Copernicus Global Land operations — Lot 1

Date Issued: 11.03.2019 bpernicus

Issue: 11.41 Europe’s eyes on Earth

Copernicus Global Land Operations

”Vegetation and Energy”

“CGLOPS-1”
Framework Service Contract N° 199494 (JRC)

ALGORITHM THEORETHICAL BASIS DOCUMENT

Leaf Area Index (LAI)
Fraction of Absorbed Photosynthetically Active Radiation (FAPAR)
Fraction of green Vegetation Cover (FCover)
Collection 1km

Version 2

Issue 11.41

Organization name of lead contractor for this deliverable: CREAF

Book Captain: Aleixandre Verger (CREAF)
Contributing Authors: Frédéric Baret (INRA)
Marie Weiss (INRA)



Copernicus Global Land Operations — Lot 1 o
Date Issued: 11.03.2019 Q)perniCUS

Issue: 11.41 Europe’s eyes on Earth

Dissemination Level

PU Public X
PP Restricted to other programme participants (including the Commission Services)

RE Restricted to a group specified by the consortium (including the Commission Services)

Cco Confidential, only for members of the consortium (including the Commission Services)
Document-No. CGLOPS1 _ATBD_LAI1km-V2 © C-GLOPS Lotl consortium

Issue: 11.41 Date: 11.03.2019 Page: 2 0f 93




Copernicus Global Land Operations — Lot 1
Date Issued: 11.03.2019

Issue: 11.41

Q)pernicus

Europe’s eyes on Earth

Document Release Sheet

Book captain: Aleixandre Verger Sign cﬂ;?ggf Date 11.03.2019

Approval: Roselyne Lacaze Sign A Date 18.03.2019
— L

Endorsement: Michael Cherlet Sign

Distribution: Public

Document-No.

Issue: 11.41

CGLOPS1_ATBD_LAI1km-V2
Date: 11.03.2019

© C-GLOPS Lotl consortium
Page: 3 0f 93



Copernicus Global Land Operations — Lot 1

(o0

Date Issued: 11.03.2019 ernicus
Issue: 11.41 Europe’s eyes on Earth
Change Record
Issue/Rev Date Page(s) | Description of Change Release

26.03.2014 All First Issue 11.00
11.00 10.09.2014 All Update after external review 11.10
Update with new daily Input Data (VGT
11.10 04.09.2015 All 11.20
reprocess, S1 TOC)
11.20 03.11.2015 Al Improvemgnts of E.BF estimates. (specific 11.30
neural net in Step A), improvements in Step B
32 Add one parameter in Table 7
11.30 12.04.2016 _ _ o 11.31
49-50 | Clarify the meaning of quality indicators (4.3.5)
Update after external review
11.31 [ 04.07.2016 | All Improvement of Step A to ensure consistency 11.32
between PROBA-V and VGT estimates
27-29 | Add description of input PROBA-V data
11.32 03.01.2017 34 Revised quality flag description (Table 11) 11.40
89-92 | Additional graphs in Annex 3
4.4 More details about algorithm limitations
11.40 11.03.2019 _ , 11.41
4.2.2 | More details about quality flag

Document-No.

Issue: 11.41

CGLOPS1_ATBD_LAI1km-V2
Date: 11.03.2019

Page:

© C-GLOPS Lotl consortium

4 of 93



Date Issued: 11.03.2019
Issue: 11.41

ernicus

Europe’s eyes on Earth

Copernicus Global Land Operations — Lot 1
(op

TABLE OF CONTENTS

EXCCULIVE SUMMIAIY «.....eeeeeeneeenereereiireeiseniseeiseesseesrnssrnsssnsssmssssssssssssesesnsssnsssnssssssssasssnsssssssnsssnnns 13

1 Background of the document................coveeueirrieuniiiirenniisiireniississniisssssssssssssssssssssssssssssnnns 14

1.1 SCOPE AN OBJECHIVES....cceuueiiieeieiiieeneirrrereerrreeerrrrassesseenssesseenssessennssessennssessennsssssennssssnennnnnns 14

1.2 Content of the dOCUMENT......ccueuiiiiiiiiiiiiiiiiiiirrrsise i rreresssssssesrresssssssssssssnnensssssssssssnns 14

13 Related dOCUMENLS .....cccveeeeiiiiiiiiiiniiiiieiiniinerssiisiseirressssssssssstineessssssssssssssnresssssssssssssssenans 14
0 0 Y Vo o] [ Tor=1 o] [=0o o Yol U 4 o T T ) &SSP 14

0 20 A 1 T o1 U ) S PPTPPRPPRE 15

S J0C B O 171 4 o T | ST PPPTPPPPPRE 15

0 I8 A o = 4 g =1 o o Tl U o T=T o £ SO U SR TUR 16

2  Review Of USers REQUIIEMENLS..........cccceuueeirreeunisiiieeniiisissniissssssississsssssssssnsssssssssssssssssnsssns 17

3 OVOIVICW....cverivneiiineiiiiniisisusisisessssssissssssssssssssssissssssssssssssnsssssssssssssssssssssssssssssssssnsssssnssssnssss 20

3.1 The considered ProduCts .........ccciieeciiiiiecerieicerreieerreneseeseennseessennsseseennssssesnsssssssnnssssssnnsssnens 20
0 0 R o 1 o A PP PUPPRPRN 20

E T00 A 1o 1YY o =T 4 o o X (1o V7Y o I USSR 20

3.1.3  LEAT Ar@a INAEX (LAI) cuveeeriieitiectieeeite ettt et e et e e ette et e e staeebe e e taeebeeassaeesaeessaeesaeasaeessaeessseesaeensseesseensaennses 20

3.2 VGT and PROBA-V instruments and data..........ccceeeuueiriiinniiriinncerienncereennseeseennssessensssesesasssenens 21
3.2.1  VEGETATION instrument and ST data..ccccueeeiiiieieiiiieeeiiiee ettt ettt st e sttt e e st e e s saee e e snreeeesabaeeeeanne 21
3.2.2  PROBA-V INStrument and S1 data....c..ceeeiiiiiiniiiieiiieee ettt sitee ettt e et e e sttt e e s sabeeessbeeeesbbeeessabaeesnanee 23

33 Rationale for the Algorithm Selection and Design........cccccciveeiiiiiieiiiiiiiiiiiiniiiereeesrenesssnenens 25

3.4 AlIZOrithm OULIINE.......ciieeiiiieccrrcrrc e e e e s senessessenassssesnsssssssnsssssenassssnane 26

4 AIGOritRM DESCIIPLION. .......ccc.eeeeneeeeneerennereenrerennseeresesrsssessessessnssssnssessasssssssessnsssssnsssssasessnsans 29

