thedser

in the reflection inside corresponding gaseous rphism bands (e.g. #0, CO,, O,) which is routinely
used for the cloud top height monitoring [Fischiealg 2000].

One way to detect clouds would be to work direetiyh optical measurements. Further, derived
cloud physical properties can be used to charaet@lbuds and assess their impact on the retrieved
signal. This includes, amongst others, cloud foagtcloud top temperature, cloud top pressure,dclou
type, cloud phase, cloud optical depths and cldfeckve particle size. Such properties can be
studied using the radiative transfer modelling.eBstve work in this respect over the past years can
be found in the literature ([Fischer et al., 20(JB]scher et al., 2000b], [Muller and Fischer, 207
[Rathke et al., 2002], [Brenguier et al., 2000] firdwlowska et al., 2000]). They have developed the
MERIS algorithms for cloud top pressure, cloud acgitithickness, cloud albedo and cloud type
retrieval and have translated this knowledge mtprobability based cloud detection algorithm
[[GlobAlbedo ATBD/CLv1.0, 2013].

Cloud detection became important with the systesr@aicessing of the NOAA AVHRR instrument

in the 1980s. Statistical histogram analysis methadre developed [Phulpin et al., 1983]. Most
common used were threshold algorithms (e.g. inri8ars and Kriebel, 1988]). Large scale textures
were identified using pattern recognition techng@arant and Weinman, 1986]. These methods
worked quite well over the ocean but exposed problan Polar Regions (separation of clouds from
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ice and snow) and in the tropics (low level, warouds). A good overview of the cloud screening
techniques at the late 80s is given in [Goodmaal.e1988]. Improved methods are later proposed for
the AVHRR and for ATSR.

The cloud screening algorithms for the ATSR 1 and the 1990s were mainly based on previous
work for AVHRR and use spectral threshold testsi8iet al., 2007]. The thermal band at 12um is
used as main tool to identify the cold cloud swfay a threshold, supported by other thresholds on
band differences and on the histogram of the radialistribution in the image. The unique feature of
two views under different angles of the same patel the spatial coherence of the radiance are also
exploited. The cloud screening of the AATSR is balty the same with refined and additional tests
due to additional bands. Recently, tests on veigaetand snow indices have been introduced [Birks et
al., 2007]. However, application oriented projests not satisfied with the standard cloud screening
and are proposing alternative methods, for exaffigplthe GlobCarbon processing.

The MERIS Level 2 cloud screening is a combinatd® different tests [Santer et al., 2007]. Three
of those are classical threshold tests on speaetdiinces or differences, and five are connectéal wi
the pressure estimates derived from the differerdiygen A-band absorption measurements.
However, due to the current insufficient qualitytbé standard pressure products derived from the
measurements, these tests are not used.

The potential of the £ feature has been addressed recently in ESA fumdegcts, namely
“Exploitation of the oxygen absorption band” and ERIS AATSR Synergy”. The result of these
activities has led to an upgrade of the operatitaRIS pixel classification in the third reprocexsi
Major improvement is due to including dedicatedsprge algorithms for detection of the height of
the scattering surface over land and ocean.

The strong water vapour absorption at 1.38um candeel to detect the presence of high clouds,
including thin cirrus under daytime viewing condits. With sufficient atmospheric water vapour in
the beam path, almost no upwelling reflected radbafinom the earth’s surface reaches the satellite
which is in particular handy for snow covered scefa However, precipitable water is often less than
1 cm over polar and in high elevation regions. Tt#8 um reflectance threshold is set to 0.03 for
MODIS [Ackerman et al., 2006].

A big problem is the distinction between clouds andw/ice, in particular for instruments which do
not have spectral bands in the NIR and SWIR. Aemsitze study including the cloud screening over
snow and ice has been undertaken ([Aoki et al.7R(Blori et al., 2007], [Stamnes et al., 2007]).
Snow and ice are less reflective in the NIR spéctegion, and the so called normalized
differentiation ice index (NDII) and the corresporgl snow index (NDSI) is a good tool to
differentiate clouds from snow and ice. These iesliare defined as follows:

R(0.545um) — R(1.050um) ' _ R(0.545pm) — R(1.640um)

NI = R(0545um) + R(L0SOmm)’ "~ ~ R(0.545um) + R(1.640jm)

eq. 4-14

The reflectance for ice decreases with the wavéhenaist faster as compared to snow. Therefore,
large values of NDII signify the bare ice case.
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Also measurements of trace gas vertical columng.,(&CIAMACHY on-board ENVISAT) are
disturbed by cloud presence because corresponaiétigiinents have large fields of view to enhance
the sensitivity to small gaseous concentrationsu@lclearing algorithms are described for GOME in
[Cervino et al., 2000], and [Kokhanovsky et al.08DPreports on using MERIS to support the cloud
screening for SCIAMACHY.

4.4.3 Methods
Cloud detection methods can be categorized indlh@ifing classes [Brockmann et al., 2008]:
Spectral threshold methods

Spectral characteristics, such as temperaturejtbegs, whiteness or height of the scatterer atede
against a threshold value. The threshold can benpeterized by viewing geometry, location or time.
Most cloud screening algorithms given in the rafeeelist include such tests.

A special subsection of these tests concern spéogtaresolution methods. Feature selection or PCA
pre-processing is sometimes applied to reduce itnergionality of the dataset ([Lavanant et al.,
2005], [McNally et al., 2003], [Rathke et al., 2@02nd [Susskind et al., 1998]).

Feature extraction and classification

The spectral data space, if transformed into aifeapace, can be statically or dynamically (ceng
dependent) separated into cloud or clear classeis. group of algorithms also includes spatial
structure based algorithms. Examples are given gze@hova et al., 2007].

Learning algorithms

The Bayesian probability approach and general dataing techniques are employed. Cloud
probability or cloudiness index values are generatier training the algorithm with simulated or
measured data. Examples are given in ([Merchartl.e2005], [Gomez-Chova et al., 2007]) for
AATSR and in [Schiller et al., 2008] for MERIS. Aegeric approach of a learning algorithm has been
developed [Colapicchioni et al., 2004].

Multi-temporal analysis

Pixels are not always cloud covered and a timeesef data is used to separate cloudy from clear
cases. For example, such kind of method is appli¢iie Cyclopes processing [Shi et al., 2007].

Multi-sensor approach

In cases, where multiple sensors are on the saat®nh and perform simultaneous measurements,
the synergetic algorithms can be used to bettettifgleclouds. This was considered, for example, in
the case of MERIS and SCIAMACHY [Kokhanovsky et @D08] and MISR and MODIS [Shi et al.,
2007].

As it follows from the discussion given above, Hueeening procedures are of great importance for
successful retrievals of snow properties from space
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4.4.4 Theoretical description

The current operational detection of clouds in SR@IT data relies on spectral threshold tests using
the reflectance in the blue and SWIR bands [Lissgre., 2000]. Different threshold combinations
are used to identify cloudy and clear pixels. Agbiwhich does not pass either test is declared
uncertain. A snow mask is calculated using spetinashold tests on the red and MIR channels
combined with 3 spectral slope tests which expluit lower scattering of snow in MIR and SWIR
bands compared with clouds. A cloud shadow is liynatided based on an estimation of a potential
cloud shadow and a test on the NDVI of concerngdlgi

Current MERIS cloud screening uses spectral thfdshon shortwave bands, complemented by
spectral slope tests in order to recover brightl lanrface and snow [Santer, 1997]. In the current
reprocessing of MERIS these cloud and snow testsignificantly changed and improved [Bourg et
al., 2011b] by adding tests on the height of thettedng surface (based on the oxygen absorption
measurements in MERIS band 11), and new testsrfow sand ice detection using the MERIS
Differential Snow Index (MDSI), based on the rasidands 13 (865nm) and 14 (885nm).

Both MERIS and AATSR cloud screening are not optibecause of missing spectral information in
each of the single instrument (SWIR and TIR bamdMERIS, Q and water vapour bands in
AATRS). In the framework of the MERIS — AATSR syggrproject an algorithm has been
developed that combines the data from both instrisngsomez-Chova et al., 2009]. A thorough
analysis has been undertaken on the informatiotenbmv.r.t to cloud detection in both instruments,
and a set of 19 features has been identified asalptvith respect to the number of features (which
should be kept low) and information content. Thiesgures include the spectral reflectances of the
two instruments, and a number of band combinatidhs.cloud screening algorithm is a combination
of feature extraction and supervised classificatind spectral unmixing. The training vectors fa th
supervised classification have been obtained frodatabase of radiative transfer calculations. The
results of the algorithm are a binary cloud maskilteng from the feature tests and a cloud aburelanc
values (between 0 and 1) from the unmixing. Theseuvalues can be used by subsequent algorithms
to decide if a pixel can be processed, or a fiogilcl is applied to conclude on the pixel status.

A critical step for the synergistic use of MERISIaRATSR is the collocation of the products. Due to
the high spatial and temporal dynamic of cloudsatignment of the two data sets would impact the
cloud retrieval. Figure 4-2 shows the steps inalude the pre-processing of the data of the two
instruments.

Neither of the single instrument algorithms diseassn the previous section is considered of
sufficient quality for the purpose of the GlobAllzegroject. The MERIS and AATSR cloud screening
algorithms have been criticised on the MERIS-AAT88er workshops, and also the SPOT-VGT
algorithm does not screen out sufficiently the dtullcloudy pixels. The reason is that the global
Level 2 algorithms cannot be too severe in ordgretmnit analysis of single Level 2 products. On the
contrary, for a Level 3 product such as the albemialear sky conservative (i.e. severe cloud
screening) approach is required. Even a small numbandetected clouds can significantly impact
the final albedo product. This has been demonstrat¢the MERIS GlobAlbedo and the GlobCover
projects [Arino et al., 2008].
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The synergistic method presented in [Gomez-Choval.et2009] is a significant improvement. It
exploits optimally all features available in botistruments and combines these in a non-linear, self
trained mathematical way. The comparison shown he MERIS-AATSR-Synergy Project
demonstrates the improvements compared to theasthMERIS and AATSR algorithms.

However, for the CCI-LC a synergistic use of MERI®I AATSR is not foreseen because of (1) the
limitation of AATSR to the centre of the MERIS sWwathus not providing data for half of the MERIS
swath and (2) the overall design of the procesaimfpitecture which does not foresee multi-sensor
processing at this stage. The first point will opamwvith SENTINEL 3, and the latter point could of
course be resolved if AATSR would be included.

The CCI-LC pixel classification is a unique methatiapting the principles and mathematical
implementation of several of the above approachdsfeatures provided by the MERIS and SPOT-
VGT, each treated separately.

In a first step the features will be combined ifogical order of a sequence of threshold tests, but
working on and resulting in probability values beem [0 ... 1]. The combination will be done by
arithmetic operations, addition and multiplicatidinis extends the Boolean logic into a probabdisti
space. If tests result in the extreme O and 1,ptiedabilistic calculations are identical with the
Boolean expressions.

| MERIS
T . J l .
( ) [ ) Screening
> Cloud Land/Sea
r Processor Flag =
L ——
.

Smile

MERIS _Correction MERIS Collocation Synergy
Lb [Pl ToARefl. [P (Overlap) Product

—_— Rad_to_ Ref

4

| AATSR (AATSR re. Cosine | [[| AATSR
L. calibration ) correction )

Figure 4-2: Flowchart of the MERIS and AATSR synergy pre-processing module

4.45 Practical consideration

4.4.5.1 Overall principles

The CCI-LC pixel identification is a unique clagsdtion for the MERIS FR, RR, SPOT-VGT,

AVHRR and PROBA-V data considered (Figure 4-3). Timqueness consists of a certain set of
features, which are calculated for each instrunagalt probabilistic combination of these features in
order to calculate a set of pixel classificatiotrilatites. The implementation how the features are
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calculated is instrument specific. This approach te advantage to be easily extendable to other
instruments, and it is also applied in the GlobAlbb@roject, where additionally AATSR is used.

MERIS SPOTVGT AVHRR PROBA-V

- thres- thres- thres-
Ahf/il&;; —_ hold 1 hold 2 hold K Classification
SPOT VGT —» [fealure ! ¥ \ / attribute 1
PROBA-V —¥ \ /
MERIS ~— attribute 2
AVHRR —» o tribute 3
SPOT vGaT —» (feature 2 Probabilistic attribute
PROBA-V —¥ Combination
MERIS —
AVHRR —» attribute M

SPOT VGT —» feature N
PROBA-V —¥

Figure 4-3: Unified Pixel Classification Scheme

4.4.5.2 Probabilistic arithmetic

A feature is a probabilistic quantity with a valuetween 0 and 1, with the following meaning:

Table 4-8: Definition of values for classification features.

VALUE MEANING

0 the feature is definitively not true
0.5 status of the feature not known

1 feature is definitively true

Features are combined by simple arithmetic avegadiat's assume, as an example, two features, f1
and f2, which do have no dependency from each otred both being an indication that a third
feature, f3, is true. Then, f3 is the average dadridl f2: f3 = (f1 + 2)/2

As a first example let's assume the case wherereel@0% sure that both f1 and f2 are true, i.e.
f1=f2=1.0 then also f3=1.0. Another example is winmare 100% about f1, but less sure about 2,
let's say f2= 0.8. Then the resulting probabilifyf® is f3=0.9. When don’t know anything about f1,
i.e. f1=0.5 but are sure that f2 is false, i.e.0f2then f3=0.25, i.e. quite likely that it is fald&f1=0
and f2=1, i.e. a contradiction, then f3=0.5, i.e.@an’t say if it is true or false.

The introduction of the probability scale [0 ... Bsfurther the advantage that it enable decoupling
of feature values from the instruments. It doesrétter how a physical quantity is derived becatise i
will be mapped to the interval [0 ... 1]. For examplee brightness feature will be calculated from
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top of atmosphere radiances in the case of MERK&reas it will be calculated from reflectances in
the case of SPOT-VGT and PROBA-V. These are diftepghysical quantities, but they are both
scaled to [O ... 1].

The scaling from a physical quantity, such as ramhaor temperature, to a probability value may
include a non-linear mapping. This can expresquhecertainty that we have in value ranges in the
physical data space. For example, very low tentpeza have a very high probability to be a cloud,
whereas above a certain temperature value the Iptitypaecreases exponentially.

Not every feature can be calculated for every umsént. In such cases the feature value is constant
equal to 0.5. This convention allows formulating thgical combination of features even if a feature
is not available for a certain instrument, and lefite logical combination can be formulated
instrument independently.

4.4.5.3 Features

The following features are used in the probabdisbmbination, and how they are calculated for each
instrument.

Table 4-9: Feature - Pixel identification

FEATURE EXPLANATION
p Indicating a high altitude from where the photons are scattered. Can be derived from
ressure

measurements in gaseous absorption bands, e.g. 02A or water vapour

NDVI A high vegetation index is an indication of a (semi-) transparent atmosphere

NDS| The NDSI is a meaningful quantity only above bright surfaces. Then it can be used to
separate snow/ice from clouds

White A bright and spectrally flat signal; can be a cloud or snow/ice

Spectral Flatness

A spectrally flat signal; The colour can be anything from black over grey to white.

Temperature Temperature of the emitting surface; clouds can be very cold®.
Bright Brightness of the scattering surface

The glint risk can be calculated from the observation geometry and wind speed, assuming a
Glint Risk certain wave distribution (e.g. Cox and Munk). Glint and clouds are hardly separable and

hence it is useful to identify glint risk in addition with the cloud/water classification®

> Temperature information is not available from MERIS and SPOT VGT as well as PROBA-V, but it is included as
a feature in the logic because the overall approach is to be sensor independent; temperature is generally a
very powerful criterion for cloud detection.

® ccl-Le requires atmospheric correction over water bodies; this implies cloud detection over water, which is
problematic under sun glint conditions.
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FEATURE EXPLANATION
Radiometric A classification of the surface type as land, provided that the pixel is clear and the
Land Value measurement can be used to assess the surface type.
Radiometric A classification of the surface type as water, provided that the pixel is clear and the
Water Value measurement can be used to assess the surface type.
A priori Land . . . ) . .
Val Classification of the pixel using a static background map and the geolocation of the pixel.
alue
A priori Water L . . . . .
Val Classification of the pixel using a static background map and the geolocation of the pixel.
alue

Feature Defini

tion for MERIS

The index used in array notation below is startintp O.