4.1 T o LU 3N 29
4.1.1 Top of canopy daily refleCtanCes .......ooveiiiiiiiieee ettt 29
A CT=To T o1 Vo = olo [U LY | o] o SR 29
4.1.3 GEOCLIM: climatology of Version 1 VGT LAI, FAPAR and FCOVET .....c.ccivuiiriiieriiiieiee sttt 29
O S NP o a1 a1 a1 Tol o =T - [ 0[] (=] RS 29

4.2 [ T 1 T 1 N 32
4.2.1  The LAIL FAPAR @Nd FCOVEE VAIUBS ...ttt sttt se e s s s s s e s e se s s e s e s s sese s seseseseseeesesesenns 32
oy A O (U T 11 VA gV [ or- o] U UPUPPPNE 33

4.3 (0723 =11 F=To B0 LT of g T 4o T N 35
4.3.1 Daily LAI, FAPAR and FCover estimates (BranCh A) .........c.ooioeiiiiiiiiee ettt e et e e eearee e 35

43.1.1 Rejection of input data based upon their quality status (Step 1A) ...ccceeieiiieeeciiie e 36
Document-No. CGLOPS1_ATBD_LAI1km-V2 © C-GLOPS Lot1 consortium

Issue: 11.41 Date: 11.03.2019 Page: 50f 93



Copernicus Global Land Operations — Lot 1

Date Issued: 11.03.2019 Q)pernicus

Issue: 11.41

Europe’s eyes on Earth

4.3.1.2  Spectral conversion of PROBA-V reflectances (STEP 2A) ......uieciiieiciie et e e e e e 36

43.1.3 INput oUthier reJection (SEEP 3A) ..ot e e e s e e e e re e e s rta e e e e s ta e e senreeesnreaeesataeeeannes 37

43.1.4 Instantaneous estimates of LAI, FAPAR and FCover using neural networks (Step 4A) ....ccccceevvevnens 37

43.1.5 Rescaling the PROBA-V outputs of the Networks (STeP 5A) ....ccueiciiiirieeiieeree e e erire e esieeesne s 38

4.3.1.6  Output ouUtlier reJeCtion (STEP BA) ....ccciieiieeciieiie ettt erte ettt sre et e see e e e e saae e tee e saaeesbaeesaaeenaaeessseeseas 38

4.3.1.7 Ensuring FAPAR-FCoVEr CONSISTENCY (STEP 7A) woiiiuieiiiieiieeiiet et ette et eee et s e saeeeves e saneesraeesaneenes 38

43.1.8 Computation of percentiles P5 and P90 of daily products (Step 8A).......ccccueeviierieeniiienieesreesieeees 39

4.3.1.9  Preparation of the LAI, FAPAR and FCover climatology (Step 9A) ......cecerienirieriienienee e 39

4.3.2  Processing the past SEries (BranCh B) .......c.oocuiiiirieriieeeie ettt ettt ettt et e e st st esbeesbeebe e eas 41
4.3.2.1  Second outlier rejection (STEP 1B) ....ccciieiieeiiieiieereeerteeste e sreesre e sae et e e sae e ta e e sareestae e saaeenaae e saaeennes 42

4.3.2.2  Temporal smoothing and gap filling (TSGF) (StEP 2B)....ececuiiiieiiiieiieecie et 42

4.3.2.3  Third outhier reJeCtion (STEP 3B) . cuii i iieieeierieeie ettt sttt ettt et e et e bt e bestesatesaeesaeesaeenteenseens 44

4.3.2.4  Consistent Adjustment of the Climatology to Actual Observations (CACAO, Step 4B)......c.cceeeuvenneee. 46

4.3.2.,5 Computation of the dekadal Version 2 LAI, FAPAR, FCover products (Step 5B) .....ccccceevvveerveerveennne. 48

4.3.3  Real time estimates (BranCh CH) ..uccciiiiie e ciie ettt et e st e et e st eete e steeeaeesataeebeesnteeeseesnbaeenseennns 48
433.1 Differences between branches B and C........c.ueiiiiiiiieiiir et e e e s e ssve e e e sbae e e eanee 49

4.3.3.2 Defining the consolidation PEIIOd........cccuiiiiiiie e ettt e e et e e e e are e e stbeeeesateeeeeanes 50

4.3.4 Processing the first dekads of the past series (Branch C-)......ccviiiiiieiiiiie e 52
4.3.5 Computation of the associated quality iINAICATOrS ........cccciiiieiiiii e e 52

4.4 I 4T = T o 52

5  Evaluation of the algoritRm .................eeeeeeeeneeeeenereeeieereneeteanesennseeeasseesesesensssssnsssssasesssnsesenns 55
5.1 Temporal profiles for selected Sites. ......cceiiiriiiiiiiiiiiireerrrrcer e e reeee e reeen e s e ranseeseransnenens 55

5.2 Consistency between LAIL, FAPAR and FCOVEN .......ciiuuuiiiieenciiiennerieennesseensessennssessennssessennnnnns 58

5.3 Comparison With Version 1 VGT......cc.ciiiieeiiiiiiiiciiieenierseensesseenssessesnssessesnssessennssessssnssesssnnnnnns 59

5.4  Comparison With GEOV3/VGT ......ccceieiiiiieieiiieieieieieieieieeeieieeeieseeseessessssssssesesssssssssssssesssssssesssen 63

5.5 Distribution Of ValU@S ..........uiiiiiiiiiiiiiiiiiiiiiiiirrrnnin s ssaaa s ss s s s s s e nnn 65

5.6  Temporal CONtINUItY ...cccuuiiiiiieiiiiiiiieiiiirecrerre s tenesesrenasessenassesesnsssssssnsssssssnsssssssnsssssannssssnans 67

5.7 TempPoral SMOOTRNESS ....ccuuieeiiieiciiiiierrrerenerteereeseereseereesereassrensessnssrassesassessnssssnsesensassnne 68

5.8 Consistency between Version 2 PROBA-V and Version 2 VGT NRT estimates.....c.cccceeereenerennnnns 69

5.9 Summary and Recommendations ........ccciiiieiiiiiiiiiciiieiiiiieireieieieieeeressisensesenssssesssssasessnssnes 71

(R 1= (=] =] 1 ot =X PP 73

Annex 1: GEOCLIM, a climatology of GEOV1 LAI, FAPAR and FCOVEr ...........cccceuueerrveneecsrnenessnnes 77
Annex 2: Neural Networks CaliDration ...............ccceeeeueeeecsisirnrnnenesnisssssnnnnssssssssssssnmssssssssssssssnns 81