Table 4-10: Feature Definition for MERIS

FEATURE MERIS COMMENT
Pressure if (isLand()) { pl and pscatt are apparent pressure
press_value = (pbaro - p1)/1000.0; products, defined in dedicated ATBDs
} else if (isWater()) { from R. Santer, developed within the
ESA 02 project. pbaro is the barometric
press_value =(pbaro - pscatt)/1000.0;
pressure.
}
NDVI value = brr is the reflectance corrected for
brr[b753]-brr[b620])/ (brr[b753]+brr[b620] gaseous absorption and  Rayleigh
scattering
NDSI value =
brr[b865]-brr[b885]) / (brr[b865]+brr[b885]
White if (brightValue()>BRIGHT_FOR_WHITE_THRESH) {
white_value=spectralFlatnessValue();
} else {
white_value = 0;
}
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FEATURE MERIS COMMENT
Spectral slope0 = spectralSlope(brr[b412], brr[b 490])
Flatness slopel = spectralSlope(brr[b560], brr[b620])
slope2 = spectralSlope(brr[b665], brr[b753])
spectralFlatness = 1.0f - Math.abs(1000.0 * (slopeO
+ slopel + slope2) / 3.0);
Temperature | 0.5
Bright bright_value = brrd42Thresh is a value read from a
brr[b442] /(6.0 * brr442Thresh) LUT; the LUT is a theoretical maximal
reflectance for a given geometry and a
bright land surface. It has been
calculated by R. Santer and is available
from the auxiliary data of the MERIS
operational processor.
Glint Risk Shall be calculated from geometry and wind speed | currently set to FALSE
from tie points. Not available in current IDEPIX
version
Radiometric if { in case of cloudy pixel:
Land Value refl[b753] >= refl[620] && refl[620] > radiom_land_value =0.5
refl620_Land_Thresh
}
radiom_land_value = 1.0
}else {
radiom_land_value = 0.5
}
Radiometric if { in case of cloudy pixel:
Water Value radiom_water_value = 0.5

refl[b753] < refl[620] && refl[620] <
refl620_Water_Thresh

}
radiom_water_value = 1.0
}else {

value = 0.5

}
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ccl

FEATURE MERIS COMMENT
A priori Land | if (I1FlagLand) {
Value return 1.0f;

}else {
return 0.0f;
}
A priori | if (l1FlagLand) {
Water Value return 1.0f;
}else {
return 0.0f;
}

Feature Definition for SPOT VGT and PROBA-V

— refl[0] ... reflectance in band 0 at 450nm
— refl[1] ... reflectance in band 2 at 645nm
- refl[2] ... reflectance in band 3 at 835nm
- refl[3] ... reflectance in band MIR at 1.6um
Table 4-11: Feature Definition for SPOT-VGT and PROBA-V
FEATURE SPOTVGT & PROBAV COMMENT
Pressure 0.5
NDVI ndvi_value = (refl[2] - refl[1])/ (refl[2] + refl[1]
NDSI ndsi_value = refl[1] - refl[3])/ (refl[1] + refl[3])
White if (brightValue()>BRIGHT_FOR_WHITE_THRESH) | The spectral flatness gives a high value
{ even if the spectrum is black. In order to
return spectralFlatnessValue(); be an indicator for white, a minimum
Yelse { brightness is required.
return Of;
}
Spectral slope0 = spectralSlope(refl[0], refl[1])
Flatness

slopel = spectralSlope(refl[1], refl[2])
spectralFlatness = 1.0f - Math.abs(2000.0 *

(slopeO + slopel)/2);
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FEATURE SPOTVGT & PROBAV COMMENT
Temperature 0.5
Bright bright_value = (refl[0] + refl[1])/2.0f
Glint Risk if (isWater() && isCloud() &&
spectralSlope(refl[0], refl[1]) > GLINT_THRESH)
{
glint_risk = 1.0;
}else {
glint_risk = 0.0;
}
Radiometric if (refl[2] > refl[1] && in case of cloudy pixel:
Land Value refl[2] > REFL835_LAND_THRESH) { radiom_land_value = 0.5
radiom_land_value = 1.0;
}else if (
refl[2] > REFL835_LAND_THRESH) {
radiom_land_value = 0.75f;
}else {
radiom_land_value = 0.25;
}
Radiometric if (refl[0] > refl[1] && in case of cloudy pixel:
Water Value refl[1] > refl[2] && radiom_water_value = 0.5
refl[2]<REFL835_WATER_THRESH) {
value=1.0;
}else {
value = 0.25;
}
A priori Land | if (smLand) {
Value return 1.0f;
}else {
return 0.0f;
}
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FEATURE SPOTVGT & PROBAV COMMENT
A priori Water | if (IsmLand) {
Value return 1.0f;
}else {
return 0.0f;
}
Feature Definition for AVHRR7
— refl[0] ... reflectance in band 1 at 580 — 680 nm
— refl[1] ... reflectance in band 2 at 725 — 1100 nm
- refl[2] ... reflectance in band 3b at 3.55 — 3.93 um
— BTI[O0] ... brightness temperature in band 3b at 3.8593 um
— BT[1] ... brightness temperature in band 4 at 10133 um
— BT[2] ... brightness temperature in band 5 at 11125 um
Table 4-12: Feature Definition for AVHRR
FEATURE AVHRR COMMENT
Pressure not defined yet
NDVI ndvi_value = (refl[1] - refl[0])/ (refl[1] + refl[0])
NDSI ndsi_value = refl[0] - refl[2])/ (refl[1] + refl[2])
White not defined
Spectral Flatness not defined
Temperature not defined
Bright not defined
Glint Risk not defined
Radiometric Land Value not defined

7 Cloud screening based on CLAVR and ldepix, not all feature and feature thresholds of IdePix have to be
defined, because the result of cloud screening is sufficient.
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FEATURE AVHRR COMMENT
Radiometric Water Value | not defined
A priori Land Value if (smLand) {
return 1.0f;
}else {
return 0.0f;
}
A priori Water Value if (IsmLand) {
return 1.0f;
}else {
return 0.0f;
}

4.4.5.4 Processing logic

The following classification attributes (binary uak, also named flags) are derived from the feature
with given logic. This logic is no longer instrumetependent.

Table 4-13: Processing logic

CLASSIFICATION DEFINITION COMMENT
ATTRIBUTE
isCloud return (whiteValue() + brightValue() + | The final binary cloud flag. A pixel is either
pressureValue() + temperatureValue() > | Cloud, Clearland or ClearWater.or
CLOUD_THRESH && lisClearSnow()) ClearSnow
isClearSnow return (isBrightWhite() && ndsiValue() > | isBrightWhite is defined below

NDSI_THRESH)

isClearLand if (radiometricLandValue() != 0.5) { If a radiometric land value is available, i.e.

landValue = radiometricLandValue(); it is not the uncertainty value of 0.5, than
} else if (aPrioriLandValue() > 0.5) { this is used in the subsequent test.

o Otherwise the a priori land value is used in
landValue = aPrioriLandValue();

the test.

else
J { The test simply compares the value with a

threshold. The choice of the threshold
// this means: if we have no information | depends on the user. If he wants to be
about land, we return isClearLand =false | really sure he should use a value close to 1.
}

return (lisCloud() && landValue >
LAND_THRESH)

return false;
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CLASSIFICATION DEFINITION COMMENT

ATTRIBUTE

isClearWater

if (radiometricWaterValue() !=0.5) {
waterValue = radiometricWaterValue();
} else if (aPrioriWaterValue() > 0.5) {
waterValue = aPrioriWaterValue();
}else {
return false;

// this means: if we have no information
about water, we return isClearWater =
false

}
return (lisCloud()
WATER_THRESH);

&& waterValue

\%

same logic as for the ClearLand test

isBrightWhite

return (whiteValue() + brightValue() >
BRIGHTWHITE_THRESH)

that has one of the two

characteristics,

A pixel
bright or white, has a
potential to be cloudy. The stronger both
features are the higher the probability.

isLand return (aPrioriLandValue() > | This is the surface type of the pixel,
LAND_THRESH) regardless if it is snow covered or if a cloud
is above during measurement.
isWater return (aPrioriWaterValue() >
WATER_THRESH)
isBright return (brightValue() > BRIGHT_THRESH) These tests map the real values of the
features to binary flags
isWhite return (whiteValue() > WHITE_THRESH)
isCold return (temperatureValue >
TEMPERATURE_THRESH)
isVegRisk return (ndviValue() > NDVI_THRESH)
isGlintRisk return (glintRiskValue >
GLINT_RISK_THRESH)
isHigh return (pressureValue() >

PRESSURE_THRESH)
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4.45.5 Thresholds

The following table lists the nominal values foe thcalar thresholds. It should be noted that these
subject to tuning and may change for the versi@d disr product mass production.

Table 4-14: Thresholds

VALUE
UllriEser MERIS SPOTVGT & AVHRR?,®
PROBAV
BRIGHTWHITE_THRESH 1.5 0.65 not defined
NDSI_THRESH 0.68 0.5 not defined
PRESSURE_THRESH 0.9 0.9 not defined
CLOUD_THRESH 1.65 1.65 not defined
UNCERTAINTY_VALUE 0.5 0.5 not defined
LAND_THRESH 0.9 0.9 not defined
WATER_THRESH 0.9 0.9 not defined
BRIGHT_THRESH 0.25 0.3 not defined
WHITE_THRESH 0.9 0.5 not defined
BRIGHT_FOR_WHITE_THRESH 0.8 0.2 not defined
NDVI_THRESH 0.7 0.4 not defined
TEMPERATURE_THRESH 0.9 0.9 not defined
REFL835_LAND_THRESH n.a 0.15 not defined
REFL835_ WATER_THRESH n.a 0.1 not defined
GLINT_THRESH n.a 0.000365 not defined

® Cloud screening based on CLAVR and ldepix, not all feature and feature thresholds of IdePix have to be
defined, because the result of cloud screening is sufficient.

° The nominal values for the scalar thresholds regarding to AVHRR will be defined if the standard feature
definition for AVHRR is requested.
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4.45.6 Water/land mask: SWBD mask

Both classes, the a priori Land Value and the aripkiVater Value are determined by a static
background map as well as the geo-location of threesponding pixel. The SRTM SWBD map
(NGA) is used in the phase | of the project fronpitdds.cr.usgs.gov/srtm/version2_1/SWBD/ or
http://eros.usgs.gov/#/Find_Data/Products_and_[Pai@lable/Shuttle_Radar_Topography_Mission
_Water_Body DataseFigure 4-4 shows the origin land/water mask (gremmj the application of
the new SRTM SWBD map (brown). The improvementesuty visible.

For a refinement of the classification the CCI-LERSwater body product has been developed and
the assessment of the suitability is currently amgio

MERIS

MER_FSG_1PNMAP20050521_090928 000002
082037_00265_16852_0001.N1

SPOT-VGT
V2KRNP 20050521F197.ZIP

Figure 4-4: Origin land/water mask and SRTM SWBD map
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4.4.6 Adaptation of IdePix

The assessment of MERIS FR and RR SR products dkendgormer IdePix shows that the data
guality has not yet reached the expected levelnimndue to clouds. A better pixel classificatior iv.
the class “clear land” is required. Therefore newelpidentification features for the CCI-LC
processing has been developed and applied.

4.4.6.1 MERIS FR and RR

Temporal Features

An improvement of pixel identification is accessiltly analysing their temporal characteristic. Based
on this approach a temporal filter has also be@tiegpand is described in detail in the section44.6

Spectral Features

The following new spectral features have been clened, investigated und applied:
* Dblue band feature;
* cloud value feature;
* clear land feature.

The blue band feature based on the Blue Band Cloud Screening of the Giobr Project and the
entire description may be found in the GlobCovesibe Justification File [GlobCover_DJFv3.8,
2008]. A simple blue band test has been adoptediBRIS by using the 412 nm channel. The
developed cloud screening method is applied tectfhces. A first threshold for band 1 reflectances
is used to detect the most brilliant dense clolitie. clear pixels are tested by a filter which perf®

the reflectance ratio of band1l and bandl10 relabethe altitude of the scattering surface. An
optimised threshold permits identifying thin clouaich are not detected by the first blue band test
Three states are supposed: 0=Out of Orbit, 1=Ciear 2=Cloud. The optimised cloud mask is
globally coherent with the bright flag of stand®M&RIS products. However, a higher performance of
the cloud screening over semi-transparent clouddeaobserved. Large areas are not detected by the
bright flag or probability algorithms. The analysisows that the blue band algorithm is more able to
detect semi-transparent clouds.

The cloud value featureis predicted by two neuronal network models optib it more succinctly,
they are back-propagation neuronal networks withiaput and one output layer. The NNs have been
trained with a back-propagation learning algorithynusing the PixBox data whereas the training
dataset was splitted w.r.t. the surface propelsied and water and these two datasets have bedn use
separately for the training. Therefore we get aated LandNN and a WaterNN for the prediction of
the cloud value. The PixBox data are describederRVASR [Phl_PVASRv2.0, 2012]. The decision
which NN will be used is only depending on the sifisd surface type through IdePix. Afterwards
the cloud value is calculated through the NN byngghe MERIS FSG respectively and RRG TOA
reflectance spectrum as input. The cloud value ehaange from 0 through 2. The user defined
thresholds - 1.25 for the LandNN and 1.35 for th&t®MNN are used for the verification of the current
pixel status as clear land or clear water. If hoeid value is greater than the particular thresttiodh

the pixel status is set to cloud. The PixBox data been extended with SPOT VGT P and AVHRR
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data, therefore the cloud value feature is alsdiGgipe to SPOT VGT P and adapted PROBA-V as
well as AVHRR data.

Theclear land feature of pixel identification bases on the analysisha spectral characteristic in the
HSV (Hue Saturation Value) - colour space. Therdi@ad feature is described in detail in the sectio
4.6.4. This feature is only applicable to MERISadat

4.4.6.2 AVHRR

Temporal Features

As mentioned in section 4.4.6.1, further improvetseof pixel identification are accessible by
analysing their temporal characteristic. Basedhimdpproach a temporal filter has also been applie
and is described in detail in the section 4.6.4.

Spectral Features

As mentioned in section 4.4.6.1, the PixBox das been extended with AVHRR data, therefore the
cloud value featureis also applicable to AVHRR data.

AVHRR processing mask

To reduce processing time and costs a global psoaemask was implemented. This mask is derived
from the global land/ocean mask for the fourth MBRITSR reprocessing and SENTINEL-3
processing [Brockmann et al., 2015]. Landmasse® w&panded by 40 km to ensure consistently
processing of AVHRR over land. The mask is showRigure 4-5.

Figure 4-5: AVHRR processing mask; white = processing area & black equals non processing area
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Additional spectral cloud and snow features

The following additional AVHRR cloud features basat the AVHRR — cloud screening approach
CLAVR [Heidinger,2004] have been applied to the ARVR data to improve the accuracy of the
cloud screening:

* RGCT - Reflectance Gross Contrast Test over land

* RRCT - Reflectance Ratio Contrast Test over land

* C3AT - Channel 3b Reflectance Test over land

* TGCT - Thermal Gross Contrast Test

*  FMFT - Four Minus Five Test (11 - 12 um)

*  FMFT ,4qp - Four Minus Five Test (11 - 12 um) - adapted
e TMFT - Three Minus Four Test (4 - 11 um)

» Channel 3b Emissivity Test over land

Desert Area Mask

( 5°< lat < 50° and 30°< lon < 60°
25°< lat < 50° and 60°< lon < 110°

DESERT = { —31°< lat < 19° and 121°< lon < 141°
10°< lat < 35° and -20°< lon < 30°
35°< lat < 50° and 110°< lon < 127°

eq. 4-15

with lat is the latitude in degree and lon is thieditude in degree.

In the following subsection all additional AVHRRafeires including required thresholds have been
defined:

RGCT - Reflectance Gross Contrast Test (RGCT) lavel
if p1 > RGCTipresnora than cloud
eg. 4-16
with p, is the reflectance in Band 1

Table 4-15: RGCTreshold

NDVI RGCTTHRESHOLD
-0.05 0.80
0.0 0.60
0.05 0.50
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NDVI RGCTryrestowo
0.10 0.40
0.15 0.35
0.20 0.30
>0.25 0.25

RRCT - Reflectance Ratio Contrast Test over land:
P21 = ';2 (p1 > 0);if p21 < RRCTtpresnora = 1.1 and no desert than cloud
1

eq. 4-17

with p is the reflectance in Band 1 apglis the reflectance in Band 2

C3AT - Channel 3b Reflectance Test over land:

if psp > RRCTinresnoia = 0.06 (0.09 for potenial snow)and no desert than cloud

eg. 4-18
with psy, is the reflectance in Band 3b
TGCT - Thermal Gross Contrast Test:
if BT4 < TGCTipreshora = 244K than cloud
eg. 4-19
With BT4 is the brightness temperature in Band 4
FMFT - Four Minus Five Test (11 - 12 um):
BT45 = BT4 — BTS; if BT45 > FMFTpyesnoia(BT4) than cloud
eg. 4-20

with BT 4 is the brightness temperature in Bandnd with BT5 is the brightness temperature in
Band 5

Table 4-16: FMFTpreshold

THRESHOLD
BT4 0 1 2 3 4 5 6 7 8 9
200.0 | 0.00 0.00 0.00 |0.00 |0.00 (000 |000 |0.00 |0.00 |O0.00

210.0 | 0.00 0.00 0.00 |0.00 |0.00 (000 |0.00 |0.00 |0.00 |O0.00

220.0 | 0.00 0.00 0.00 |0.00 |0.00 (000 |000 |0.00 |0.00 |O0.00
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THRESHOLD
BT4 0 1 2 3 4 5 6 7 8 9

230.0 | 0.00 0.00 0.00 |0.00 |0.00 (000 |0.00 |0.00 |0.00 |O0.00

240.0 | 0.00 0.00 0.00 |0.00 |0.00 (000 |000 |0.00 |0.00 |O0.00

250.0 | 0.00 0.00 0.00 |0.00 |0.00 (000 |0.00 |0.00 |0.00 |O0.00

260.0 | 0.00 0.01 003 |005 |0.08 (011 |0.14 |0.18 |0.23 |0.28

270.0 | 0.34 0.41 048 | 057 |0.66 |0.76 | 0.87 1.00 | 1.13 1.27

280.0 | 1.42 1.59 1.76 | 194 | 214 |234 |255 |277 |3.00 |3.24

290.0 | 3.48 3.73 399 | 426 |452 |480 |508 |535 |564 |592

300.0 | 6.20 6.48 6.76 |703 |730 |780 |780 |7.80 |780 |7.80

310.0 | 7.80 7.80 780 |78 |780 |780 |780 |7.80 |780 |7.80

320.0 | 7.80

FMFTagap - Four Minus Five Test (11 - 12 um) — adapted:
BT45 = BT4 — BTS; if FMFTy;,(BT4) < BT45 < FMFTy,(BT4) than clear
eq. 4-21

with BT 4 is the brightness temperature in Bandhd with BT5 is the brightness temperature in
Band 5

Table 4-17: FMFTaqap_threshold

SATELLITE VIEWING ANGLE
THRESHOLD THRESHOLDpax

BT4 7.5 22.5 37.5 52.5 7.5 22.5 37.5 52.5
190.0 | 0.595 0.725 0.685 -99.000 | -0.465 |-1.485 | -1.025 -99.000
200.0 | 0.595 0.725 0.685 -99.000 | -0.465 |-1.485 | -1.025 -99.000
2100 | 0.595 0.725 0.685 -99.000 | -0.465 |-1.485 | -1.025 -99.000
220.0 | 0.595 0.725 0.685 -99.000 | -0.465 |-1.485 | -1.025 -99.000
2300 | 0.775 0.745 0.775 0.715 -1.205 | -1.615 |-1.145 | -1.345
240.0 | 0.745 0.745 0.755 0.795 -1.305 | -1.385 | -1.265 | -1.275
250.0 | 0.855 0.815 0.765 0.775 -1.375 | -1.455 | -1.385 | -1.485
260.0 | 0.875 0.875 0.905 0.885 -1.525 | -1.455 | -1.665 | -1.525
2700 | 1.185 1.155 1.275 1.135 -1.215 | -1.255 | -1.205 | -1.295
280.0 | 2.835 3.255 3.295 3.175 -1.245 | -1.095 |-1.035 | -0.975
290.0 | 5475 5.395 5.245 5.325 -0.445 | -0.395 |-0.315 | -0.465
3000 | 6.195 6.035 6.055 6.105 -0.445 | -0.395 |-0.315 | -0.465
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SATELLITE VIEWING ANGLE
THRESHOLD THRESHOLDpax
BT4 7.5 22.5 37.5 52.5 7.5 22.5 37.5 52.5
310.0 | 6.185 6.225 6.835 5.925 -0.445 -0.395 | -0.315 | -0.465
3200 | 6.185 6.225 6.835 5.925 -0.445 -0.395 | -0.315 | -0.465

TMFT - Three Minus Four Test (4 - 11 um):
BT34 = BT3 — BT4;if TMFTy;,,(BT4) < BT34 < TMFT),,, (BT4) than clear
eq. 4-22

with BT 3 is the brightness temperature in Bandnd with BT4 is the brightness temperature in
Band 4

Table 4-18: TMFTpreshord

SATELLITE VIEWING ANGLE
THRESHOLDpax THRESHOLD

BT4 7.5 225 375 52.5 7.5 225 37.5 52.5
190.0 | 2,635 2.505 3.395 3.500 0.145 -0.165 | -0.075 | -0.075
2000 | 2,635 2.505 3.395 3.500 0.145 -0.165 | -0.075 | -0.075
2100 | 2,635 2.505 3.395 3.500 0.145 -0.165 | -0.075 | -0.075
2200 | 2,635 2.505 3.395 3.500 0.145 -0.165 | -0.075 | -0.075
2300 | 2,615 2.655 2.685 2.505 -0.805 |-0.975 |-0.795 | -1.045
240.0 | 1.865 1.835 1.845 1.915 -1.195 | -1.065 |-1.125 |-1.175
2500 | 1.815 1.785 1.815 1.795 -1.225 | -1.285 |-1.285 |-1.285
260.0 | 1.885 1.885 1.875 1.875 -2.425 | -1325 |-2.105 |-1.975
2700 | 2.135 2.115 2.095 2.105 -1.685 | -1.595 | -1.535 | -2.045
280.0 | 6.825 7.445 8.305 7.125 -4.205 | -4.145 | -3.645 | -3.585
290.0 | 19.055 | 18.485 | 17.795 | 17.025 |-2.425 |-1.715 |-2.275 | -2.015
300.0 | 20.625 | 19.775 | 19.355 | 19.895 | 0.585 -0.585 | 0.825 0.345
3100 | 18.115 | 15.935 |20.395 | 16.025 | 0.655 1.905 0.475 1.385
3200 | 18.115 | 15.935 |20.395 | 16.025 | 0.655 1.905 0.475 1.385

Channel 3b Emissivity Test over land:
if €3 > 0.022 than cloud
eq. 4-23

with psy, is the reflectance in Band 3b
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Both channel 3b tests (channel 3b emissivity tedtchannel 3b reflectance test over Land) requires
additional calculations. Therefore the calculatidrthe emissivity and the reflectance in channel 3b
has been included and the corresponding equatrergi\een by:

Channel 3b albedps;, and emissivitys,:

T _ {Ao + B,BT4 + C,(BT4 — BT5) if (BT4— BT5) > 1
3b_Bo BT4 else
(1 e |
1 .
R =! [ — v JLfBT4>O
3b—em T3p_Bo—al3p
Tazzy -1
0 00 else
if BT4>0
R3b em
0.00 else
Rap — R3p
n 3b_ _3b-em if Ogyn < 90 and Rsp—_om > 0 and Rsp > 0
BO31J Cos(esun)
d— —-T R3b—em
P3p = earth
sun
lt 1—&3pif Ogyn >90and g3, >0
NaN else
) solarsy, 1
with By 3, = 1000.0 -——and dearth = >d
€Wsp sun 14 0.033 cos | 3gE

eq. 4-24

Table 4-19: Constants for the calculation of the Channel 3b albedo and emissivity

NOAA 11 NOAA14
solar_3b 4.448 4.448
ew_3b 278.85792 284.69366
AO 6.34384 4.00162
BO 2.68468 0.98107
co -1.70931 1.97890
aly, -1.738973 -1.885330
a2s 1.003354 1.003839
G 1.1910659 x 10-5 mW/(m’ sr cm™)
C 1.438833 cm K
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To eliminate remaining haze and small cumulus dotie following additional tests were applied
differentiated between desert and non-desert aiag a desert mask:

« HCODT: Haze or Cumulus Over Desert Test

e HCONT: Haze or Cumulus Over Non-desert Test

HCODT — Haze or Cumulus Over Desert Test:

_ . BT4 (p1+ p2+ p3)
HCODT = TRUE if p1 > 0.11 AND BT3 < 098 AND BT4 < 285 )0OR 3

BT4
> 0.23 AND BT4 < 302 AND BT3 < 0.965AND 0.105 < p3 < 0.27 AND BT3

< 304))

eq. 4-25
with p; is the reflectance in Band g, is the reflectance in Band 23, is the reflectance in Band 3Db,
BT3 is the brightness temperature in Band 3 andtBTthe brightness temperature in Band 4.

HCONT — Haze or Cumulus Over Non-desert Test:

_ ) BT4 (p1+ p2+ p3)
HCONT = TRUE if p1>0.11 AND BT3 < 098 AND BT4 < 291 |OR 3

BT4
> 0.17 AND BT4 < 302 AND BT3 < 0.96 AND p; > 0.105AND BT3 < 318))

eq. 4-26
with p; is the reflectance in Band 4, is the reflectance in Band 23, is the reflectance in Band 3Db,
BT3 is the brightness temperature in Band 3 andtBsTthe brightness temperature in Band 4.

The two different tests are used based on thewoilp condition:

if DESERT then HCODT else HCONT

eq. 4-27
For AVHRR this leads to an adaption of the clasatfon for isCloud (see Table 4-13):

Table 4-20: Adapted processing logic for AVHRR and the classification attribute isCloud

CLASSIFICATION ATTRIBUTE DEFINITION

isCloud cloud value feature || additional
AVHRR cloud features || (NOT TGCT
&& NDSI > 0.8)
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The following additional AVHRR snow features basad CLAVR-X [Heidinger, 2004] have been
applied to the AVHRR data to improve the accurdche snow screening:

* HNLST - High Northern Latitude Snow Test over land
e HSLST - High Southern Latitude Snow Test over land

e MLHEST - Mid Latitude High Elevation Snow Test overland

HNLST — High Northern Latitude Snow Test over land:

HNLST = TRUE if <—27 < BT4 < 135AND p; > 0.4 AND 0.8 < Z—Z < 1.15 AND psy,
1
BTS
< 0.013 AND el > 300 AND (BTS — BT3) > ~14 AND 098 > ——
> 09486 AND L1 P3) 0.98)
(p2 + p3)
OR
<M > 0.98 AND p, > 0.15 AND (BT5 — BT3) > —8)
(p2 + p3)

AND

LAT > 62 AND F.LAND = TRUE
eq. 4-28

with p; is the reflectance in Band g, is the reflectance in Band 23, is the reflectance in Band 3b,
BT3 is the brightness temperature in °C of BanBB4 is the brightness temperature in °C of Band
4, BT 5 is the brightness temperature in °C of B&nel is the elevation from GETASSE $0n
meter,LAT is the latitude in Degree and F.LANIP. LAND is the priori Land Value derived from
IdePix (see 4.4.5.6.).

HSLST - High Southern Latitude Snow Test over land:

HSLST = TRUE if (—27 < BT4 < 1.35 AND p, > 0.55 AND 0.85 < % < 1.15 AND ps,

P1
Pr”P3 105 AND LAT < —62)

<0.03 AND (BTS — BT3) > —13 AND
p2+ p3

eq. 4-29

10 http://www.brockmann-consult.de/beam/doc/help-4.7/visat/GETASSE30ElevationModel.html
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with p, is the reflectance in Band g4, is the reflectance in Band 25, is the reflectance in Band 3b,
BT3 is the brightness temperature in °C of BanBB5 is the brightness temperature in °C of Band
5 andLAT is the latitude in Degree.

MLHEST - Mid Latitude High Elevation Snow Test dead:

MLHEST = TRUE if (=15 < BT4 < 1.35 AND p, > 0.4 AND 0.80 < 2% < 1.15 AND ps,

P1
< 0.035 AND (BT5 —BT3) > —14 AND F.LAND

= TRUE AND ((el
> 1000 AND (=63 < LAT < —70R7 < LAT < 62)) OR (el
> 3500 AND (=7 < LAT < 7))))

eg. 4-30

with p; is the reflectance in Band 4, is the reflectance in Band 23, is the reflectance in Band 3Db,
BT3 is the brightness temperature in °C of BanBB)5 is the brightness temperature in °C of Band
5, el is the elevation from GETASSE 30n meter,LAT is the latitude in Degree aftiLAND is the
land flag derived from IdePix.

For AVHRR this leads to an adaption of the clasatfbn for isClearSnow (see Table 4-13):

Table 4-21: Adapted processing logic for AVHRR and the classification attribute isClearSnow

CLASSIFICATION ATTRIBUTE DEFINITION

isClearSnow additional AVHRR snow features

4.4.6.3 PROBA-V and SPOT VGT

Temporal Features

As mentioned in section 4.4.6.1, further improvetaeof pixel identification are accessible by
analysing their temporal characteristic. Basedhmmdpproach a temporal filter has also been agpplie
and is described in detail in the section 4.6.4.

Spectral Features

As mentioned in section 4.4.6.1, the PixBox data been extended with SPOT VGT-P data. The
adaption of the PROBA-V data to SPOT VGT data adldhe calculation o€loud value feature
based on SPOT-VGT-P PixBox data for PROBA-V data.

1 http://www.brockmann-consult.de/beam/doc/help-4.7/visat/GETASSE30ElevationModel.html
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Additional spectral cloud and snow features

The following additional SPOT VGT / PROBA-V featarbave been applied to the PROBA-V data
to improve the accuracy of the cloud screening:

e HTUA — Haze Test over Urban Areas

e HTNUA - Haze Test over Non-Urban Areas

These tests are based on Tasseled Cap Transfonmn(@awth and Thomas, 1976], [Crist and Kauth,
1986], [Crist and Cicone, 1984a], [Crist and Cicori®84b]). The following Tasseled Cap
Components have been derived:

TC1= 0332 * p; + 0.603 = p, + 0.676 * p3 + 0.263 * p,
TC2= 0283 * p;— 0.66 * p, + 0.577 * p; + 0.388 * p,
TC3= 09 * p; + 0428 * p, + 0.0759 * p3— 0.041 * p,
TC4 = 0.016 * p; + 0428 * p, — 0.452 * p3 + 0.882 * p,
eq. 4-31

with p, is the reflectance in Band a; is the reflectance in Band 2; is the reflectance in Band 3,
andp, is the reflectance in Band 4.

HTUA — Haze Test over Urban Areas:
HTUA = TRUE if ((TC4 —TC3) < —0.07 AND (TC3 —TC2) = —0.01 AND UM = TRUE)
eq. 4-32
with UM being the urban area extracted from LC-CCI langeconap 2010 version 1.6.1.

HTNUA — Haze Test over Non-Urban Areas :
HTNUA = TRUE if ((TC4 —TC3) < —0.1 AND (TC3 —TC2) > —0.01 AND UM = TRUE)
eg. 4-33
with UM being the urban area extracted from LC-CCI langeconap 2010 version 1.6.1.

The following additional PROBA-V feature has begplged to the PROBA-V data to improve the
accuracy of the snow screening:

» HEST - High Elevation Snow Test
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HEST — High Elevation Snow Test:
HEST = TRUE if ((NDSI > 0.4 AND p; < 0.13 AND el > 600) OR NDSI > 0.7)
eq. 4-34
with p is the reflectance in Band 3, asidis the elevation from GETASSE $0n meter.

4.4.7 IdePix post-processing for PROBA-V

For PROBA-V a post-processing of IdePix flags haerbconducted to further refine the ldePix
results. The following PROBA-V S1 TOA and IdePiadbk have been used for refinement (eq. 4-1):

smClear = SM_F_CLEAR
smCloud = SM_F_CLOUD
idepixLand = F_LAND
idepixClearLand = F_CLEAR_LAND
idepixWater = F_WATER
idepixClearWater = F_CLEAR_WATER
idepixClearSnow = F_CLEAR_SNOW
idepixCloud = F_CLOUD
eq. 4-35

with F_* flag defined by IdePix, and SM_F_* flagldered with PROBA-V S1 TOA product.
The following flag refinements have been defined:

safeClearLand
= if (smClear AND idepixLand AND idepixClearLand AND NOT idepixClearSnow)

safeClearWater
= if (smClear AND idepixWater AND idepixClearWater AND NOT idepixClearSnow)

potentialCloudSnow = if (NOT safeClearLand AND idepixLand)
safeSnowlce = if (potentialCloudSnow AND idepixClearSnow)

tentialCloudSnow AND
safeCloud = if (idepixCloud OR( potentiatl.loudasnow >)

(NOT safeSnowlce AND NOT safeClearWater)

12 http://www.brockmann-consult.de/beam/doc/help-4.7/visat/GETASSE30ElevationModel.html
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safeClearWaterFinal
( NOT safeClearLand )AND \
—if | AND NOT safeSnowlce AND NOT safeCloud AND NOT smCloud OR |
=if idepixWater
safeClearWater /
safeClearLandFinal

<(NOT safeSnowlce AND NOT idepixCloud AND NOT smCloud
= if

safeCloudFinal

AND NOT safeClearWaterFinal
safeClearLand

)AND idepixLand) OR

= if (safeCloud AND (NOT safeClearLand AND NOT safeClearWaterFinal))

eq. 4-36

For PROBA-V this leads to an adaption of the cfasgtion attributes and the classification (see
Table 4-13) was adapted as follows:

Table 4-22: Adapted processing logic for PROBA-V and the classification attributes

CLASSIFICATION ATTRIBUTE DEFINITION
isCloud safeCloudFinal
isClearSnow safeSnowlce
isClearLand safeClearLandFinal
isClearWater safeClearWaterFinal

4.4.8 Error budget estimates

The adaption of IdePix by including the new feasuhas influenced the error estimation. Now the
error cannot simply be calculated automaticallytioy probabilistic arithmetic. Therefore as a first
guess we will introduce a measure of certainty thatinspected pixel is covered by a cloud. This
measure of certainty for each pixel is calculatg@dunting the number of the true cloud featur@s.
the measure of certainty for a pixel is very hiijhall cloud feature has been classified this piasl

cloudy.

4.4.9 Assumptions and limitations

None

4.4.10 Improvements

Spatial Features
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Further improvements of pixel identification areegsible if features which are not only calculated
by using the radiometric characteristics of eachglsi pixel but analysing their individual
neighbourhood.

4.4.11 Cloud shadow and cloud edge detection

A more comprehensive representation of cloudsasiged by two additional pixel properties, ‘cloud
edge’ and ‘cloud shadow’. These two propertiesadge kept in the pixel identification flag and can
be considered as a kind of “post-processing” inctbad detection.

To detect dark cloud shadow pixels -whose spectgpalluted by the shadow- the position of the
shadow will be determined by projecting the ‘clquixkels’ onto the ground using the sun position, the
pixel's altitude on Earth, and the cloud heightreated from cloud top pressure.

Figure 4-6: Cloud, cloud edges and cloud shadow

Cloud edge pixels are in principle regarded ashimgr pixels of a ‘cloud’ as identified before et
pixel classification. The width of this edge (inmioer of pixels) can be set by the user. In bried, t
algorithm to identify cloud edge pixels works akidws:

* use a 2x2 square with reference pixel in upper left
* move this square row-by-row over the given tile

« if reference pixel was not cloud, don't do anything
« if reference pixel is cloudy:

e if 2x2 square only has cloud pixels, then set clbudfer of two pixels in both x and y
direction of reference pixel;

* if 2x2 square also has non-cloudy pixels, do tmeeshut with cloud buffer of only 1.

Improvement for the cloud shadow detection

The improvement of Phase Il algorithms of the CCl+roject includes also the improvement of the
cloud shadow detection. At this stage of the ptojghe new proposed algorithm is implemented and
could be subjected to an assessment. The algocitimtains three main parts which are explained in
the following. The results of the individual stegg®e presented visual for a better comprehensian (se
Figure 4-7).
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land couer

ccl

Step 1: Cloud top height (CTH) and cloud base (CBstimation

e CTH: Use temperature (MODIS, Landsat, AVHRR) aor @sorption (MERIS) to estimate
CTH, Otherwise set CTH=12km (SENTINEL 2)

* CBH: use constant CBH=0 of mjfion(CTH)
Step 2: potential cloud shadow area identification
» Intersection of line-of-sight with cloud
» Identify connected potential cloud shadow areasdsgowing algorithm)
Step 3: cloud shadow identification
» for each connected cloud shadow area perform k-snelaster analysis with k = 4 clusters

» Add local variance as additional feature into ausiy for high spatial resolution sensors

(shadow areas are less contrasted)
* Sort clusters into either clear and cloud shadow

In case of the shadow detection for MERIS only dtemd step 2 have been applied. At this stage of
the project, the assessment of the cloud scredomgVHRR isn’t finished and therefore the new
proposed cloud shadow algorithm should be subjectedcomprehensive evaluation after finishing
this activity.