Annex 3: Rescaling PROBA-V ESEIMQLES .......cccuuceeeueereenrereenerennserenssesenseesnsssssssessnssesssssesssssssnsseses 89
Document-No. CGLOPS1 _ATBD_LAI1km-V2 © C-GLOPS Lotl consortium

Issue: 11.41 Date: 11.03.2019 Page: 6 of 93



Copernicus Global Land Operations — Lot 1

Date Issued: 11.03.2019 Q)pernicus

Issue: 11.41 Europe’s eyes on Earth

LIST OF FIGURES

Figure 1. Ground sampling distance (GPS in m) as a function of the position on the swath (in km)
for the VIS-NIR (left) and SWIR bands (Nght)........ccoooooeiioee e 24

Figure 2: Spectral Response Functions of VGT1, VGT2, and the three PROBA-V cameras,
superimposed with a spectrum of green grass (Blue, Red, NIR and SWIR bands, respectively).

Figure 3: Flow chart the three processing branches (A, B and C). First, daily S1 top of canopy
reflectance products are transformed into daily estimates of LAl, FAPAR and FCover using
specific neural networks (NNTs) for Evergreen Broadleaf Forest (EBF) or non_EBF pixels
(Branch A). Second, dedicated filtering, smoothing, gap filling and compositing temporal
techniques are applied. The inputs of this second step are the daily estimates, the sun zenith
angle of the observations, the pixel’s latitude, a climatology of LAI, FAPAR and FCover, and
the EBF and Bare Soil (BS) landcover classes derived from the climatology. The outputs are
the final dekadal V2-HIST estimates when processing historical time series (Branch B) and
V2-NRT in near real time (BrancCh C). ..o 27

Figure 4: Chronograph showing the several periods considered and the associated branches (B,
C-,C+) used to process the data. d1 and dx correspond to the first and last dekad in the time
series at the time of implementation of V2 algorithm. n is the number of dekads required for
(o701 V=T {0 =T oot PSP PPPPTRPPPI 28

Figure 6: Flow chart describing the Branch A for daily product estimation from VGT. ................... 35

Figure 7: Flow chart describing the Branch A for daily product estimation from PROBA-V. The
differences in Branch A between VGT (Figure 6) and PROBA-V are highlighted in red. ........ 36

Figure 8: Flow chart describing the processing of the past series (Branch B). Daily Product_1, the
sun zenith angle (SZA) of the observations are coming from Step 7A, the parameters P90
from Step 8A and P5 from Step 9A. GEOV1 corrected climatology and the quality flags
QFepr/QFgs / Latitude are ancillary information described Annex 1. ..........ovviiieiiiieeiiiiiiiinnnnn. 41

Figure 8: Flow chart showing how the temporal smoothing gap filling (TSGF) algorithm works..... 44

Figure 10: lllustration of the 3-iterations of TSGF filtering (continuous line) to eliminate
contaminated data (filled circles). Empty circles correspond to valid data. ......................eeee.. 46

Figure 11: Flow chart describing the processing of the real-time series (Branch C). Daily Product 1
and SZA are coming from Step 7A, the parameters P90 from Step 8A, P5 from Step 9A , and
the Scalegs and Scaleggr from Step 4B. The corrected climatology and the quality flags
QFepr/QFgs /Latitude are ancillary information described in Annex 1. .........cccceiiiieeeeiiieiiinnnnnn. 48

Figure 12: Evaluation of the differences between Version 2 real time (Branch C+) and historical
(Branch B) estimates over the BELMANIP?2 sites for the year 2008 as a function of the number
n of dekads after the date being processed. Zero dekad (n = 0) corresponds to the daily
estimates with data available only for the past. The several gray values correspond to 75%

Document-No. CGLOPS1 _ATBD_LAI1km-V2 © C-GLOPS Lotl consortium
Issue: 11.41 Date: 11.03.2019 Page: 7 of 93



Copernicus Global Land Operations — Lot 1

Date Issued: 11.03.2019 Q)pernicus

Issue: 11.41 Europe’s eyes on Earth

(dark gray), 90% (medium gray) and 95% (light gray) of the population, and the dots to 5%
percentile of residual outliers. The bold back solid line corresponds to the median value of the
differences. The dotted line is the 0:0 line. Case Of LAL .........uuuuuiiiiiiiiiiiiiiiiiiiiiiiiiieiiiinienennnnnes 50

Figure 13: RMSE between NRT-n and HIST Version 2 VGT LAl estimates as a function of the
noise in the data and the number of observations (Adapted from Verger et al. (2014a)). ....... 50

Figure 14: Temporal profiles of near real time LAI estimates for n=0,3,6 dekads after the date
being processed (NRT-n) as compared to Branch B estimates (HIST) over several
BELMANIP2 sites for the year 2005. The original daily LAl data, filtered outliers, the
climatology (GEOV1) product are also shown. The title of each plot indicates the BELMANIP2
site number, the GLOBCOVER biome class, the latitude and longitude in degrees. .............. 51

Figure 15: Temporal profile of Version 2 (black solid line) over a typical evergreen broadleaf forest
site. Daily estimates derived from VGT-S1 products are indicated by the dots: black squares
correspond to outliers. Empty circles to the valid LAl estimates used to compute the Version 2
product. The dashed green line corresponds to the GEOV1 corrected climatology. The solid
green line to the CACAO estimates. The red line corresponds to Version 1 VGT product...... 56

Figure 16: Idem Figure 15 but for a typical Deciduous Broadleaf Forest Site. ...........cccccvvvvviirnnnnnn. 56
Figure 17: Idem Figure 15 but for a typical Needleleaf FOrest Site...........ccccccvvviiiiiiiiiiiiiiiiiiiiininn, 56
Figure 18: Idem Figure 15 but for two typical Crop-Grassland SItes. ...........ccccvvvviiieiieeeecieiiiiinnn. 57
Figure 19: Idem Figure 15 but for three typical Shrub-Savanna-Bare Sites. ..........cccceeeeeeviiviiiinnnnn. 57

Figure 20: Comparison between LAI-FAPAR (top), LAI-FCover (middle) and FAPAR-FCover
(bottom) for Version 1 (GEOV1), Version 2 (GEOV2), GEOV3/VGT and MODIS products .... 59