Figure 4-7: Breadboard cloud shadow algorithm a) blue channel with cloud shadow potential area border

(vellow) b) k-means cluster analysis result c) blue channel with cloud shadow d) SWIR1 channel with cloud
shadow
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4.4.12 Pseudo-code representation

This subsection provides an overview of the pix&ssification (IdePix) from the software
development point of view. A more detailed dedaip of the logical flow and individual processing
steps can be found in the CCI Land Cover DPM [PAMBR2.2, 2013]. Furthermore the input and
output products being used within the LC-CCI pregag modules are described in the CCI Land
Cover IODD [Ph1_IODDv1.0, 2013] in more detail.

4.4.12.1Land-water delineation

al gori t hmland_water_delineation is

i nput : the L1 flag from either MERIS or SPOT_VGT/PROBA-V for given pixel,
L1 FLAG

the SRTM land/water flag for given pixe I, SRTM
out put : the land/water flag for given pixel which will be used in
pixel classification, LW_FLAG
return LW_FLAG

Algorithm 4-4: Land-water delineation

4.4.12.2 Pixel classification feature — MERISFR and RR, SHOVGT/ PROBA-V and
AVHRR

al gorithmisLand is

i nput : the a priori land value for the given instrument (MERIS or
SPOT_VGT/PROBA-V),

priorL
the land classification threshold, LAND THRESH
out put : the boolean ‘isLand’ attribute, isLand
return isLand

Algorithm 4-5: Set classification attribute ‘isLand’

al gorithmisWater is

i nput : the a priori water value

for the given instrument (MERIS or S POT_VGT/PROBA-V), priorW
the water classification threshold, WATER_THRESH
out put ; the boolean ‘isWater’ attribute, isWater
return isWater

Algorithm 4-6: Set classification attribute ‘isWater’
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al gori t hmisBright is

i nput : the brightness value for the given instrument (ME RIS or SPOT_VGT/

PROBA-V), br
the bright threshold, BRIGHT _THRESH
out put : the boolean ‘isBright’ attribute, isBright
return isBright

Algorithm 4-7: Set classification attribute ‘isBright’

al gorit hmisWhite is

i nput : the whiteness value for the given instrument (MER IS or SPOT_VGT/
PROBA-V), wh

the white threshold, WHITE_THRESH
out put : the boolean ‘isWhite’ attribute, isWhite
return isWhite

Algorithm 4-8: Set classification attribute ‘isWhite’

al gori t hmisBrightWhite is

i nput : the brightness value for the given instrument (ME RIS or SPOT_VGT/
PROBA-V), br

the whiteness value for the given instr ument (MERIS or SPOT_VGT/
PROBA-V), wh

the brightwhite threshold, BRIGHTWHITE_THRESH
out put ; the boolean ‘isBrightWhite’ attribute, isBrightWhite
return isBrightWhite

Algorithm 4-9: Set classification attribute ‘isBrightWhite’

al gorithmisCold is

i nput : the temperature for the given instrument (MERIS o r SPOT_VGT/PROBA-V),
the temperature threshold, TEMPERATURE_THRESH
out put : the boolean ‘isCold’ attribute, isCold
return isCold

Algorithm 4-10: Set classification attribute ‘isCold’

al gorit hmisVegRisk is

i nput : the NDVI value for the given instrument (MERIS or SPOT_VGT/PROBA-V),
navi
the NDVI threshold, NDVI_THRESH
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out put ; the boolean ‘isVegRisk’ attribute, isVegRisk
return isVegRisk

Algorithm 4-11: Set classification attribute ‘isVegRisk’

al gori t hmisGlintRisk is

i nput : the glint risk value for the given instrument (ME RIS or SPOT_VGT/
PROBA-V), gl

the glint risk threshold, GLINT_RISK_THRESH
out put : the boolean ‘isGlintRisk’ attribute, isGlintRisk
return isGlintRisk

Algorithm 4-12: Set classification attribute ‘isGlintRisk’

al gorithmisHigh is

i nput : the pressure value for the given instrument (MERI S or SPOT_VGT/
PROBA-V), p
the pressure threshold, PRESSURE_THRESH
out put : the boolean ‘isHigh’ attribute, isHigh
return isHigh

Algorithm 4-13: Set classification attribute ‘isHigh’

al gorit hmisClearSnow s

i nput : the brightness value for the given instrument (ME RIS or SPOT_VGT/
PROBA-V), br

the NDSI value for the given instrument (MERIS or SPOT_VGT/PROBA-V),
ndsi

a boolean flag indicating if ‘brightwhi te’ attribute is set,
isBrightWhite
the NDSI threshold, NDSI_THRESH
out put : the boolean ‘isClearSnow’ attribute, isClearSnow
return isClearSnow

Algorithm 4-14: Set classification attribute ‘isClearSnow’

al gorithmisCloud is

i nput : the brightness value for the given instrument (ME RIS or SPOT_VGT/
PROBA-V), br
the whiteness value for the given instr ument (MERIS or SPOT_VGT/
PROBA-V), wh
the pressure value for the given instru ment (MERIS or SPOT_VGT/
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PROBA-V), p

the temperature value for the given ins trument (MERIS or
SPOT_VGT/PROBA-V), T

a boolean flag indicating if ‘clearSnow " attribute is set, isClearSnow

the cloud classification threshold, CLOUD_THRESH

out put : the boolean ‘cloud’ attribute, isCloud
return isCloud

Algorithm 4-15: Set classification attribute ‘isCloud’

al gori t hmisClearLand is

i nput : the radiometric land value for the given instrume nt (MERIS or
SPOT_VGT/PROBA-V), radL

the a priori land for the given instrum ent (MERIS or SPOT_VGT/PROBA-V),
priorL

a boolean flag indicating if ‘cloud’ at tribute is set, isCloud
the land classification threshold, LAND_THRESH
out put ; the boolean ‘isClearLand’ attribute, isClearLand
return isClearLand

Algorithm 4-16: Set classification attribute ‘isClearLand’

al gori t hmisClearWater is

i nput : the radiometric water value for the given instrum ent (MERIS or
SPOT_VGT/PROBA-V), radW

the a priori water value for the given instrument (MERIS or
SPOT_VGT/PROBA-V), priorW

a boolean flag indicating if ‘cloud’ at tribute is set, isCloud
the water classification threshold, WATER_THRESH
out put ; the boolean ‘isClearWater’ attribute, isClearWater
return isClearWater

Algorithm 4-17: Set classification attribute ‘isClearWater’

al gori t hmcloud_value_feature is
i nput : per pixel, the MERIS or SPOT VGT/PROBA-V or AVHRR TOA/ reflectance
spectrum,

o (bands 1-15)
the pixel result value from water neura | net, NNwater

the pixel result value from land neura | net, NNjand
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the pixel identification flag, F
out put : the pixel identification flag modified by ‘cloud v alue’ cloud detection
information, F’
return F

Algorithm 4-18: ‘Cloud value feature’ implementation

al gori thm isDesertArea  is

i nput : per pixel, latitude and longitude value, latitude and longitude
out put : the boolean isDesertArea ’ attribute, isDesertArea
return isDesertArea

Algorithm 4-19: Set classification attribute ‘isDesert’

al gori t hm isCloudSnowlceFromDecisionTree() is
i nput : per pixel, AVHRR TOA reflectance spectrum and bri ghtness temperature,
o (bands 1-2) and BT (bands 3-5)

the RGCT threshold, rgctThresh
the RRCT threshold, rrctThresh
the C3ATthreshold, c3atThresh
the FMFT threshold, fmtpThresh
the FM-T_adap threshold, fmtp_AdapThresh
the TGCT threshold, TGCT_THRESH
the TM=T MIN threshold, tmftMinThresh
the TMFT MAX threshold, tmftMaxThresh
the Emissivity  threshold, EMISSIVITY_THRESH

out put : the pixel identification flag modified by addition al cloud detection

information, F’
return F

Algorithm 4-20: ‘Additional cloud detection feature’ implementation for AVHRR

al gori t hm isRefineCloudSnowlceFlag() i's
i nput : per pixel, SPOT VGT/PROBA-V TOA reflectance spect rum and urban map
o (bands 1-4)
the HTUA threshold, htuaThresh
the HTNUA threshold, htnuaThresh
the HESTthreshold, hest THRESH
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out put : the pixel identification flag modified by addition al cloud detection
information, F’
return F'

Algorithm 4-21: ‘Additional cloud/ snow-ice detection feature’ implementation for SPOT VGT/ PROBA-V

al gorithmcloud edge is
i nput : the rectangle representing the tile being process ed, R
the pixel identification flag, F
out put : the pixel identification flag extended by cloud ed ge information, F’
return F

Algorithm 4-22: Set classification attribute ‘isCloudEdge’

al gori t hm cloud_height is
i nput: the cloud top pressure, ctp
the surface standard pressure, p0
out put ; the cloud height, hc

return hc

Algorithm 4-23: Cloud height determination

al gorit hmcloud_shadow is

i nput : the cloud top pressure, ctp

the cloud height, h.

the surface altitude, ho

the sun zenith angle, sza

the sun azimuth angle, saa

the view zenith angle, sza

the view azimuth angle, sza

the radius of the Earth, Reartn

the cloud geographical position, (lat,| 0N) cloud

out put : the cloud shadow geographical position, (lat,lon) Shadow

return (lat,lon) Shadow

Algorithm 4-24: Cloud shadow determination
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al gori t hm isFinalldePixFlag() is
i nput : per pixel, IdePix feature, status map feature and additional cloud/

snow-ice detection feature
out put : the final pixel identification flag
return F

Algorithm 4-25: ‘Additional cloud detection feature’ implementation for SPOT VGT/ PROBA-V

4.5 Atmospheric correction - aerosol and spectral direttonal reflectance
retrieval

The atmospheric correction includes the correction the absorbing and scattering effects of
atmospheric gases, in particular ozone, oxygenveatér vapour, of the scattering of air molecules
(Rayleigh scattering) and the correction of absomptind scattering due to aerosol particles. All
components except aerosols can be rather easilgoted. Ozone can be taken from other satellites,
available from met services, and oxygen and waag@our can be taken from sensor measurements
thanks to dedicated spectral bands or can be tkerfrom metrological data sets, e.g. ERA Interim
data set [Simmons et al. 2006]. However, aerogselspatially and temporally highly variable and do
not have a distinct spectral absorption featureshat they cannot be measured easily from MERIS,
SPOT-VGT and PROBA-V measurements. Techniques sexistderive aerosol information from
measurements where the surface signal is low (LA&®nique, developed by R. Santer and
implemented in the MERIS ground segment), but tfeas where the surface is dark enough are
sparse and spatial-temporal interpolation is necgs#lso, these derived aerosols optical propertie
are connected with a substantial error. The aewsobction is the largest contributor the errothef
atmospheric correction. The challenge for CCI-L@isninimize this error and to quantify it reliably
The method should ideally work across differentrinaents.

The aerosol correction typically consists of twatgathe calculation of these aerosol properties an
secondly the actual correction of the reflectaraftef Rayleigh and gas absorption correction). This
can be a sequential process where the reflectamcection takes an aerosol optical depth and its
spectral dependency as input, or a one-step agpraéere aerosol properties and reflectance
corrections are one implicit step. In the curretdbd®@over processing the aerosol property retries/al
done offline using the aerosol retrieved from tlweresponding MERIS L2 product, as well as
monthly and yearly aerosol climatology derived frdERIS, and finally climatological background
values. This gives a gap free product, which isartant for the correction step. Although it hasrbee
demonstrated that this approach is by far advaotesyeompared to any other source for aerosols
available at the time of development, the resutgeviar from being perfect. It seems obvious that t
quality needs to be improved to meet GCOS requingsne

A new approach for retrieval of aerosol properfis MERIS, AATSR and SPOT VGT has been
developed throughout recent years by the Unive&itansea for the GlobAlbedo project. It is based
on an inverse modelling approach, working on adargrea of 8 x 8km to estimate the aerosol
properties, which is then used to correct eachleipixel. This method provides significantly more
aerosol retrievals than the LARS method, whicthes haseline for the GlobCover aerosols. Also the
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guality of the retrieved aerosols has been progdretgood. This method has proven its strength with
AATSR data and also with MERIS and SPOT VGT as wsllAATSR in synergistic mode. It has
further been applied successfully to Chriss/PROB®A] & works also well with MERIS data alone
[GlobAlbedo ATBDv4.12, 2013].

As mentioned in section 4.2.2, the spectral caomaciunction has been applied on the PROBA-V

measurements to calculate the equivalent SPOT V@Gie&surements [Dierckx et al., 2015]. As a

result, the processing chain atmospheric correctiodule will be the same as for Spot-VGT P data.

Because the PROBA-V S1TOA products do not inclugeliary data of the actual atmospheric state

which are essential for the atmospheric correctioa,ERA Interim data set is used as source of the
meteorological data [Simmons et al. 2006].

Due to the fact that the design of AVHRR2 sensbe atmospheric conditions and the aerosol
properties cannot be measured or calculated e#silpy the AVHRR measurements. Different
approaches or techniques exist to derive aerofwhmation from measurements for instance, a multi-
temporal approach is proposed by [Hauser et al5R®As already described for the PROBA-V S1
TOA data, it was decided also to include the ER#erdm data set as source of the meteorological
data [Simmons et al. 2006]. Furthermore the aércsoatology provided by the Aerosol CCI is
used as the auxiliary data set. The general atneoisptorrection algorithm developed in Phase | had
to be adapted for the AVHRR data and this adap@waesummarized in the section 4.5.2.

The aerosol retrieval developed under the GlobAtbpbject for Surface Directional Reflectance
(SDR) estimation; this is fully discussed in [Gldbédo_ATBDv4.12, 2013] and here we give a brief
summary of points relevant to aerosol estimatiohe Tierative retrieval of atmospheric aerosol
requires a fast approximation of atmospheric radiaransfer, to relate TOA to surface reflectance
for varying aerosol loading.

To retrieve estimates of aerosol properties fronasueed satellite radiances, we need to solve the
inverse problem to separate the atmospheric anfdcsuiscattering contributions to the observed

signal. This normally requires some assumptionsetanade on the land surface brightness. Within
the proposed framework, these assumptions are ssquteas constraints defined by error of fit to a
parameterized model describing the surface angulaspectral reflectance. For the single view

instruments we apply constraints based on the algigdct method (DOM).

The aerosol retrieval includes the calculationhef derosol optical depth (AOD). Estimates of adroso
extinction are needed for the conversion from tbptmosphere measurements to surface reflectance.
Aerosol optical depth and aerosol model plus aimase of the uncertainty in AOD are derived by
the Aerosol Retrieval processor from every datasée processed. It must be noted that AOD and
aerosol model are assumed to sufficiently accoomthfe variability in the atmospheric conditions to
calculate these terms, while water vapour and ozohenn contents are needed in addition to aerosol
parameters in order to retrieve the most accuratmbertian equivalent reflectance. All other
atmospheric constituents are just set to climagolaues in the algorithm. This selection is justif

by the relatively higher impact of aerosol extioatiin the spectral channels of MERIS and SPOT-
VGT instruments, particularly in the visible.

The problem of surface reflectance and aerosoiexetr can essentially be formulated as one of
multivariate optimisation subject to multiple caastts:
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» Given a set of satellite TOA reflectance and atiahiguess of atmospheric profile, the
corresponding set of surface reflectance is estichat

» Application of the observed set to the estimateédoSeeflectance results in an error metric,
where a lower value of the metric corresponds &etof surface reflectance (and hence
atmospheric profile) that is more realistic

These two steps are repeated with refined atmogpbpeofiles until convergence at an optimal
solution. Given a certain aerosol model, the |dgitaw of the pixel-wise retrieval of aerosol
properties is illustrated in Figure 4-9. It consisf the following steps:

* Atmospheric correction of averaged TOA radiancengisin estimate of aerosol optical
thickness. The resulting estimate of surface redleme for each input channel is calculated by
means of lookup tables. Besides the aerosol opdigath the atmospheric correction depends
on the aerosol model, viewing and illumination getny, surface pressure, and ozone content

e Error metric calculation

» Optimisation of the estimated aerosol optical thieds by means of minimisation of the error
metric as implicit function of aerosol optical thiess.

* The implicit dependency of aerosol optical thicisyes given by the surface reflectance
estimated in Step 1

The algorithm components are therefore (i) desiganoefficient and accurate scheme for deriving
surface reflectance for known atmospheric profiled (ii) formulation of constraints on the land

surface reflectance suitable spectral samplindhefimstruments used (SPOT-VGT, PROBA-V and
MERIS). The method is applied to estimate aerosal more coarse spatial resolution (8x8 km) than
the underlying surface reflectance, and a subsédogsrpolation step is used to obtain per-pixel
values.
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Figure 4-8: Scheme of process, graphic adopted from [GlobAlbedo_ATBDv4.12, 2013]
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Figure 4-9: Logical flow of the aerosol retrieval and the atmospheric correction scheme. Figure from
[SYN_DPMv2.3_2010]

4.5.1 MERIS FR and RR, SPOT VGT P and PROBA-V S1 TOA

The purpose of this paragraph is to provide anwoeer of the theoretical background of the SDR
retrieval, developed by the Institute for SpaceeSogs, Free University of Berlin, fully documented
in [GlobCover_DJFv3.8, 2008] and an improved versimcumented in [GlobAlbedo_ATBDv4.12,

2013].

The atmospheric correction scheme is designech®MERIS Level2 data above land surfaces and is
based on inverse modelling of radiative transfeusations by using artificial neural network (ANN)
techniques. The inverse model consists of a Mudtidr-Perceptron with one hidden layer trained by
the back-propagation algorithm [Rummelhart and Md#&hd, 1986]. Figure 4-10 illustrates the
flowchart of the aerosol correction scheme, whigldivided into two main parts: development and
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operation of the algorithm. The development ofdlgorithm is sub-divided further into the sections
for forward and inverse modelling.