Figure 21: Evaluation of the differences between GEOV2/VGT and GEOV1/VGT products over the
BELMANIP2 sites for the years 2003-2007 as a function of the number n of valid daily
estimates in the composition period (left), of the RMSE between the GEOV2/VGT product and
the daily estimates (center), and of the GEOV2/VGT product value (right). The several gray
values correspond to 75% (dark gray), 90% (medium gray) and 95% (light gray) of the
population, and the dots to 5% percentile of residual outliers. The bold black solid line
corresponds to the median value of the differences. The dotted line is the 0:0 line. The dashed
line shows the distribution of values of the variable in the abscissa which frequencies are

indicated in the vertical axis on the right. Case of LAl products............cccceoeeiiiiiiiiiiiinieeeeceeinn, 60
Figure 22: Idem Figure 21 but for FAPAR ..o 60
Figure 23: Idem Figure 21 but for FCOVET. .......cooiiiiiiiiiii 61

Figure 24: Comparison between GEOV2/VGT and GEOV1/VGT LAl products per GLOBCOVER
biome type over the 445 BELMANIP2 sites for the years from 2003 to 2007. ..........cceeevveeeens 62

Figure 25: Comparison between GEOV2/VGT and GEOV1/VGT FAPAR products per
GLOBCOVER biome type over the 445 BELMANIP2 sites for the years from 2003 to 2007..62

Document-No. CGLOPS1 _ATBD_LAI1km-V2 © C-GLOPS Lotl consortium
Issue: 11.41 Date: 11.03.2019 Page: 8 of 93



Copernicus Global Land Operations — Lot 1

Date Issued: 11.03.2019 Q)pernicus

Issue: 11.41 Europe’s eyes on Earth

Figure 26: Comparison between GEOV2/VGT and GEOV1/VGT FCover products per
GLOBCOVER biome type over the 445 BELMANIP?2 sites for the years from 2003 to 2007..63

Figure 27: Comparison between GEOV2/VGT and GEOV3/VGT (PRO3 V1 algorithm) LAl

products over the 445 BELMANIP?2 sites for the years from 2003 t0 2007. .........cccevvvvvvrereennn. 64
Figure 28: Comparison between GEOV2/VGT and GEOV3/VGT (PRO3_V1 algorithm) FAPAR
products over the 445 BELMANIP?2 sites for the years from 2003 to 2007. .........cccceeeeeeeeeennnns 64
Figure 29: Comparison between GEOV2/VGT and GEOV3/VGT (PRO3_V1 algorithm) FCover
products over the 445 BELMANIP?2 sites for the years from 2003 to 2007. .........cccovvvvvvreeennnn. 65
Figure 30: Distribution of GEOV1/VGT, GEOV2/VGT, GEOV3/VGT and MODIS LAI products per
biome type as sampled by the 445 BELMANIP2 sites over the period 2003-2007. ................ 66
Figure 31: Idem Figure 30 but fOr FAPAR. ......ooiiiiii e e e e 66
Figure 32: Idem Figure 30 but fOr FCOVET. ........cooiiiiiiiiii 67

Figure 33: Average fraction of valid GEOV2/VGT and GEOV1/VGT products per biome. The biome
classes are derived from the GLOBCOVER global landcover: Shrubs/Savana/Bare soil (SSB),
Crops and Grassland (CG), Deciduous Broadleaf Forests (DBF), Needleleaf Forest (NF), and
Evergreen Broadleaf Forest (EBF). For GEOV2/VGT, high quality products (grey) and
products where the climatology was used to fill gaps (less than 12 valid daily estimates exist in
the compositing period) (black) are distinguished. Evaluation over the BELMANIP2 sites for
the 2003-2007 PEIIOM. ... .ceeiiiiiei e et e e e e e e e e et a e e e e e e e e e e et s e e e aeeeeartaaaeaaaaees 68

Figure 34: Histogram of the OLAl absolute difference representing temporal smoothness for
GEOV2/VGT and GEOV1/VGT LAl products. Evaluation over the BELMANIP2 sites for the
2003-2007 PEIHOU. ...eeeriiieie e e e e e e e e e e e e e et e e e e e e e e e e et e s e e eaeeeearsta e e eeaeeeerrraaans 69

Figure 35. Comparison between GEOV2/PROBA and GEOV2/VGT NRT-0, NRT-2 and NRT-6 LAl,
FAPAR and FCover estimates over the 445 BELMANIP2 sites for the period 2013-10-16 to

2004053, .ooiiiiiiiiiiiiii ettt ————————————————————————————————————————————————————————————_—_—... 70
Figure 36: Comparison between GEOV2/PROBA-V and GEOV2/VGT NRT-0 LAI estimates per
biome type over the 445 BELMANIP2 sites for the period 2013-10-16 to 2014-05-31............ 71

Figure 37: Flow chart showing how the GEOV1/VGT climatology is corrected from residual
oL 1] = (o £ PP PPPPPPPPPPPPPP 78

Figure 38: (a) Map of bare soil and evergreen broadleaf forest areas identified based on
GEOV1/VGT climatology. (b) Simplified GLOBCOVER land-cover map after aggregating the
22 original classes into six main land-CoVer CIaSSES...........cuuiiviiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeee e 79

Figure 39: Correction of GEOV1/VGT climatology. The blue line corresponds to the original
GEOV1/VGT climatology LAI product. The red line corresponds to the corrected climatology
based on prior knowledge. Green line is the final GEOCLIM climatology resulting from
applying gap filling and temporal smoothing techniques to the first corrected climatology...... 80

Document-No. CGLOPS1 _ATBD_LAI1km-V2 © C-GLOPS Lotl consortium
Issue: 11.41 Date: 11.03.2019 Page: 9 of 93



Copernicus Global Land Operations — Lot 1

Date Issued: 11.03.2019 Q)pernicus

Issue: 11.41 Europe’s eyes on Earth

Figure 40: The weighing function used in GEOV?2 for the fusion between CYCLOPES and MODIS
LAl and FAPAR products. The dashed line corresponds to the weight used for generating
GEOV1 products. The dotted line correspondstow = 0.5. .........ciiiiiieeiiiiiiiiiiiee e, 82

Figure 41: Manual filtering of the outliers. The green line corresponds to the GEOV1 climatology
product, red circles to VO (first neural net) valid estimates, black squares are outliers. .......... 83

Figure 42: Relationships between the values resulting from the fusion of MODIS and CYCLOPES
products according to equation (1) as a function of composited MODIS and CYCLOPES
products for LAI (top) and FAPAR (bottom) variables ...........ccoooeiriiiiiiiiiiieeeeeee e 84