Algorithm
Operation

Algorithm
Development

Forward modelling Inverse modelling

s N

Mie
calculations MERIS Level2
L J
* data
- N
Define Linput parameter ranges Stochastic selection of a
data subset

. J
Optical # Aerosol optical
properties Surface properties
of the albedo ( ) MODIS
atmosphere Data preprocessing Climatology

4 N\
Radiative Transfer Simulations Q

MOMO
(Forward model)

\ p, \\T—___—/
é/ [ awwanng |||l

) (Determination of coefficients Surface directional reflectance
Data base of the TOA signal of a non-linear multiple (SDR)

¥I_—____/ L regression procedure)

Figure 4-10: Flowchart of the proposed neural network based correction algorithm for the retrieval of the
surface directional reflectance (from [GlobCover_DJFv3.8, 2008])

ANN
Subset data base (Inverse model)

As forward model we used the established radiatigasfer code MOMO based on the Matrix-
Operator-Method ([Fischer and Grassl, 1984], [Reld Fischer, 2001]), to simulate a database,
describing the functional relationship between sbheface reflectance and the Level2 signal at TOA
depending on the atmospheric properties and tHacsureflectance. The simulated data is then used
to adapt the inverse model. The inverse model stmsf a Multi-Layer-Perceptron with one hidden
layer trained by the backpropagation algorithm [Rwethart and McClelland, 1986] on a stochastic
selected and pre-processed subset of the com@tbate. The proposed aerosol correction scheme
derives the SDR at the Bottom-Of-Atmosphere (BO#nTf the cloud screened TOA Level2
reflectance subsequently for each band on a pixglkel basis. To correct the influence of the
aerosols the algorithm requires additional inp@ibimation like aerosol optical thickness (AOT) at
two wavelengths and the associated Angstroem cgaifi In the operational mode these data will be
taken from MODIS measurements or from an exterrshlthse or from the aerosol retrieval.
Moreover, the algorithm gives an error estimatethef derived reflectances when introducing the
typical uncertainty of the MODIS aerosol retriet@athe ANN input.

The improved version of the SDR retrieval, fullycdmented in [GlobAlbedo ATBDv4.12, 2013],
should fulfil some requirements
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» It must be capable of deriving SDR products froproé-atmosphere radiance data measured
by MERIS, SPOT-VGT and PROBA-V;

* SDR products must include a reliable tracking ofertainties within the entire processing
including error covariance between the differergctfal ranges.

The algorithm is designed to produce SDR (includimgertainties) from TOA radiance data. The
algorithm requires inputs from the pixel classifioa and aerosol retrieval.

The TOA reflectance or apparent spectral directicgffectancer; in the waveband of the coupled

surface-atmosphere system is related to the raglignmeasured by a satellite at the TOA by:
T[L/’L (-Qs: -Qv)
R;(Q24,0,) = ——

/’L( s v) #sEs,A

eq. 4-37

whereEj ; is the extraterrestrial irradiance at the tim¢hef measurement. The solar and view vectors
are denoted b, and(), respectively, whilg;; andy, denote cosines of solar and view zenith.

A uniform, Lambertian surface is normally assumedaédasis for the modelling of the atmosphere-
surface radiative transfer for operational atmospheorrection algorithms of single-view
instruments. Under that assumption, the relatignsletween top of atmosphere reflectageand
the surface directional reflectankg can be approximated by the equation:

) Rx
R/l(-er -Qv) = Ratm,/l(-Qs' -Qv) + yl(ﬂs)yl(ﬂv) =
1—paRy

eq. 4-38

WhereR,:n 2 means the atmospheric scattering term (TOA reftext for zero surface reflectance),
¥, denotes atmospheric transmission for either sesground or ground to sensor for waveband
andp, denotes atmospheric bi-hemispherical albedo vegipect to the surface. The solar and view
vectors are denoted Y, and(), respectively, whilei; andu, denotes denote cosines of solar and
view zenith. Spectral directional reflectanBg is derived from TOA reflectance by means of the
analytical inversion of eq. 4-39, and the corresiiug equation is:

R;(-erﬂv) - Ratm,l(-er -Qv)

R, (02, 02,) = ——
o Vl(ﬂs)yl(ﬂv) + Pr [R/l(-Qs:-Qv) - Ratm,l(ﬂs: -Qv)]

eg. 4-39

As discussed in [GlobAlbedo ATBD/BBDRv1.0, 2010]daim [GlobAlbedo ATBDv4.12, 2013],
the Lambertian equivalent reflectan®g derived from eq. 4-39, which is taken as SDR ia th
GlobAlbedo processing chain, represents a smooteesion of the surface BRDF, with errors up to
15% for turbid atmospheres ([Hu et al., 1999] - Biggire 4-11).

R; is calculated from TOA radiance with eq. 4-37 &gt corrected from gaseous absorption with a
look-up table for a set of input AMF, CWV and OZ&MF and CWV are considered pixel-wise,
while a mean value representative of the imaged mreised for OZO. The atmospheric parameters
Rama »va @andp, are provided by a look-up table per pixel, being input VZA, SZA, RAA, ELEV

© UCL-Geomatics 2016
This document is the property of the LAND_COVER_CCI partnership, no part of it shall be reproduced or
transmitted without the express prior written authorization of UCL-Geomatics (Belgium).



Ref CCI LC ATBD v2 / Part II: Pre-processing
Issue Page Date
1.0 103 2016-05-02

and AOD550 also provided on a per-pixel basis. Noection of adjacency effects ([Mekler and
Kaufman, 1982], [Kaufman, 1989]) has been founbdemecessary.

The look-up tables intended for aerosol and SDRerstl and for error propagation have been
compiled with the MOMO radiative transfer code §¢her and Grassl, 1984], [Fell and Fischer,
2001])). MOMO is a well introduced and widely aceaptradiative transfer code which provides all
the features required for atmospheric radiativadfier simulations in CCI-LC project. The look-up
tables intended for gas correction and also foorepropagation for are calculated with the 6S
(Second Simulation of the Satellite Signal in tloda$ Spectrum) radiative transfer code ([Vermote et
al., 1997], [Vermote et al., 1997b]). This codenitended for fast radiative transfer calculatiohs a
relatively coarse internal spectral sampling ofrihh

Tracking of uncertainties is one of the specifiguieements for the CCI-LC processing. The purpose
in this part of the processing is to generate mbkd estimation of the errors in the SDR products
including the error covariance between the differgpectral ranges. Different error sources are
considered: instrumental noise, atmosphere andtainal reflectance effects.

50¢f " AOD550 40f= ‘ AOD550
E 0.00 ¢ r 0.00 ¢
0.05 ¢ 0.05 ¢
E 010 ¢ ] [ !
40 ‘:’ . 020 ¢ r g.;g
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E . 060 « ] F 0.60
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3L . e 150 & 5 150 ¢ ]
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Figure 4-11: Estimation of the relative error in reflectance retrieval caused by the assumption of a Lambertian
surface [Lucht, and Strahler, 1999] after resampling to the GlobAlbedo AOD550 grid and the spectral response
(from [GlobAlbedo ATBD/BBDRv1.0, 2010])

45.2 AVHRR

In case of AVHRR products, the atmospheric coroectscheme consists the following main
elements:

» computation of the top of standard atmosphereramei

* atmospheric correction

The concept of the standard atmosphere with regpeair pressure and ozone column content has
been used in order to avoid a LUT with too manyapaters and therefore only the standard values
for these parameters have been used for the ctdoulaf the LUT. The idea is to put an ozone
correction layer and Rayleigh correction layer op of the standard atmosphere. The first stepén th
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atmospheric correction is the computation of the b standard atmosphere (TOSA) radiances with
respect to air pressure and ozone column contexdrfir & Schiller, 2008].

Ozone correction [Doerffer & Schiller, 2008]

The ozone mass for correction is the differenceveen the standard valuezoneg;anaarq) and the
actual column contenbgonegtyq;) in [cm].

corr _—_
Mozone = 0Z0N€gctyql — 0Z0NEstandard

eq. 4-40

The transmittances for the solar irradiancefj{'rosa(4, 65)) and the upward radiance
(T8 F0sa (4, 6,)) with the wavelength dependent absorption coefficif,,,n. (1)) through the
ozone correction layer are given by:

_( Kozone(1) 'emﬁ%ﬁe)
ozone —
Tr6aT0sa(A O5) =e cos(8s)

ozone _
TroaT0s4(4,6,) =e cos(6,)

eq. 4-41
Correction of stratospheric aerosol

The transmittance by the stratospheric aerosch fpath under the anglé)(through the atmosphere
can be estimated by using the extinction coefficemd the optical deptief% ;) Provided by
MODTRAN. The extinction coefficients and the opticepths are given for the different types of
stratospheric aerosol types: background, freshamitcand aged volcanic stratospheric aerosol.

1

stratosphere_aerosol _ _zext_background\ cos(0)
background_modtran(l' 6) - (e modtran

1
stratosphere_aerosol __( _zext_freshvolcaniccos(B)
fresh_volcanic_modtran (A' 9) - (e modtran

1
stratosphere_aerosol __ [ _zextaged volcanic\cos(0)
aged_volcanic_modtran (/1' 9) = |e ‘modtran

eq. 4-42

The transmittances for the solar irradiane fioabre ®-*"%!(2,6,)) and the upward radiance

Toratosphere-aerosol(2,6,)) through the stratospheric aerosol correction rlayaich taken into

account the difference between the background osfpaeric aerosol transmittance

stratosphere_aerosol - - stratosphere_aerosol
(Thackground moatran) @Nd the actual stratospheric aerosol transmﬁete(rggfmodtmn )

fresh_vulcanic,aged_vulcanic) are given by:

_1
cos(6s)

)

A ~ext_background
stratosphere_aerosol _ | -(re -
TTOA TOSA (/‘L 95) — (e ( modtran~ “modtran )

= fresh_vulcanic,aged_vulcanic

© UCL-Geomatics 2016
This document is the property of the LAND_COVER_CCI partnership, no part of it shall be reproduced or
transmitted without the express prior written authorization of UCL-Geomatics (Belgium).



Ref

CCI LC ATBD v2 / Part II: Pre-processing

Issue

eSa

Page

Date

1.0

105

2016-05-02

stratosphere_aerosol
TOATOSA

sext_x
modtran

= fresh_vulcanic,aged_vulcanic

The values for the optical depttff:,,, .,,) are given in Table 4-23

Table 4-24 summarizes the selection criteria basadthe AOD for different MODTRAN

stratospheric aerosol types.

~ext_background

1
(/1, 9,,) = <e_(rmodtran_r ))COS(BU) oy

)

eq. 4-43

Table 4-23: Optical depth for the different stratospheric aerosols

~ext
Tmodtran

FOR BACKGROUND
STRATOSPHERIC AEROSOL

~ext
Tmodtran

FOR AGED VOLCANIC
STRATOSPHERIC AEROSOL

~ext
Tmodtran

FOR FRESH VOLCANIC
STRATOSPHERIC AEROSOL

NOAA 11 Band 1 0.0058043 0.0252783 0.0967715
NOAA 11 Band 2 0.0035198 0.0193146 0.0991216
NOAA 14 Band 1 0.0057535 0.0251724 0.0968393
NOAA 14 Band 2 0.0034439 0.0190766 0.0991998

Table 4-24: Selection of stratospheric aerosol type regarding the AOD

MODTRAN CONDITIONS RELATED TO THE AOD
STRATOSPHERIC AEROSOL

TYPE

background if AODgsratosphere < 0.03 then background

aged volcanic if 0.03 < AODgtrqrosphere < 0.1 then aged volcanic

fresh volcanic if AODg¢ratosphere > 0.1 then fresh volcanic

Air pressure correction [Doerffer & Schiller, 2008]

The Rayleigh correction takes into account theed#fices between the standard ground pressure and
the concerning air pressure variations at groure dctual pressure at ground of the pixel can be
calculated from the actual pressure and temperaumtitude and the altitude, according to the
barometric formula.

Mg
_ aChyy — h)>R“

p(hyy) =p(h) <1 T(h)

eq. 4-44
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Where the constant parameters are:
« earth-surface gravitational acceleratipr= 9.80665 m/s?
* molar mass of dry aM = 0.0289644 kg/mol
e universal gas constaRt= 8.31447 J/(mol K)

Under the assumption that the temperature gradighD065 K/m, the equation can be written in the
form:

0.0065(hyy — h)\>2%°
p(hyy) =p(h) (1— B )>

T(h)
eq. 4-45
The relative air mass for the difference TOA-TO®fevant for the correction is then:
corr _ p( hNN) — DPstandard
ray —
DPstandard
eq. 4-46

The attenuation coefficient for the Rayleigh scatteis then computed according to the Leckner's
1978 approximate formula [Leckner, 1978]:
kyqy = 0.008375 - 1798 with A[um]
eq. 4-47

The transmittances for the downwelling irradian@AFTOSA (t75y rosa(A 85)) and the upwelling

radiance TOSA-TOA ;‘(J}ﬁ rosa(4, 6,,)) can be determined from the following equation:
—<0 5 M)
T?é);l TOSA (1,65) =e cos(s)
T;((?;l TOSA (/L 61}) =e cos(6y)
eq. 4-48

The factor 0.5 is used because of the symmetrisghanction of Rayleigh scattering. The Rayleigh
phase functiong(cos®)) is given by:

3
p(cos®) = Z(l — c05%0)

eq. 4-49

Where# is the scattering angle and the cosine of thaesoag angle can be obtained based on the
spherical geometry as:

cosO = cosb;cos0,, + sinbgsinb,cos(ps — ¢p,,)
eqg. 4-50

The path radiance >, (1) of the layer is given by:
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E704 (A) : kray (A) ' mgg;r ' T;‘éﬂ TOSA (A, 95) ' p(COS@)

(4m cosB,cos0,,)

path _
LTOA TOSA (A) -
eq. 4-51

With the considered equations, the downwellingdil@ace Ero4 rosa(4)) and the upwelling radiance
(LroaTosa(1)), can be calculated as follows:

ETOA TOSA (’1) = ETOA (A) : T;‘éﬁ TOSA (A' 95) ’ T?‘(Z)?élnﬁOSA (A: 95) ’ T%gcloiig%A (A: 95)

ath
L = Lroa(A) _LITJ"OA rosa@) * T1oAT054(4, 0y) - T%Zoiigls,q (4, 0,)
TOATOSA - ra
TTOJ.:l 1054 0v) " T264 Tosa(A 0y) - T a (A, 6,)

eq. 4-52

Atmospheric correction [Richter & Schlaepfer, 2012]

Under the assumption of a non-uniform Lambertiamfase the relationship between top of
atmosphere radiandg,.(1,05,0,) and the spectral directional surface reflectapgg.-(1) can be
approximated by the equation [Richter, 1992; Ric&i&chlaepfer, 2012; Igbal 1983; Liu 1996]:
E;()
T

E;(D)
T

Lot (A) = Lyo A+ : psurf(/l)fdir 1,6,) + : E(A)Tdiff(l: 6,)

eq. 4-53

where L, (4,05,0,) means the path radiance(4) denotes the total atmospheric transmission for
ground to sensor for wavebahdsum of direct;-(4,0,) and diffusery; s (4, 0,) transmission), and
Eg4(4) global irradiance on a horizontal surface. Thentein eq. 4-53 can be determined by:

E; (/D = E;irect (/1' Z) + E;iffuse (/1' Z) + E;;lultiple (/1)

Ejirect (A, 2) = Es(M)T4ir (4, 0, 2) cos B

E;iffuse A,2) = Ediffuse 4, 2)

Egirect 4,2) + Egiffuse 4, 2)
uaeipte (4,7) = (& e ) com

eq. 4-54

where z is the vertical coordinaté&g(1) is the earth/sun distance-corrected exoatmospheric
iradiance E ;¢ ruse (4, 2) is the diffuse irradiance for a horizontal su€dy is the solar zenith angle.
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The computation of the spectral directional surfeaféectance pg,,r(1) is a multi-stage procedure
[Richter & Schlaepfer, 2012]:

The reflectance is calculated iteratively and ttmeency effect is neglected at first. The staltia
for the terrain reflectance is setgp,,...,(4) = 0.1 and the reference reflectance is seﬁrtgf =

0.15:

Ejir(A,2) + Elirr(A,2)
Lroatosa(d) = Lypo(4) + =4 s

- p(M1(4,6,)

T (dzLTOA rosa(A) — LpO (D)
(1,6,) (Ezir (M. 2) + Eyy(A,2))

pO() =

eq. 4-55

The term d is the sun earth distance in astrondmiuts.

Now a correction of the adjacency effect is reglitdgnder the assumption that the direct part of the
transmitted radiance comes from the area with saimeflectance,rqc.(4) and the diffuse part

of the transmitted radiance comes from the neightmd with a mean reflectangg(1) the
following relationship between the different sudacreflectances can be assumed [Richter, 1992;
Richter & Schlaepfer, 2012].

Therefore the surface reflectangg, s,.. (1) corrected for the adjacency effect is derived by

Taiff )

: 2= p®@
psurface( ) p ( )+ Tdir(l)

CRIOR0)
eq. 4-56

The final surface reflectance which includes a extion of the neighbourhood of the global
irradianceE (4, 6s) can be expressed in the form:

Psurface D) = Piurface @ [1 =5 (B =B, )|
eq. 4-57
Uncertainty estimation

In case of the uncertainty estimation for the athesic correction of AVHRR data, the Monte Carlo
simulation, a mostly used modelling approach, hesnbapplied. The uncertainty retrieval scheme
consists of the following main elements: [Woolliaetsal., 2014; Murphy et al., 2004].

* Ensemble building and AC calculations
o Computation of the TOA reflectance values using riudiative transfer model

with various atmospheric conditions and differemtface reflectances (M-times

repetitions)
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o Applying the atmospheric correction using the afphesic conditions including

the known uncertainty
0 N-times repetition of the AC with other atmospherandition
* Uncertainty estimation

The Table 4-25 summarizes the specification of plaeameter and their values using for the
uncertainty estimation. The application of the Mor€arlo simulation including the ensemble
building allows the estimation of the uncertainttesicerning the model output results. The sourtes o
uncertainty in the measurement have been iden@fretithe size of the uncertainty from each source
has been estimated. In case of both parameterslnyg# and aerosol type, no uncertainty has been
applied for the building of the ensembles. Foo#ller parameter an uncertainty of 10% has been used
for the ensembles building and the uncertaintyhef TOA reflectances has been set to 10% also. The
resultant uncertainty is then stored in a lookubletaregarding the grid nodes and the surface
reflectances.

Table 4-25: Specification of the parameter and their values using for the uncertainty estimation

PARAMETER
Model type MidLatitude_Summer,
MidLatitude_Winter
Tropical,Sub-Arctic-Summer
Sub-Arctic-Winter
1976 US-Standard
Aerosol type rural
maritime
urban
desert
Aerosol optical depth 0.05-0.5
Water vapour [cm] 0.25 - 5.25 (sealevel)
Ozone content [DU] 200 - 400
Temperature [K] 265 - 320
C0O, mixing ratio [ppmv] 325-400
3 grid nodes sun zenith angles [°]. 0
30
60
3 grid nodes view zenith angles [°] 0
30
60
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PARAMETER
3 grid nodes relative azimuth angle [°] 0
90
180
3 grid nodes altitude [km] 0.0
1.0
3.0

453 SPOT-VGT S1

The atmospheric corrections are based on the ute @MAC software developed by the Center for
the Study of the Biosphere from Space (CESBIO) [Rah and Dedieu, 1994], which is a simplified
implementation of the 6S method ([Vermote et 897, [Vermote et al., 1997b] and [Tanré et al.,
1992]). The SMAC software has been tuned for thO BN GT spectral bands. The physical data
used as input of SMAC are the following:

* The water vapour data are global short term fotec@swnloaded 4 times/day from Meteo-
France. The elementary data cell corresponds td XL.5.5° in longitude and latitude. A
geometrical interpolation is performed to obtaidll®° x 8/112° cells, and a temporal
interpolation is performed between the two neamesasures, taking into account the viewing
time.

» Aclimatology of ozone obtained from the CESBIO
* A simple static models for aerosols obtained framm€ESBIO
* A 8/112° resolution DEM for atmospheric pressuraesion

The atmospheric parameters (optical thicknessyal@ilated on 8km x 8km cells, then interpolated
for every pixel, and used for the final reflectageéculation [SPOT-VGT_DataProc, 2011].

4.5.4 Improvements - atmospheric correction

The cloud coverage is one of the limitation factos the number of available data which had
consequences on the quality of the surface refleetaomposites and thus, on the CCI-LC maps. As
a result, the extension of the atmospheric cowactelated to semi-transparent clouds could be
considered as an additional source for the extnaaif more available data. The transfer of radmtio
through clouds depends on their microphysical aadrophysical properties like stratification, cloud
height, particle size and optical thickness [Hupérket. al., 2010]. The two following approaches
have been identified for the assessment of thatslity and performance:

» Improving the atmospheric correction by extendimg ltUT for the atmospheric correction to
higher optical thicknesses in order to represemi-s&@nsparent clouds.

* The haze removal as an additional step in the meegsing as proposed by Richter 1996
[Richter, 1996] and Richter and Schlapfer [Riclated Schléapfer, 2012].
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These investigations are not yet available.
Haze removal ([Richter, 1996] and [Richter and Sapfer, 2012])

At this stage of the project, the new proposedrityn is implemented and could be subjected to a
comprehensive assessment. An important aspecatih#ize regard as an additive component of the
radiance signal measured at the sensor. The hampooent can be estimated and removed as
described in the following. Furthermore the alduoritonly properly works over land and clouds have
to be identified and eliminated before the apprazent be applied. The algorithm contains four main
steps and may be briefly described as follows:

Step 1: Masking of Clear& Haze Area
» applying the Tasseled Cap Haze transformation
» identification of clear and hazy area
Step 2: Regression “ClearLine”
» slopea calculated from scatterplot red channel vs. btuecfear pixels
Step 3: Haze optimized transform - HOT
* HOT = Blue-sin - Red- cos
Step 4: Calculation of correction terin

» calculation of the histogram of HOT for the hazeaar

» retrieval of the correction Termas a function of HOT-Level using histograms

A more detailed description can be found by Rich@96 [Richter, 1996] and Richter and Schlapfer
[Richter and Schlapfer, 2012]. The figure showsrmult of the haze removal algorithm presenting
an example of a subset of an IKONOS scene of Dresde
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Figure 4-12: Subset of IKONOS image of Dresden (Germany), 18. August 2002. @Space Imaging Europe 2002.
Left: original scene, right: after haze removal. Colour coding: RGB=4,2,1 (NIR/Green/Blue bands) ( figure taken
from Richter and Schldpfer, 2012 [Richter and Schldpfer, 2012])

Approximate correction of the terrain effect:

Under the assumption of a non-uniform Lambertian surface the relationship between top of
atmosphere radiance Lg,;(A,65,8,) and the spectral directional surface reflectance p(1) can be
approximated by the equation ([Richter and Schlapfer, 2012], [Richter, 1996], [Igbal., 1983], [Liou,
1992)):

E; (A E; (A
g( ) ' psurf(l)‘[dir(/l' Gv) + g( ) : p(A)Tdiff(A' 01;)

T T

Lsat(/l) = Lpo (/1) +

eq. 4-58
where L, (4,05,0,) means the path radiancg(4) denotes the total atmospheric transmission for
ground to sensor for wavebahdsum of direct;-(4,0,) and diffusery;s¢(4, 0,) transmission), and
Eg4(4) global irradiance on a inclined surface. The glatvadianceE; (1) at an inclined surface can
be expressed in terms of a sum of the direct iaradh E ;... (4, 2z), the diffuse irradiance
Egirruse(4, 2), adjacent slope reflected irradian€g,; ;npour(4) and the irradiance€y,, in. (1) due
to the multiple reflection between atmosphere awdigd in the form:

Eg* (/1) = Eéirect (A: Z) + Eéiffuse (A: Z) + Er*leighbour (/1) + E;;‘Lultiple (/1)
eq. 4-59
The terms in the previous equation can be determined by:
Egirect(A,2) = bE;(D)T44r-(4, 65, 2) cos
cos f
cos0O

E;iffuse (/1' Z) = Ediffuse (/L Z) [deir (/L 95' Z) + (1 - deir (’1' 65' Z))Vsky]

Eneignvour (1 2) = 0.5 5 (Edirece (A 2) + Eaigpuse (1,2)) (1 = cos @)

E;;eighbour A,2) = ﬁterrain @) (E:errain “, Z)) (1 - Vsky)

(Eéirect 1,2) + Eéiffuse 4,2) + E;Leighbour 4, Z))

Enutipie(4,2) = 1—s(M)p)

s(Dp(D)

cos 8 = cosBg cos B, + sinbg sin B, cos(Pps — d,)
eq. 4-60
where z is the vertical coordinate, b is a binamtdr taken into account the shadow pi¥g(1) .the
earth/sun distance-corrected exoatmospheric imadi&y;s s (4, z) is the diffuse irradiance for a
horizontal surfaceq is the slope of the terraiify,, is the sky view factor The ternts, 0,, s,

¢n, f denote solar zenith angle, terrain slope, solam@th and topographic azimuth and the
illumination angle (angle between the solar ray tredsurface normal).
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4.5.5 Pseudo-code representation

This subsection provides an overview of the atmespltorrection including aerosol retrieval from
the software development point of view. A moreailetd description of the logical flow and
individual processing steps can be found in the Cahd Cover DPM [Phl_DPMv2.2, 2013].
Furthermore the input and output products beingl wsithin the LC-CCI processing modules are
described in the CCI Land Cover IODD [Ph1_IODDv2R2013] in more detail.

al gorithmAER is
i nput: Pixel  p with input properties, e.g pixel identification fl ag
out put: Pixel g containing the aerosol parameters:
aerosol model index i,
aerosol Angstrom exponent a,

aerosol optical depth T,

uncertainty in aerosol optical dept h At
aerosol retrieval flags f

return q(i, a,d, dErf )

Algorithm 4-26: Aerosol retrieval

al gorithmAPI is
i nput : Raster of samples for the 8x8 coarse grid, S
out put : Raster of samples for the original grid, T

returnT

Algorithm 4-27: Interpolation of aerosol parameters (API)

al gorithmACO is
i nput: Pixel  p with input properties obtained from AER algorithm, i.e.

Aerosol model index i,

Aerosol optical depth d
out put: Pixel g containing the properties
aerosol optical depth d,
surface reflectance r (b) for each band bin p

return g(d,r)

Algorithm 4-28: Atmospheric correction

al gorithmERR is
i nput : Pixel g with properties; here:

surface reflectance I st (b) for each band bin q,
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aerosol optical depth d
Spectral mixing coefficient Csoil »
Spectral mixing coefficient Cleg:

Structural parameters for model of surfa
Spectral parameters for model of surface
out put : Error metric e

return e

ce reflectance Vi, Vo,

reflectance Wi, ..., W

Algorithm 4-29: Error metric calculation

al gorithmSDR is
i nput: Pixel g with input properties; here:

1) TOA reflectance R) *( b) for each band
2) lookup table for atmospheric transmi

and the atmospheric scattering term
aerosol optical depth

view and solar vectors, LUT-1( Tss0, N,
3) lookup table for gaseous transmittan

air mass factor, water vapour and 0z

4) atmospheric bi-hemispherical albedo

output: SDR R)(b) for each band

return q(RA; R1 ™, va(—ts). valty). Ratm To)

bin ¢

bin q,
Yal=ug) . valuy) .

R 4tm as a function of

ssions

1550, €levation h, and

Q Q)
ce T 4 as a function of
one, LUT-3(AMF, CWV, 0Z0O)

)

Algorithm 4-30: SDR retrieval

al gorithr SDR_ERR i s
i nput: Pixel g with input properties; here:

1) the SDR R () retrieved for each band

2) lookup table for gradient
aerosol optical depth

view and solar vectors, LUT-2(

3) lookup table for gradients
air mass factor, water vapour and 0z

4) the AOT uncertainty, At550

5) the CWV uncertainty,
[GlobAlbedo_ATBD/BBDRV3.0, 2011]

6) the OZO uncertainty,
[GlobAlbedo_ATBD/BBDRV3.0, 2011]

Jaop as a function of

Tss0, N,

Jcwv and Jozo @s a function of

bin q,

R2.

Ts50, €levation h, and

Q, )

R},
one, LUT-4(AMF, CWV, 0Z0)

O%WV (from auxdata file, see

0520 (from auxdata file, see
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out put : SDR error 0,12 (i, j) for each band combination ( bi,bj)in ¢

return q(o?; Ry Jx 02)

Algorithm 4-31: SDR error retrieval

4.6 L3-Processing

The processing steps to retrieve the final Levgir8ducts from an input set of single satellite
observations (i.e., SDR and pixel classificatiotadas derived in the previous sections) are (i) the
reprojection of the input products onto a Plater&@agrid, (ii) the aggregation of the single sétell
observations for given binning cells (tiles), ang the mosaicing of the binning cells to a (usyal
global) Level 3 product with the aggregation resulthis processing flow is illustrated in Figurd 3-
The Level 3 product will in return serve as inpat the classification algorithms to derive a final
landcover map [Phl_DPMv2.2, 2013].

4.6.1 Plate-Carrée projection

The plate carrée projection or geographic projactio equirectangular projection, is a very simple
map projection that has been in use since theestdays of spherical cartography. The name is from
the French for "flat and square". It is a spec@decof the equidistant cylindrical projection inigh

the horizontal coordinate is the longitude andvingical coordinate is the latitude.

The spherical earth can only be mapped onto a deable surface by allowing distortion, so certain
geometric properties on the sphere are not preseMee Platte Carrée projection is a cylindrical
projection but unlike the Mercator projection, tdire sphere, including the poles can be repredent
on a finite sized map. The projection is not a comal map so angles are not preserved.

Because of the distortions introduced by this otige, it has little use in navigation or cadastral
mapping and finds its main use in thematic mapplhdnas also become a de-facto standard for
computer applications that process global mapg) ascCelestia, because a given co-ordinate is very
easily identifiable in an image file.

The following equations describe the mapping ofggaphic coordinates in terms of latitugeand
longitude onto the x and y coordinates of a point on the.nk@pm its latitudep and longitude\
(with @o andiq being the latitude and longitude in the centrenap) and k being an appropriate scale
factor at the equator:

x=k(A—1g)

y = k(o — @)
eq. 4-61

For the CCI-LC products, the geoid WGS84 is used.
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Figure 4-13: Overall logical flow of the CCI-LC L3 processing as final step of the pre-processing part (from

N L2 products in
aggregation time
interval

Reprojection to
Plate Carrée

N L2 products in
aggregation time
interval

Aggregation

M L3 tiles from

set of L2 products
Plate
Carrée
— 4
Mosaicking
L3 mosaic ‘J/ One L3 mosaic

Plate Carrée | from M L3 tiles

[Ph1_DPMv2.2, 2013])
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4.6.2 Resampling

If a product is projected it comes up that the Ppizentres of the target product generally not
correspond to the centres of the pixels of the tiqpoduct. Resampling entitles the process of
determination and interpolation of pixels in thems@ product for computation of the pixel values in
the target product. The effects of resampling wapecially be visible if the pixels in the target
product are larger than the source pixels. Thrierdint resampling methods for this computation are
described here.

4.6.2.1 Nearest neighbour

Every pixel value in the output product is setite hearest input pixel value.

Table 4-26: Advantages and disadvantages of the nearest neighbour

PrROS CONS
Very simple, fast Some pixels get lost and others are duplicated
No new values are calculated by interpolation Loss of sharpness
Fast, compared to Cubic Convolution resampling

Figure 4-14 demonstrates the calculation of the pieel value.

X 5

P(1,1) P(1,2)
o o . . . .
. $20 P .

7 /// y
° ‘_/ . . . .
O
P2,1) P22 o | o | o |
v
Projected

Input Produkt Output Produkt

Figure 4-14: Nearest Neighbour

4.6.2.2 Bi-linear interpolation

Calculation of the new pixel value is performedthg weight of the four surrounding pixels.

Table 4-27: Advantages and disadvantages of the bilinear interpolation

PrOS CONS

Extremas are balanced Less contrast compared to Nearest Neighbour

Image losses sharpness compared to Nearest | New values are calculated which are not present in
Neighbour the input product

Figure 4-15 demonstrates the calculation of the pie®l value.
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v
Projected
Input Produkt Output Produkt

Figure 4-15: Bilinear Interpolation
The bilinear interpolation is performed by the doling equation:
P'x,y) = PL1DA-d)A-d)+PA2)d)(A-d)+P21A)1—-ad)+P(22)dd
eq. 4-62

4.6.2.3 Cubic convolution

Calculation of the new pixel value is performedwsighting the 16 surrounding pixels.

Table 4-28: Advantages and disadvantages of the cubic convolution

PrROS CONS

Extremas are balanced Less contrast compared to Nearest Neighbour

Image is sharper compared to Bi-linear Interpolation New values are calculated which are not present in
the input product

Slow, compared to Nearest Neighbour resampling

Figure 4-16 demonstrates the calculation of the pie®l value.

Pay __Pals P ___PiA)

P(1) X .
|
pey)...Pealy Pedl P4 = o oy
] [P'(2) y
(¢} _ 'p‘ *
G L o
PaN.__ P2 PE3) PB4
p‘(3) . . . . |
‘ Projected
i Output Produkt
Par)__P@2)|, P@43)  Paa
P'(4)
Input Produkt

Figure 4-16: Cubic Convolution
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The cubic interpolation is performed by the follagiequation:

P(k)=Pk,D[4—-8(1+d)+51+d)?—-1+d)3]+Pk,2)[1-2d?+d3]
+P(k,3)[1-21—-d)?*+ (1 —d)?]
+ Pk, )[4-8(12—-d)+502—d)?—(2—-d)3]
eq. 4-63
In the first step the average value for each lmealculated, afterwards the new pixel value is
calculated with the four new average values P'®}4) similar to the preceding calculation.

4.6.2.4 Visual comparison of the resampling methods

Nearest Neighbour Bi-linear Interpolation Cubic Convolution

Figure 4-17: Visual comparison
Nearest Neighbour

Each output cell value in the nearest neighbouhatkts the unmodified value from the closest input
cell. Less computation is involved than in othethmoes, leading to a speed advantage for large input
raster files. Preservation of the original cellued can also be an advantage if the resampled raste
will be used in later quantitative analysis, such automatic classification. However, nearest
neighbour resampling can cause feature edgesdéfdm by distances up to half of the input cedkesi

If the raster is resampled to a different cell sedlocky appearance can result from the duptioati
(smaller output cell size) or dropping (large sétle) of input cell values.

Bilinear Interpolation

An output cell value in the bilinear interpolatiomethod is the weighted average of the four closest
input cell values, with weighting factors deterndngy the linear distance between output and input
cells. This method produces a smoother appearduacethe nearest neighbour approach, but it can
diminish the contrast and sharpness of feature ssdgavorks best when resampling to a smaller
output cell size.

Cubic Convolution

The cubic convolution method calculates an outplitvalue from a 4 X 4 block of surrounding input
cells. The output value is a distance-weighted ayer but the weight values vary as a nonlinear
function of distance. This method produces shatpss, blurry images than bilinear interpolationt, bu
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it is the most computationally intensive resamplimgthod. It is the preferred method when
resampling to a larger output cell size.

However, the nearest neighbour method has beeotsgélas resampling method for the projection
caused by its preservation of the original physicdlies.

4.6.3 Temporal sample aggregation

Basically, the temporal sample aggregation is,af@iven pixel in a given aggregation grid cell (a
spatial tile), an integration over all input dagroviding aggregated values of SDR and SDR
uncertainties, the number of counts from all obatons for each possible status, and a final status
flag derived from a scheme which analyses thesebeunof counts. Finally, SDR and SDR
uncertainties are normalized by the number of gecwwes of the “final status” for the given pixel.
Table 4-29 summarizes the types of final statug[iRhl DPMv2.2, 2013].