Figure 43: The convex hull that corresponds to the definition domain using the manually filtered
outliers. Pixel will be declared as valid if they are within the area defined by the black areas.
The 30 cells are distributed equally over the different reflectance ranges. .............ccceeevvvvnnnnn. 86

Figure 44: Theoretical performances of the neural networks used for LAlI, FAPAR and FCover
products. Top: EBF, Bottom: Non EBF. Neural network predicted outputs and the observed
fused MODIS and CYCLOPES products in the test dataset are displayed as a density plot: the
more red, the denser the PoINtS @re. ... 87

Figure 45: Comparison between GEOV2 neural network LAI daily estimates (output of step 4A)
from PROBA-V and VGT S1 data before (a) and after (b) the rescaling applied to PROBA-V to
mimic VGT estimates. Comparison per GLOBCOVER biome type over the 445 BELMANIP2
sites for the period 2013-10-16 t0 2014-05-31. .......uuuuummmmmmmninninniiinnniinenneeenenneeeeeeeeeneeeneeeeneeeee 90

Figure 46: Comparison between GEOV2 neural network FAPAR daily estimates (output of step 4A)
from PROBA-V and VGT S1 data before (a) and after (b) the rescaling applied to PROBA-V to
mimic VGT estimates. Comparison per GLOBCOVER biome type over the 445 BELMANIP2
sites for the period 2013-10-16 t0 2014-05-31. .......uuuuuuummmnnnininniiniienienenneeeeeaeeeeeeeeeeaeeneeeeeaeeeee 91

Figure 47: Comparison between GEOV2 neural network FCover daily estimates (output of step 4A)
from PROBA-V and VGT S1 data before (a) and after (b) the rescaling applied to PROBA-V to
mimic VGT estimates. Comparison per GLOBCOVER biome type over the 445 BELMANIP2
sites for the period 2013-10-16 t0 2014-05-31. .......uuuuuuummmmniinieniniienniineneeeeeeaeeeeeeaeeenneneeeeneeeee 92

Figure 48: Boxplots of the differences between GEOV2 neural network LAI (top), FAPAR (middle)
and FCover (bottom) daily estimates (output of step 4A) from PROBA-V (before rescaling) and
VGT S1 data. Median value correspond to the central red mark, the edges of the box are the
25™ and 75" percentiles, the whiskers extend to the most extreme data points not considered
outliers, and outliers are plotted individually with red crosses. The green line corresponds to
the 3" order polynomial fitted on the median of the residuals. ............ccccoeeveeoreoeeeeeeeeeeeeeeen. 93

Document-No. CGLOPS1 _ATBD_LAI1km-V2 © C-GLOPS Lotl consortium
Issue: 11.41 Date: 11.03.2019 Page: 10 of 93



Date Issued: 11.03.2019
Issue: 11.41

ernicus

Europe’s eyes on Earth

Copernicus Global Land Operations — Lot 1 ~
(oo

LIST OF TABLES

Table 1: GCOS requirements for LAl and FAPAR as Essential Climate Variables (GCOS-154,

20LL) ¢ttt ettt n ettt 18
Table 2: CGLOPS uncertainty levels for FAPAR and FCover productS............ccovvvvvvviiiiiiieeeeeeennns 19
Table 3: WMOs requirements for global LAl and FAPARproducts (From http://www.wmo-

sat.info/oscar/requirements); G=goal, B=breakthrough, T=threshold. ....................ccccevrrrnnnnn. 19
Table 4: Spectral characteristics of the SPOT/VGT and PROBA-V SENSOr ........ccccevvviiiiiieeanneeennes 21
Table 5: VGT-S1 data UeSCriPIOr......oieeiiiiiei e eee et e e e e et s e e e e e e e e ettt e e e e e e e e eeaasaaasaeeaaaeennnes 22
Table 6: PROBA-V S1 data deSCIIPION .....uui e eiiieeeiiiiee et e e e e e ettt e e e e e e e e eeeraa e s e e eeaaeenenes 25
Table 7: The algorithmic parameters used in Branch A. * indicates whether a parameter is applied

only in PROBA-V processing 0Or @lSO fOr VGT. .......uuuiuiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiiieniennnesnneneneeenneeees 30
Table 8: The algorithmic parameters used in BranchBand Branch C ................cccccoviieeini i, 31

Table 9: Minimum, maximum values and associated resolution for LAI, FAPAR and FCover

products. Note that these values are also valid for the climatological products. ..................... 33
Table 10: Minimum, maximum values and associated resolution for quantitative quality indicators
Of LAL FAPAR GNA FCOVET . ...ttt ettt ettt e e e e e et e e e et e e e e aeenns 33
Table 11: Description of the quality flag provided for the LAI, FAPAR, FCover. .........ccccceeeeeeiinnn, 34

Table 12: Spectral conversion coefficients (asx and fsx) between VEGETATION and PROBA-V
Sensors [GIOGLL ATBD_PROBAZ2VGT] ...uuuuuuuuuiuuiuuiiuuuusesssussssssssssnnsssnnsssasansessssssssn——... 37

Table 13: Coefficients used to rescale the neural network PROBA-V outputs issued from step 4A.
Note that step 5A is not applied for VGT which is equivalent to set all the coefficients a,, a;, a,,
= TS (0 204 < o PN 38

Document-No. CGLOPS1 _ATBD_LAI1km-V2 © C-GLOPS Lotl consortium
Issue: 11.41 Date: 11.03.2019 Page: 11 of 93



Copernicus Global Land Operations — Lot 1

Date Issued: 11.03.2019 bpernicus

Issue: 11.41

Europe’s eyes on Earth

LIST OF ACRONYMS

ANN
ATBD
BRDF
BS
CACAO
CEOS
CTIV
EBF
ECV
ENVISAT
FAPAR
FCover
GAC
GAI
GCOS
GEOV1
GEOV2
GEOV3
GMES
GTOS
HIST
JRC
L2

L3
LAC
LAI
LTDR
LTS
MODIS
NDVI
NIR
NNT
NRT
RMSE
RTM
SPOT
SWIR
TOA
TOC
TSGF
VI

Artificial Neural Network

Algorithm theoretical based Document
Bidirectional Reflectance Distribution Function
Bare Soil

Consistent Adjustment of Climatology to Actual Observations
Committee for Earth Observation Satellite
VEGETATION image processing centre
Evergreen Broadleaf Forest

Essential Climate Variable

Environment Satellite

Fraction of Absorbed Photosynthetically Active Radiation
Fraction of vegetation cover

Global Area Coverage

Green Area Index

Global Climate Observation System
GEOLAND2 Version 1 product
GEOLAND2 Version 2 product
GEOLAND2 Version 3 product

Global Monitoring of Environment and Security
Global Terrestrial Observation System
Offline processing of historical time series
Joint Research Center

Level 2 product

Level 3 product

Local Area Coverage

Leaf Area Index

Long Time Data Record

Long Time Series

Moderate Imaging Spectrometer
Normalized Difference Vegetation Index
Near Infrared

Neural Network Technique

Near real Time

Root Mean Square Error

Radiative Transfer Model

Satellite Pour I'Observation de la Terre
Short Wave Infrared

Top of Atmosphere

Top of Canopy

Temporal Smoothing Gap Filling
Vegetation Index

Document-No.