Table 4-29: Final status flag

FLAG NAME DESCRIPTION

final pixel classification after aggregation (one of the following
CURRENT_PIXEL_STATE

flags)

CLEAR_LAND pixel was classified as land

CLEAR_WATER pixel was classified as water

CLEAR_SNOW_ICE pixel was classified as cloudy

cLOUD pixel was classified as cloud or pixel was classified as ‘temporal’
cloud (a posteriori cloud check within the aggregation scheme)

CLOUD_SHADOW pixel was classified as cloud shadow

INVALID pixel was classified as invalid or cosmetic

The temporal sample aggregation sums up all measunts to the intermediate variables and saved
different status counts for a pixel. The 7-day positing period is adapted on a fixed basis: every
January 1st as starting point and a continuousy7irdarvals for each year has been proposed. The
last composite of each year and the last Februamyposite of a leap year include 8 days instead
7days.

Figure 4-18 and the following pseudo-code (eq. 4i€3cribe and illustrate the temporal sample
aggregation [Phl_DPMv2.2, 2013].
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pixel classification status after aggregation (X=LAND, CLOUD etc.)

STATUS_X

surface reflectances for N} wavelengths of given sensor

NDVI

error in surface reflectances for N) wavelengths of given sensor

forj=1..Njand Nops:=Nops, STATUS X

Sagg.n = SDR;(i) = ! ZN”bS(i)SDR].(i,mﬂ

Ny M=t

for Nobs:= Nobs STATUS X
Sagg(NA +1,i) == NDVI(i) = L() NSO NDVI(i,m)
L

N

obs

for j=N) +2..2*Nj +2 and Nops:= Nops, STATUS X

1

Saggl.n) = ASDR;(1) =

Nops (i) SM=1

Pixel status
count vector
(Nvano, NcLoup, ...)

Nwarer > 0

Ncrouo > 0
OR
Ncroup sHapow > 0
OR
Ncroup tme > 07

NcLoun > NcLoun sHabow?

S ovsD Agpg (i)

Figure 4-18: Logical flow of the pixel classification after aggregation. NX (with STATUS_X from Table 4-29)
represents the number of single observations of a pixel Pi with status X, the green boxes show the final (taken

from [Ph1_DPMv2.2, 2013]).
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4.6.4 Clear land filtering

4.6.4.1 Clear land feature of IdePix

An important step before or in the compositingoalpm is the application of the clear land feature
which was developed to deal with a significant amaaf residual clouds and haze not detected by
the other IdePix features and which are thus pteisethe L2 products. The clear land feature is
applied to all pixels classified as “clear land” lwePix. The steps of this clear land pixel filter
applied to each pixel of the SDR image can be suiaethas follow:

* Conversion from RGB to HSV
» Retrieving of probability of land and cloud basedprior probability densities of each class
* Applying of threshold to a combination of the re@ed probability of land and cloud

This algorithm is based on surface reflectanceas(ue. on the final L2 products, just before itre
projection and compositing steps).

To convert from RGB to HSV, the values of H (hu§),(saturation) and V (value) could been
computed from the values of R (red), G (green) Burgtlue) for each pixel by applying the following
equations:

V = MAX(R,G,B)
0 fR=G=B=0
s = {MAX(R,G,B) — MIN(R, G, B)
MAX(R, G, B)

(0 if R=G=RB
. G—-B .
60 - (0 * MAX(R,G.B) —MINR,G, B)) if MAX(R,G,B) = R
H=<{ . B—-R .
60 - (2 T MAXQR.G,B) = MIN(R,G,B)) if MAX(R,G,B) = G
. R—-G .
60 - (4 T MAX(R,G.B) ~MINR, G,B)) if MAX(R,G,B) = B

if H<0 thenH = H + 360°
eq. 4-64
The clear land filter uses the following bands ogdihe false colour RGB.
* R =SDR of MERIS band 7
* G =SDR of MERIS band 14
* B =SDR of MERIS band 3

The computed values of hue, saturation and valeaoh pixel allows determining the probability of
cloud, town and land on each pixel. The value ef glhobabilities is determined for this purpose by
the prior probability density. This prior probabyjlidensity can be derived from manually classified
cloud, town and land pixel in satellite images. édéifferent MERIS FR L2 SDR pre-processing
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products has been used. The Figure 4-19 showsxtdrapdified prior probability density for cloud,
town and land.

Cloud Land Town
A A A
S @ 7
> 5 5
§ IS IS
)] )]
value g hue . hue -

Figure 4-19: Exemplified prior probability density for cloud, town and land derived from MERIS FR L2- SDR pre-
processing products

Based on the probability of clear land (land+ townyl cloud pixel, the final status for each pixas$ h
been defined by the following conditions:

Pcioua = NaN and pygnq = NaN and pioyn = NaN = statusging = cloud

Petoua = NaN and piang # NaN and piown # NaN = statusgiq = land

Petoud # NaN and piang = NaN and pyoyn = NaN = statusing = cloud

land ifpeioua < Piand
cloud ifpcioud = Prand

land ifpcloud < Ptown
cloud ifperoud = Prown

Pcioua * NaN and pigng # NaN and pioyn = NaN = statusging = {

Pcioua * NaN and pigng = NaN and pioyn # NaN = statusging = {
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Pcioua * NaN and pigng # NaN and pioyn # NaN = statussinq

— {Cloud ifpcloud = Ptown and Pcloud = Piand
land otherwise

eq. 4-65

The combination of the other IdePix feature andarckand feature leads to a balancing of their
strengths and weaknesses. Although it does not letehp solve the problem of remaining clouds, it
allows significant improvement of the quality o&ttetection of clouds.

4.6.4.2 Temporal filtering

An important step in the compositing algorithm Ie ttemporal pixel classification, which was
developed to deal with a significant amount ofdeal clouds and haze not detected by IdePix and the
clear land filter and which are thus present in tReproducts. The temporal pixel classification
amounts to a temporal filtering. It is applied tb @Exels classified as “clear land” by IdePix and
consists in computing the mearand standard deviatianof the MERIS band 8; or of SPOT VGT/

P band B3;; or PROBA-V band B3;; or AVHRR band 2, over a certain time interval. This
time interval does not only consist of the compogiperiod but has been extended by 10 days before
and after the compositing period, thus correspandn27 days for the compositing periods of 7.
Such enlargement was found to be necessary toeesatistic valuesu(ands) computed based on a
sufficient amount of data. Based on thesendos values, the three following thresholdsz, andrt,

have been defined:

o
Tl_;
T, =u+o
3 =135u

eq. 4-66

The threshold; has been inferred from investigations about BRBiieved in this project, in which
a "variability" of the SDR measurements betweero 81% was found. The threshold value was
defined using the maximum variability (i.e. 31%uplan additional safety factor. The following
additional threshold has been assessed for an wement of the efficiency of the temporal filtering:

T, = ppXNDVL 4 926 e. g.band = 8 (MERIS), B3 (SPOT VGT/PROBA — V) and b2 (AVHRR)
eq. 4-67
A pixel would be now flagged as cloud (i.e. notaeli&and) if it satisfies the following conditions
71 > 0.075 (MERIS, SPOT VGT,PROBA — V,AVHRR)
Pbana > MIN (12,73, 74)
eq. 4-68

In case of SPOT VGT and PROBA-V, an additional terapfilter is applied to all pixels classified
as “clear land” and as “cloud shadow” by IdePixhwttte idea of identification and removing of cloud
shadow pixels. Based on thendos values, the two following thresholdsandz, have been defined:
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Ts=U—0
Te = 0.65u

eq. 4-69

The threshold, has been also inferred from investigations abdDB achieved in this project. A
pixel would be now flagged as cloud shadow if tis$ees the following conditions

Pband < MIN(, Ts, T¢)
eq. 4-70

Accordingly, the number of clear land of observatin the L3 products are a combined function of
the composite period but also of the temporalrfié#iciency. The temporal filter efficiency depend
on three main factors: (i) the length of the filteterval, (ii) the quality of IdePix results anid)(the
pixels seasonality.

With regard to the length of the filter intervalrgt factor), it is related to the statistic values
computation: a longer filter interval will allow m®robust mean and standard deviation values(

o) and hence, a higher efficiency of the filter. ThiePix performance (second factor) is also
important since it will influence the proportioné anrrect and misclassified clear land pixels ie th
set of clear land pixels to reclassify through tiaeporal filter. If the fraction of misclassifiedear
land pixel is high, the corresponding SDRs leadaroincreasing of the standard deviation of the
calculated threshold respective and prevent arcteféefiltering. Finally, the pixels seasonalityifd
factor) also plays a role in decreasing the rolasstrof the mean valug)(

The Figure 4-20 shows the dependence of tempdtatifig on the distribution of the SDRs for 3
possible cases:

* ideal case a lot of correct classified clear land pixels amdy a few misclassified pixels
leads to the following result after applying thenporal filter: only correct classified clear
land pixels exist;

» seasonal caseonly correct classified clear land pixels, buttwa seasonal characteristic
leads to the following result after applying thenperal filter: a lot of correct classified clear
land pixels are reclassified as cloud;

» worst case a lot of misclassified clear land pixels and oalyfew correct classified pixel
leads to the following result after applying thenporal filter: a lot of misclassified clear land
pixels still remain.
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Figure 4-20: Efficiency of temporal filtering depends on the quality of the classification by IdePix and seasonal

variability of the surface
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4.6.5 BRDF - Correction - averaging of the surface diredbnal reflectances

To produce sensor composited images correctechfprlar effects (so called L3A), the base line is to

start from the atmospherically corrected daily iemgand through an appropriate compositing

technique, at the same time actually produce coitggbsnages at various time steps, and correct the
reflectances for sun and view directions. The temap&requency of these composites is variable

according to various needs. The classification nedeeds "fundamental” composites which could

be averaged over dedicated periods according toeggal reasoning area.

Three methods were implemented, tested and intgramd during the GlobCover project: the BISE
method [Viovy et al., 1992], the Mean Compositingoaithm [Vancutsem et al., 2004] and an
algorithm developed by [Hagolle et al. 2004]. Thasthods and the results and conclusions of the
analysis (which are still applicable), are summetdibelow in the section. In addition, during the
Round Robin phase of the CCI-LC project phasefguath method [Vermote et al., 2009] has been
tested and this method is presented in the sedt®b.1.4 and its performance is pointed out in the
Product Validation and Algorithm Selection Repdrthe CCI-LC project [Phl_PVASRv2.0, 2012].

The simple averaging is applied for the currentCCI pre-processing. In parallel we will continue
with the investigation but also with regard to atkensors. If we decide reprocessing the input, data
we will include any knowledge gained meanwhile. Aim point for the decision regarding to
repeating the pre-processing is the ensuring ottmsistency of its chain and products for all used
sSensors.

For example, the AVHRR sensor as an across-traatkngog system has a field of view (FOV) of ~
+55° with respect to the nadir direction. Therefdhe different methods regarding the BRDF
correction has to be assessed again. Due to thé¢htcthe 7-day TOA cloud-free composite is the
deliverable of phase Il year 1 no dedicated BRDifemtion has to be applied.

4.6.5.1 GlobCover experience

4.6.5.1.1 Method 1: BISE algorithm

A widely used technique is that of the Best Indéop8 Extraction (BISE) [Viovy et al., 1992]. It has
been used for the generation of LASUR (LAnd SUrfRedlectance) data set [Berthelot et al., 1997]
that includes top of atmosphere and « surfacemaggherically corrected) reflectances, temperatures
and NDVI, viewing and sun angles, plus a chandag(€hannel) at 1/7° x 1/7° and 1° x 1° spatial
resolution. The BISE algorithm is therefore welited for residual noise removal on NDVI temporal
series. But the need here is to produce noiseré®ectance time series, in addition to NDVI time
series. The noise associated with reflectance siem®s has therefore to be carefully assessed with
this method.

From the first date of the NDVI time series, fogigen pixel, the BISE algorithm searches forward
and considers the succeeding point if it is of bighalue than the preceding point. When the NDVI
value decreases from one day to the next, thisedseris accepted only if there is no point ahead in
pre-defined period of time (called a sliding peritgpically 30 days) with a value greater than a
percentage threshold of the difference betweenwbedays in consideration. If such a high value is
encountered it is selected and the low point iiigd. The original threshold (20%) has been
empirically determined for West African conditions.
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The drawback of such method lies in the fact thatfirst point of the series can be kept evenis it
cloudy. We have therefore used a slightly modifredsion allowing reducing the errors generated at
the beginning of the cycle. In this version (Figdr21), the date of the maximum NDVI value is
firstly searched. From this date, the temporalifgad$ divided in two parts: one correspondinghe t
growing vegetation phase and another corresporiditite senescence phase.

For each part, BISE scans the points searchirtteiptevious point is greater than the current point
To do that, the slope between two successive pangzrocessed. If this slope is lower than a
predefined percentage (20%) then the points aré¢. kepreover, some irregularities may still be
present (considered as errors) in the shape oNDMIl profile. To detect at best these errors, it is
supposed than in each sliding window, the diffeeebetween two kept points do not exceed a
threshold following the relationship ([NDVI (t) —DVI (t+ti)]/NDVI (t) < 0.15). Following the
Figure 4-21, the low NDVI value (shown by the redrigle) is not kept. Therefore, the smaller the
sliding window is the larger the number of keptitsiis.

4 partie 2 partie

A k

e,
[
4
#
-

Y

Figure 4-21: Scheme for the BISE method. The triangles represent points of a standard profile. The profile is
divided in two parts from the point where NDVI is maximal. In each part (part 1 and part 2), successive
iterations on the NDVI points start from the highest point of the profile (green arrows). The time period of the
sliding window is draw in vertical dashed points (figure taken from [GlobCover_DJFv3.8, 2008])

4.6.5.1.2 Method 2: Vancutsem algorithm

Another way to avoid the inconsistencies due tonggdc and atmospheric variations while being

flexible enough is to use a statistical approack. pibpose to consider here the Mean Compositing
(MC) method [Vancutsem et al., 2004]. The methoggpl@-igure 4-22) consists of averaging for each

pixel and in each spectral band all the valid e##lace values acquired during the chosen compgsitin
period. Vegetation indices are computed on thesliE#gihese reflectance averages.
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Figure 4-22: Quality control of all reflectance values and mean estimation for each band (figure taken from
[GlobCover _DJFv3.8, 2008])

This compositing strategy requires two conditiam$eé applicable. First, the daily images have to be
superimposed with an accuracy corresponding tauhbepixel level, which is the case for the SPOT-
VGT images and which will be the case for MERIS ges after the geometric corrections. Second, in
case of a cyclic variation of the viewing zenitrglen the compositing period must be a multiple of
this cycle. In this way, the different compositipgriods will have a similar distribution of the
viewing angle.

The first step of the work consists in determinthg sub-cycle of the viewing angle which a factor
independent from the pixel location. It has beetermeined plotting a temporal profile of MERIS RR
L2 reflectances for two sites extracted from theBEANIP database (see Figure 4-23). A sub-cycle
of around 17 days has been found leading to a tehperiod synthesis of around 34 days or 51
days.

VZA-Cyele of Meris n"131-year 2003

VZA(degree)
I
o

i i I \
180 180 200 210 220 230 240 250 260 270
Day of Year

Figure 4-23: Subcycle of the viewing zenith angle (figure taken from [GlobCover_DJFv3.8, 2008])

© UCL-Geomatics 2016
This document is the property of the LAND_COVER_CCI partnership, no part of it shall be reproduced or
transmitted without the express prior written authorization of UCL-Geomatics (Belgium).



Ref CCI LC ATBD v2 / Part II: Pre-processing
Issue Page Date land couer

1.0 130 2016-05-02

4.6.5.1.3 Method 3: Hagolle algorithm

The Hagolle algorithm (CYC) is basexh an improvement of the method called BDC ([Ducimem
and Maisongrande, 2002], [Duchemin et al., 2002 been tested and applied so far on SPOT-VGT
data.