Issue: 11.41

CGLOPS1 _ATBD_LAI1km-V2 © C-GLOPS Lotl consortium
Date: 11.03.2019 Page: 12 of 93



Copernicus Global Land Operations — Lot 1

Date Issued: 11.03.2019 Q)pernicus

Issue: 11.41 Europe’s eyes on Earth

EXECUTIVE SUMMARY

The Copernicus Global Land Service (CGLS) is earmarked as a component of the Land service to
operate “a multi-purpose service component” that provides a series of bio-geophysical products on
the status and evolution of land surface at global scale. Production and delivery of the parameters
take place in a timely manner and are complemented by the constitution of long-term time series.

From 1% January 2013, the Copernicus Global Land Service is providing a set of biophysical
parameters that describe the vegetation dynamics, such as the first version of Leaf Area Index
(LAI), the fraction of absorbed photosynthetically active radiation (FAPAR) and the fraction of
vegetation cover (FCover) products

The Copernicus Global Land Service provides a first version of Collection 1km LAI, FAPAR and
FCover products also known as GEOV1 [GIOGL1_ATBD_LAI[FAPAR/FCOVER]1km-V1]. This
version 1 product were derived from the SPOT/VEGETATION and updated to support PROBA-V
reflectance data. Version 1 products are provided every 10 days, with a temporal basis for
compositing of 30 days and delivered with a 12 days lag in Near Real Time (NRT)
[CGLOPS1_PUM_LAI[FAPAR/FCOVER]1km-V1].

To comply with the Copernicus Global Land Service technical requirements [AD2], a version 2 of
the Collection 1km LAl, FAPAR, FCover products, also known as GEOV2, was derived from
SPOT/VEGETATION data since May 1998 until December 2013 and PROBA-V since January
2014 onwards. Similarly to Version 1, Version 2 capitalizes on the development and validation of
already existing products: CYCLOPES version 3.1 and MODIS collection 5 and the use of neural
networks (Baret et al. 2013; Verger et al. 2008). The Version 2 of the Collection 1km products are
derived from top of canopy daily (S1-TOC) reflectances instead of normalized top of canopy 30-
day composited reflectances as in the Version 1. As compared to Version 1, the compositing step
is performed at the biophysical variable level instead of reflectance level. This allows reducing
sensitivity to missing observations and avoiding the use of a BRDF model. The version 2 of
products has a high consistency with the Version 1 but provides an improved continuity and
smoothness and includes a near Real Time estimate.

This Algorithm Theoretical Based Document (ATBD) describes the proposed algorithm for the
generation of Collection 1km LAI, FAPAR and FCover version 2 products derived from
SPOT/VEGETATION and PROBA-V data. They are provided every 10 days, with a temporal basis
for compositing between +15 and +60 days depending on the number of available valid
observations. They are delivered with a maximum of 3 days lag in Near Real Time, followed by
consolidations in the course of the next 6 dekads.
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1 BACKGROUND OF THE DOCUMENT

1.1 ScoPE AND OBJECTIVES

One of the main objectives of Copernicus program is to provide to the scientific community as well
as other stakeholders including policy makers, the proper information required for several
applications. The products are then operationally generated and delivered freely through the
Copernicus Global Land Service portal (http://www.land.copernicus.eu/global) in near real time as
well as in offline mode (time series from 1999 to present).

This document provides a detailed description and justification of the algorithm proposed for
Version 2 of the algorithm used to assess the Collection 1km LAI, FAPAR and FCover from the
daily S1 TOC SPOT/VEGETATION and PROBA-V reflectances.

A theoretical validation is proposed along with a comparison with Version 1 of Collection 1km
products, Version 1 of Collection 300m products, MODIS C5 products (Myneni et al. 2002); the
consistency between VGT and PROBA-V V2 products is also assessed. Further validation of the
products is completed by a full quality assessment analysis according to the Service Validation
Plan [CGLOPS1 SVP]. The results are presented in the quality assessment reports
[GIOGL1_QAR_LAI[FAPAR/FCOVER]1km-VGT-V2 and
CGLOPS1_QAR_LAI[FAPAR/FCOVER]1km-PROBAV-V2]

1.2 CONTENT OF THE DOCUMENT

This document is structured as follows:

e Chapter 2 recalls the users requirements

o Chapter 3 contains the definition of the proposed products, a brief description of the used
VGT and PROBA-V data and the outline of the algorithm

e Chapter 4 describes the algorithm in details

e Chapter 5 presents the algorithm performance

1.3 RELATED DOCUMENTS
1.3.1 Applicable documents

AD1: Annex | —Technical Specifications JRC/IPR/2015/H.5/0026/0OC to Contract Notice 2015/S
151-277962 of 7wAugust 2015

AD2: Appendix 1 —Copernicus Global land Component Product and Service Detailed Technical
requirements to Technical Annex to Contract Notice 2015/S 151-277962 of 7nAugust 2015

AD3: GIO Copernicus Global Land —Technical User Group —Service Specification and Product
Requirements Proposal —SPB-GI0-3017-TUG-SS-004 —Issue 11.0 —26xnMay 2015
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1.3.2 Input

Document ID

GIOGL1_SSD

CGLOPS1_SVP

GIOGL1_ATBD_LAI[FAPAR/FCO
VER]1km-V1

GIOGL1_ATBD_PROBA2VGT

ImagineS_RP2.1_ATBD-LAI300m

CGLOPS1_PUM_LAI[FAPAR/FC
OVER]1km-V1

Descriptor

Service Specifications of the Copernicus Global Land
Service.

Service Validation Plan of the Copernicus Global
Land Service

Algorithm Theoretical Basis Document of Version 1 of
Collection 1km LAI, FAPAR, FCover products

Algorithm Theoretical Basis Document of the pre-
processing module to convert PROBA-V data in VGT-
like data

Algorithm Theoretical Basis Document of LAl,
FAPAR, FCover products derived from PROBA-V
data at 300m resolution

Product User Manual of Collection 1km LAI, FAPAR,
FCover Version 1 products

GIOGL1_VR_LAI[FAPAR/FCOVER Validation Report describing the results of the

]1km-V1

1.3.3 Output

Document ID

CGLOPS1_PUM_LAI[FAPAR/FC
OVER]1km-V2

GIOGL1_QAR_LAI[FAPAR/FCO
VER]1km-VGT-V2

CGLOPS1_QAR_LAI[FAPAR/FC
OVER]1km-PROBAV-V2

scientific quality assessment of the SPOT/VGT LAl
Collection 1km V1 products

Descriptor

Product User Manual summarizing all information about
Collection 1km LAI, FAPAR, FCover Version 2 product

Quality Assessment Report of the Collection 1km LAl
FAPAR, FCover Version 2 product derived from
SPOT/NVGT

Quality Assessment Report of the Collection 1km LAl,
FAPAR, FCover Version 2 product derived from PROBA-V
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1.3.4 External documents

Document ID Descriptor
PROBAV_PUM PROBA-V Products User Manual
Available at http://proba-v.vgt.vito.be/sites/proba-v.vgt.vito.be/files/Product_User_Manual.pdf
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2 REVIEW OF USERS REQUIREMENTS

According to the applicable document [AD2] and [AD3], the user’s requirements relevant for LAl,
FAPAR, FCover are:

Definition:

O

Leaf Area Index (LAI): One half of the total projected green leaf fractional area in the
plant canopy within a given area; Representative of the total biomass and health of
vegetation (CEOS)

Fraction of absorbed PAR (FAPAR): Fraction of PAR absorbed by vegetation for
photosynthesis processes (generally around the “red”. PAR stands for
Photosynthetically Active Radiation).

Fractional cover (FCover): Fractional cover refers to the proportion of a ground
surface that is covered by vegetation.

Geometric properties:

O

The baseline datasets pixel size shall be provided, depending on the final product,
at resolutions of 100m and/or 300m and/or 1km.

The target baseline location accuracy shall be 1/3 of the at-nadir daily field of view
Pixel co-coordinates shall be given for centre of pixel

Geographical coverage:

o O O O O

geographic projection: lat long
geodetical datum: WGS84
pixel size: 1/112° - accuracy: min 10 digits
coordinate position: pixel centre
global window coordinates:
= Upper Left: 180°W-75°N
= Bottom Right: 180°E, 56°S

Time definitions:

O

As a baseline the biophysical parameters are computed by and representative of
dekad, i.e. for ten-day periods (“dekad”) defined as follows: days 1 to 10, days 11 to
20 and days 21 to end of month for each month of the year.

As a trade-off between timeliness and removal of atmosphere-induced noise in
data, the time integration period may be extended to up to two dekads for output
data that will be asked in addition to or in replacement of the baseline based output
data.

The output data shall be delivered in a timely manner, I. e. within 3 days after the
end of each dekad.
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e Ancillary information:

the number of measurements per pixel used to generate the synthesis product
the per-pixel date of the individual measurements or the start-end dates of the
period actually covered

o quality indicators, with explicit per-pixel identification of the cause of anomalous
parameter result

e Accuracy requirements:

o Baseline: wherever applicable the bio-geophysical parameters should meet the
internationally agreed accuracy standards laid down in document “Systematic
Observation Requirements for Satellite-Based Products for Climate”. Supplemental
details to the satellite based component of the “Implementation Plan for the Global
Observing System for Climate in Support of the UNFCCC”. GCOS-#154, 2011”
(Table 1).

o Target: considering data usage by that part of the user community focused on
operational monitoring at (sub-) national scale, accuracy standards may apply not
on averages at global scale, but at a finer geographic resolution and in any event at
least at biome level.

Table 1: GCOS requirements for LAl and FAPAR as Essential Climate Variables (GCOS-154, 2011)

Variable/ Horizontal Vertical Temporal

Parameter Resolution Resolution Resolution FEELTEL Stability

LAI 2- weekly Max(20%: 0.5) | Max(10%: 0.25)
averages

2- weekly

averages on o
250 m N/A (based on daily | Max(10%; 0.05) | Max(3%; 0.02)

sampling)

Note however that the uncertainty associated to LAl reference maps is expected to be around 1
LAI units for forest (Fernandes et al. 2003) or around 0.5 for croplands (Martinez et al. 2009).
Therefore, with the available ground truth reference data we cannot achieve the GCOS target
requirement for LAI satellite-based products. Further research on FAPAR should be conducted to
evaluate the uncertainty attached to ground reference maps, which should be also slightly higher
than the GCOS requirement for satellite-based products

Additionally, the Technical User Group of the Copernicus Global Land [AD3] has recommended
new uncertainty levels for FAPAR and FCover (Table 2) while for LAI the users did not come to an
agreement.
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Table 2: CGLOPS uncertainty levels for FAPAR and FCover products

Optimal Target Threshold

FAPAR

FCover

e Additional user requirements

The GCOS requirements are supplemented by application specific requirements identified by the
WMO (Table 3). These specific requirements are defined at goal (ideal), breakthrough (optimum in
terms of cost-benefit), and threshold (minimum acceptable). In most cases the GCOS
requirements satisfy threshold levels (especially considering that GCOS requirements greatly
exceed threshold spatial resolution requirements so random errors will cancel during spatial
aggregation).

Table 3: WMOs requirements for global LAl and FAPARproducts (From http://www.wmo-
sat.info/oscar/requirements); G=goal, B=breakthrough, T=threshold.

A a patial Resolutlio emporal Resolutlo

Applicatio ariable % oF

G| B T G B T G B T
P LAl 5110 | 20 2 10 50 1 5 10
ODAd ead e ed O
FAPAR
regional Weathe LAl 15 10|20 1 5 L4 | o5 1 2
Pred 0 FAPAR 20
drolog LAI 5 8 20 | 0.01 0.1 10 7 11 24
LAI 5 7 10 | 0.01 0.1 10 5 6 7
AQ a eteorolog
FAPAR 8 20 5 13.6 100 1h 0.25 7
Rl FAPAR (5| 7 | 10| 50 | 100 | 500 | 7 12 | 30
LAI 0.85 10
ate-Ca e 7 1 2 1
bon MoGeling  provoyvous i 002 571> 3 30
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3 OVERVIEW

3.1 THE CONSIDERED PRODUCTS

The considered products correspond to actual vegetation biophysical variables that are defined
below.