Its principle is to fit a linear bidirectional refitance model on the atmospherically corrected
reflectance data over a temporal window, then lisertodel to retrieve a reflectance corrected far su
and view effects (see Figure 4-24). The BRDF madeld is that proposed in [Roujean et al., 1992].
It encompasses three unknown coefficients.,,,, weighting the Lambertian (or isotropic)
component, a geometric kernel, and a volume-saadtéernel. The inversion of the BRDF model is
operated on a pixel-per-pixel basis for each ofsiectral bands of the sensor, provided that at Ba
cloud-free scenes are available within the tempematlow. The three unknown coefficieritg. ; »

are retrieved by minimizing the cost function Cidedl by:

N A2 _ 2 _ 2
. (Z (o szl) ) (o= 1) (ke —C2(1)
i=1 ¢

2 2
Ok1 197%)

eq. 4-71
In that equationC1(4) andC2(4) are constants for a given spectral band. Theyod@epend on the
pixel not on the date. They have been determinegrlmy experiments from the inversion of the
model for various types of landscapes, which haviged averaged&,; andk, values.C1(4) and
C2(A) have then been assigned to these averkgeahdk, values. N is the number of observations
available in the temporal windowy; are the measured reflectance data, Ancare modelled
reflectances1/a? are the weights of the observations dn@Z and1/02, are the weights of the
constraints, they have been determined by prewiauk [Geiger et al., 2003].
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Figure 4-24: Scheme of the angular effects normalization procedure (figure taken from [GlobCover_DJFv3.8,
2008])
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The use ofC1(1) and C2(A) in the cost function brings some a priori inforroatiin the system,
which constrains and influences the result (Figtt25). This makes easier to detect and discard
residual cloud contaminated pixels. The detectoooperated using the blue band because it enables
the best distinction between clouds and continesudhces. If the standard deviation of erroref

the model fit is above a threshold, our algorithistdrds all the observations that are greaterthigat
adjusted model values plas At this stage, many previously undetected clopiotgls are discarded.
Then a second fit and a newalue is computed (smaller than the previous calejhe pixels with a
difference to the fitted model greater thab - ¢ are discarded whatever the sign of the differeace i
This last step is iterated until no pixels are dided anymore, or until the number of remainingelsix

is lower than 3

() (b)
B T e 015 : : .
@ o
I o
010 * + 4 010+ & J
e S 22 A + ]
E Y ¢ . * 1 E -‘\—/”"—0/" ]
® 4 E F * i
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0.05F 4 005F J
VEGETATION 1 VEGETATION 1
ODOi | L L | | o0l
—80  —40 —20 0 20 40 &0 —60 -4 -20 0 20 40 80

zenith viewing angle (degrees) zenith viewing angle (degrees)

Figure 4-25: BRDF model fit for VEGETATION data with (a) no a priori information and (b) a priori information.
Unfilled diamonds are discarded pixels, only filled diamonds are used for the BDRF estimate (from
[GlobCover_DJFv3.8, 2008])

The 3 coefficients;—, ; , are used to normalize the cloudless reflectancasdaentering the 10-day
period to nadir view and solar observation obsemed0h00 local time for the median day of the
compositing period. Besides, the method supplies dach composite product the following
information for each pixel and each spectral bathd normalized reflectance, the number of
observations used to assess the BRDF and a gtlafityncluding information about the processed
pixel. This algorithm has been tested and evaluatdtda method described at the end of this Section
It is really efficient when there are a sufficiemimber of valid observations during the temporal
compositing period (Figure 4-26). As for the Varsam et al. algorithm, the fact that MERIS data are
about three times less frequent than SPOT-VGT matainduce some limitations of the method.
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Figure 4-26 : Standard deviation of the errors calculated as a function of the minimum number of observations
used in the BRDF model inversion (from [GlobCover _DJFv3.8, 2008])

4.6.5.1.4 GlobCover analyses and decisions for the BRDF corcéon

The work of the GlobCover project has addressedptioblem of estimating the performance of
global reflectance composited products of landem@$. Two criteria were used to perform such
estimations: a qualitative criterion relying on fmral MERIS RR profile over pixels extracted from
BELMANIP sites. A quantitative criterion providirg way to estimate the standard deviation of the
noise added to time series of reflectance datadGdoer DJFv3.8, 2008].

The qualitative criteria have allowed observingtthl the methods were able to reproduce the
temporal trends of the temporal vegetation evotutidhey presented rather similar behaviours. Using
the quantitative criterion, two situations may kstidguished. When the number of input data is
relatively sufficient (favourable cases), the perfances of BISE, MC, CYC are rather similar. When
this number of data is low (unfavourable conditibug a regular case for MERIS), the BISE method
is not so efficient as MC or CYC. The MC methodoess a mean of the values observed during the
temporal period of acquisition. The values derifreth BISE are directly linked to the chosen sliding
window. The selection of this sliding window isum€tion of the phenological stage of the vegetation
Therefore, this method requires having complemgntdormation on this phenology. To have better
results with BISE, a geographical mapping of thisgmeter should be applied. This dependence
makes this method non generic at the global séalirther investigation was done to assess the
performance of MC and CYC. Both methods have vemylar results but with always a slight
advantage for MC.

The GlobCover project finally selected the MC aidjon as BRDF correction and compositing
method. However, a slight modification was adoptetich consisted in coupling the MC method
with the filtering module of the CYC algorithm. TMC method was first applied on the observations
present in a 51-day compositing period (defined gsod trade off between a small temporal period
suitable for monitoring the temporal evolution bketvegetation and a large period to be able to
produce composites). Then, the filtering moduletled CYC method was performed to remove
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outliers. This method was applied on the 51 daymgdo flag “valid” observations which were used
to perform composites over reduced time perioddapcomposites in GlobCover).

4.6.5.2 Method 4: improved BRDF inversion developed by Vet et al. 2009 [Vermote
et al., 2009]

The fourth method for the estimation and the cdiwacof directional effects on satellite derived
surface reflectance time series based on the BRIDErsion technique is used for the MODIS
BRDF/albedo product ([Vermote et al., 2009], [Steafet al., 1999], [Bréon et al., 2002], [Maignén e
al., 2004] and [Snyder and Wan, 1998]) with theeotiye of minimisation the differences between
the observed and modelled directional reflectamses a given time period. The fundamental BRDF
model, the Ross-Li-Maignan model, computes theaserfreflectances as the sum of three terms,
which describe the isotropic, volumetric and gesingtarts:

k k
p(6s, 6y, ) = ko + ki Fy (85, 0,, ) + ko Fy (65, 6, d) = ko |1+ k—j)Fl(es, 0, B) + k_ze (05, 6,, )

k k
= ko[1 4 VF,(6s,6,,¢) + RF,(65,0,, )] where V = k—l and R = k—z
0 0

eq. 4-72

whereéy, 6, ¢ are the solar zenith, view zenith and the relagizenuth anglest; are the kernel and
thek; are the free weighting parameter. The kefeds the volumetric scattering kernel accounting
for the hot spot and’, as the geometric scattering kernel, are functiothe observation geometry
and given by:

Fy(0y0y¢) = —— - [(g —¢)cos¢ +sing] |1+

3mcos O + cos 6,

1 1

] 3
1+§0

1+cosé

m
F,(0,,0,,¢) =—(t —sint t — el o<
2(65,6,,9) t( simtcos n)+2c05950059v

1 N 1
" cos@,  cosé,

& = cos™1(cos O, cos B, + sin b, sin 0, cos ¢)

_ LD (cos 65+ cos 6,)> LD
T H 4 cos O cos 6, “H

A6y, 8,, ¢) = \/tan?6 + tan?6,, — 2 tan 6, tan 0, cos ¢

2
cost = E\/A2 + (tan 65 tan 6, cos ¢p)?

eq. 4-73

whereé is the scattering anglé, is a characteristic angle that can be relatetidadtio of scattering
element size and the canopy vertical density, Hhéscanopy depth, L is the leaf area index and D
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define the typical scale of the leaves. To avoid #udition of a free parameter, Maignan et al
[Maignan et al., 2004] suggest taking a constahtevafé, = 1.5°.

The alternative BRDF inversion technique assumetemporal variation of shape of the BRDF, but
allows the change of target reflectances duringctitapositing period in the contrast to the MODIS
standard algorithm. Based on this hypothesis and set of N observations the parameter V and R
are retrieved by minimizing the merit function M dme classical way of computation of the first
derivation of the merit function, which is definky:

oM oM _
aV ~ AR

. Nzl (pis1[1 + VEi + REI] — pi[1 + VEi*1 + RFi*2])?
h £ day*! —day' + 1

=

-1 N-1

/ Z AlpF,A'pF, Z AipFlAipFl\ / Z AipFlAipFl\

| i=1 i=1 |(V) _ | i=1 |
N-1 N-1 R/ T | N-1

\ AlpF,A'pF, AipFlAipFl/ \ AipFlAipFlj
i=1 i=1 i=1

where
Ald = day'*' — day' + 1
i Pi+1 — Pi
Alp = ———
VAld
j i+1
AipF]_ — pi+1F{ _pLF{+
VAld
. 41
AipFZ — pi+1le _plFZH-
VAl

eq. 4-74

A further refinement accounting for a change of BRDF shape with the vegetation cover based on
the clustering of the data with respect to the NDRr each of these classes the parameter R and V
were retrieved and the relationship to the NDVI tenderived by a linear fit among the different
classes.

Therefore, the full BRDF correction process inchitliee following steps
» first guess estimate of V and R by inverting thedelaising the method described before
» correction of the reflectances with these estimatédéand R
* computation of the NDVI
» clustering based on the NDVI
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» inversion of the model for each class to get V Bnd
» linear fit between NDVI and the parameter V and R
» final BRDF-correction

The method doesn't assume an invariance of thecguduring the compositing period and allows the
monitoring of the vegetation with a period smaltean the compositing method. Therefore the
correction can be performed with the same frequasaye observation. The used parameter V and R
can be derived from previous observations, whiahids/the limitation by data availability.

The important step of the work consists in thefigadion of the proposed algorithm for the CCI-LC
project and its requirements by a study based othetic data. Because the approach was evaluated
on a global MODIS data set at a 0.05° resolutiantfeo channels and the NDVI. Therefore the
widely used PROSPECT/SAIL model has been implendeatal different BRDF could be retrieved
[Jacquemoud et al., 2009]. The following Figure74shows an example of the retrieved BRDF.

Based on these modelled BRDF's the retrieval ofpgrameter V and R has been investigated for
MERIS. The typical observation und illumination gestry is derived from the MERIS Round Robin
database of the CCI_LC project phase I. It has loe¢ermined plotting a temporal profile of MERIS
FSG L1 viewing and sun angles for six sites (seguréi 4-28 and Figure 4-29). A sub cycle of
viewing zenith angle of around 17 days has beendou

The BRDF correction scheme developed by Vermotd ptermote et al., 2009] has been prototyped
and compared with simple averaging (GlobCover n@thdhe assessment on simulated and
measured ground data, and on MERIS data has shown:

* Synthetic and measured BRDF measurements are tjgneeadl retrieved (under realistic

MERIS observation geometry during a yearly cyctel assumption of 365 observations);
* When applied to MERIS, results are not (yet) satifry;

» Disturbance by residual clouds may become of lasggortance if improvements are brought

to the cloud detection step;

* The performance is impacted by the low number skolmtions characteristic of the MERIS

sensor (less than 365 per year).
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Figure 4-27: Example of modelled BRDF using PROSPECT/SAIL model (parameter: Cab = 30.0 (chlorophyll
content [ug cm-2]); Car = 10.0 (carotenoid content [ug cm-2]); Cbrown = 0.0 (brown pigment content [arbitrary
units]; Cw = 0.015 (equivalent water thickness EWT [cm]); Cm = 0.009 (leaf mass per area LMA [g.cm-2]); N =
1.5 (structure coefficient); LAl = 4 (leaf area index); angl = 50.0 (average leaf angle [degree]); psoil = 1(soil
coefficient); skyl = 70 (% diffuse/direct radiation); hspot = 0.05 (hot spot - leaf size relative to canopy height));
ihot = 1.0 (hot spot flag); tts = 30.0 (solar zenith angle [degree])). daa: difference azimuth angle [degree]; oza:

observer zenith angle [degree]
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Figure 4-28: Sub cycle of the difference azimuth angle
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4.6.6 Generation of mosaics

As final step, all grid cells (tiles) which wererpaf one or more input products for the aggregatio
and which were processed as described above amgednémnto a single Level 3 result product.
Usually, this product shall be a global mosaic. Thaéle 4-30 summarizes the bands, which will be
included in the final L3 pre-processing products MdERIS, SPOT VGT P and AVHRR
[Ph1_DPMv2.2, 2013].

Table 4-30: Variables used in Level 3 mosaicing for MERIS, SPOT VGT P and AVHRR

PARAMETER

DESCRIPTION

SR of band ¥%nsor

Xveris =1 ... 10,12 ... 14

XspoT ver p= BO, B2, B3 and MIR

XspoT avHrr2 = B1, B2, B3b, B4, and B5

surface reflectance of bang.xo;

Xveris =1 ... 10,12 ... 14

XspoT ver p= BO, B2, B3 and MIR

XspoT avHrr2 = B1, B2, B3b, B4, and B5

€sr Of band Xensor

Xmeris=1...10,12 ... 14

XspoT vaT p= BO, B2, B3 and MIR

XspoT avhrr2 = B1, B2, B3b, B4, and B5

uncertainties of the surface reflectance of baggx
Xmeris = 1 ... 10,12 ... 14

XspoT veT p= BO, B2, B3 and MIR

XspoT avHrr2 = B1, B2, B3b, B4, and B5

Ndvi

NDVI

Status

current pixel status classified by IdePix, clearddilter

and temporal filter

number of observation over pixel covered by
clear land

Status_counts of status y; clear snow/ice
y=land, snow/ice, water, cloud, etc. clear water
cloud

cloud shadow

Finally, it is worth noting that since the BRDF mmmtion is linked with the compositing process, the
pre-processing module does not deliver daily prtslbat global surface reflectance “fundamental”
composites 7-day composite (i.e. generated ovéurmlamental” period). The 7-day compositing
period is adapted on a fixed basis. So every Jgnlstras starting point and a continuous 7 day
intervals for each year has been proposed. Thectamposite of each year and the last February
composite of a leap year include 8 days insteags/da

These “fundamental” composites has been servedpas fo the classification module, and thus for
the generation of longer (seasonal and annual) ositgs. This articulation is illustrated in Figure
4-30.
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Figure 4-30: Articulation between the fundamental composites delivered by the pre-processing module and the

A

seasonal composites used in the classification algorithms

4.6.7 Pseudo-code representation

This subsection provides an overview of the L3 pssing from the software development point of
view. A more detailed description of the logidahi and individual processing steps can be found in
the CCI Land Cover DPM [Phl _DPMv2.2, 2013]. Furthere the input and output products being
used within the LC-CCI processing modules are desdrin the CCl Land Cover IODD
[Ph1_IODDv1.0, 2013] in more detail.

al gorithmDGL is
i nput : Pixel position (x, y) on product grid
Longitude and latitude coordinates ( Ai, @) on tie point grid
out put : Longitude and latitude coordinates ( A, @) corresponding to (X, y)
return( 4, @)
Algorithm 4-32: Direct geo-location (DGL)

algorithmIGL is

i nput : Longitude and latitude coordinates ( A @)
Pixel position accuracy goals o and o,
out put : Pixel position (x, y) corresponding to input coord inates

return (x,y)

Algorithm 4-33: Inverse geo-location (IGL)
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al gori thm PLATE_CARREE i s
i nput : Raster of pixels in source grid, |

out put : Raster of pixels on Plate-Carrée grid, I’

returnl’
Algorithm 4-34: Plate Carrée projection
al gori t hmclear_land_filtering is

i nput : per pixel, the MERIS SDR for band 14, 7, 3, repre senting R, G, B values
probability density from LUT for 'cloud ' pixels, p cloud
probability density from LUT for 'land’ pixels, p land
probability density from LUT for 'town’ pixels, p e

out put: status . the final pixel classification status (either LAND or C LOUD)

return status Gl

Algorithm 4-35: Clear land filtering

al gori t hm SAMPLE_AGGREGATION_SDRBs

i nput : Aggregation grid cell AGC with input properties; h ere:
1) SDR for each observation OBS in MERIS band 8 (681nm)
in each pixel qi, SDR(b=681, q;,0OBS)
2) SDR error for each observation O BS in MERIS band 8 in
each pixel qi, ASDR(b=681, q; ,OBS)
3) status of g; for each observation OBS as obtained from
pixel classification, status (q;,OBS)
Number of pixels (samples) in this AGC f or aggregation, Npixels
Number of observations of this AGC, Nops
out put : status flag for each observation and each pixel gi in given AGC,
array STAT

return STAT

Algorithm 4-36: Temporal filtering (e.g. Level 3 sample aggregation for MERIS band 8)
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al gori t hm SAMPLE_AGGREGATION s

i nput : Aggregation grid cell AGC with input properties; h ere:
1) SDR for each observation OBS in band b
in each pixel ai, SDR(b, g;,0BS)
2) SDR error for each observation O BSinband bin
each pixel qi, ASDR(b, q;,0BS)
3) NDVI for each observation OBS in
each pixel qi, NDVI(q;,0BS)
4) status of g; for each observation OBS as obtained from
pixel classification, status (q;,OBS)
Number of pixels (samples) in this AGC f or aggregation, Npixels
Number of observations of this AGC, Nops
Threshold for cloud classification in ME RIS 681nm band,

CLOUD_THRESH_681
out put : aggregation samples for given AGC, Sagg

return Sggg

Algorithm 4-37: Level 3 Sample Aggregation

al gori t hr PIXEL_STATUS_AGGREGATIONi s

i nput : Counts of given pixel g classified as LAND, Sagg(j LaNDQ)

Counts of given pixel g classified as WATER, Sag g(j waTER])

Counts of given pixel q classified as SNOW, Sag g(j snowd)

Counts of given pixel q classified as CLOUD, Sagg(j cLousd)

Counts of given pixel g classified as CLOUD_SHADOW, Sag g( | CLOUD_SHADGH)
out put : status of given pixel q after aggregation, Sagg(o,q)

return Sagg(o,q)
Algorithm 4-38: Retrieval of aggregated pixel classification

al gorithmL3_MOSAIC is
i nput : list of all AGCs with aggregation sample results f or all of its
pixels, L(Sagg(AGG,q i)
out put : L3 mosaic product with all AGCs merged, MP
return MP

Algorithm 4-39: L3 generation of mosaics
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5 VALIDATION OF ALGORITHMS

Validation is needed in order to assess the eWeotiss and quality of the different algorithms.
Several mathematical and other empirical methodsvalidation are available. However, the
validation of an algorithm is fairly complex andetlvalidation procedure proposed for the pre-
processing algorithms is to run through an iteeafivocess with following major points:

» Testing the algorithms on (real) remote sensing tatthe use cases

» Comparison between independent in situ data angutaitcreated by the algorithms if
possible

The validation plariPh1_PVPv1.3, 2011] provides the different factors influencing the negments
and the selection process for suitable validatiethwds should be examined.

Therefore in the following steps the influence e¥eral disturbances as noise and clouds are adalyse
and the sensitivity due to the choice of threshidddetermined. The validation and optimisation of
the algorithms will be an iterative process andscsis of:

e Testing the algorithm with remote sensing datagisase studies
» Validation of intermediate products with in-situt@# possible

» Analysing the dependency of thresholds used iraldgparithms

* Quality measure

* Documentation

* At the end we get an overview about the individimésholds and quality measure of pre-
processing intermediate products.

The results of the validation of the pre-processahgprithm and products from CCI-LC project
phase | are presented in the Product Validationlatgcomparison Report (PVIRv2.0, 2013) and in
the Product Validation and Algorithm Selection RegBVASRv2.0, 2013).

For the CCI-LC project Phase Il the validation td pre-processing products and the new developed
pre-processing algorithms will be part of the phihd&roduct Validation and Intercomparison Report
of Phase Il PVIR.
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