3.1.1 FAPAR

FAPAR corresponds to the fraction of photosynthetically active radiation absorbed by the canopy.
The FAPAR value results directly from the radiative transfer model in the canopy which is
computed instantaneously. It depends on canopy structure, vegetation element optical properties
and illumination conditions. FAPAR is very useful as input to a number of primary productivity
models based on simple efficiency considerations (Prince 1991). Most of the primary productivity
models using this efficiency concept are running at the daily time step. Consequently, the product
definition should correspond to the daily integrated FAPAR value that can be approached by
computation of the clear sky daily integrated FAPAR values as well as the FAPAR value computed
for diffuse conditions. To improve the consistency with other FAPAR products that are sometimes
considering the daily FAPAR value at the time of the satellite overpass under clear sky conditions
(e.g. MODIS), a study investigated the differences between alternative FAPAR definitions during
the FP5/CYCLOPES project. Results show that the daily FAPAR value at 10:00 (or 14:00) solar
time is very close to the daily integrated value under clear sky conditions. To keep a higher
consistency with the FAPAR definition used in the CYCLOPES, and MODIS products, the daily
FAPAR value at 10:00 solar time under clear sky conditions (equivalent to black-sky conditions as
defined also for albedo) was used.

FAPAR is relatively linearly related to reflectance values, and will be little sensitive to scaling
issues (Hilker et al. 2010; Weiss et al. 2000). Note also that the FAPAR refers only to the green
parts of the canopy.

3.1.2 Cover fraction (FCover)

FCover is defined as the fraction of ground surface covered by green vegetation as seen from the
nadir direction. FCover is used to separate vegetation and soil in energy balance processes,
including temperature and evapotranspiration. It is computed from the leaf area index and other
canopy structural variables and does not depend on variables such as the geometry of illumination
as compared to FAPAR. For this reason, it is a very good candidate for the replacement of
classical vegetation indices for the monitoring of green vegetation. Because of its quasi-linear
relationship with reflectances, FCover will be only marginally scale dependent (Weiss et al. 2000).
Note that similarly to LAl and FAPAR, only the green elements will be considered.

3.1.3 Leaf Area Index (LAI)

LAI is defined as half the developed area of photosynthetically active elements of the vegetation
per unit horizontal ground area. It determines the size of the interface for exchange of energy
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(including radiation) and mass between the canopy and the atmosphere. This is an intrinsic canopy
primary variable that should not depend on observation conditions. LAl is strongly non linearly
related to reflectance. Therefore, its estimation from remote sensing observations will be scale
dependent (Garrigues et al. 2006; Weiss et al. 2000). Note that vegetation LAl as estimated from
remote sensing will include all the green contributors such as the understory when existing under
forests canopies. However, except when using directional observations (Chen et al. 2005), LAl is
not directly accessible from remote sensing observations due to the possible heterogeneity in leaf
distribution within the canopy volume. Therefore, remote sensing observations are rather sensitive
to the ‘effective’ leaf area index, i.e. the value that provides the same diffuse gap fraction while
assuming a random distribution of leaves. The difference between the actual LAl and the effective
LAl may be quantified by the clumping index (Chen et al. 2005) that roughly varies between 0.5
(very clumped canopies) and 1.0 (randomly distributed leaves). Note that similarly to the other
variables, the retrieved LAl is mainly corresponding to the green element: the correct term to be
used would be GAIl (Green Area Index) although we propose to still use LAI for the sake of
simplicity.

3.2 VGT AND PROBA-V INSTRUMENTS AND DATA

The input data of Version 2 algorithm are the daily synthesis (S1) Top of Canopy (TOC)
reflectances in 3 bands (B2, B3, MIR) generated and provided by the SPOT/VEGETATION and
PROBA-V programmes through VITO (http://www.vito-eodata.be).

3.2.1 VEGETATION instrument and S1 data

From April 1998 to May 2014, the VEGETATION sensor has been operational on board the SPOT
4 and 5 Earth observation satellite systems. It provided a global observation of the world on a daily
basis. The instrumental concept relied on a linear array of 1728 CCD detectors with a large field of
view (101°) in four optical spectral bands described in Table 4 and Figure 2. Although very similar,
some differences between VEGETATION 1 and VEGETATION 2 instruments have to be noticed,
particularly regarding the spectral sensitivity (Figure 2).

Table 4: Spectral characteristics of the SPOT/VGT and PROBA-V sensor

Acronym Centre (nm) | Width (nm) Potential Applications
VGT PROBA-V VGT PROBA-V
BO 450 463 40 46 Continental Ecosystem -Atmosphere
B2 645 655 70 79 Continental Ecosystem
B3 835 845 110 144 Continental Ecosystem
SWIR 1665 1600 170 73 Continental Ecosystem
Document-No. CGLOPS1_ATBD_LAI1km-V2 © C-GLOPS Lot1 consortium
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Table 5: VGT-S1 data descriptor

VGT-S1TOC Description
planes

PHYS_VOL |Information about the delivery

LOG Information about the product.

Logical - map projection information (general information, geodetic system parameters,
volume projection parameters)

descriptor - cartographic location

- geographic location

- image coordinates (corresponding to carto and geographic location)
- geometric correction

- radiometric correction

- orbit parameters

- date and time

- algorithms references

- production
RIG Copyright descriptor
BO BO spectral band, Radiometry data
B2 B2 spectral band, Radiometry data
B3 B3 spectral band, Radiometry data
SWIR SWIR spectral band, Radiometry data
NDV NDVI
SM Status Map

Bit NR 7: Radiometric quality for BO coded as 0 if bad and 1 if good
Bit NR 6: Radiometric quality for B2 coded as 0 if bad and 1 if good
Bit NR 5: Radiometric quality for B3 coded as 0 if bad and 1 if good
Bit NR 4: Radiometric quality for MIR coded as 0 if bad and 1 if good
Bit NR 3: land code 1 or water code 0

Bit NR 2: ice/snow code 1, code O if there is no ice/snow

BitNR 1: 0 0 1 1
BitNRO: 0 1 0 1
Clear Shadow Uncertain Cloud

VZA view zenith angles
VAA view azimuth angles
SZA sun zenith angles
SAA sun azimuth angles
TG Time Grid
QL Quick Look
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The spatial resolution is 1.15 km at nadir and presents minimum variations for off-nadir
observations. The 2200 km swath width implies a maximum off nadir observation angle of 50.5°.
About 90% of the equatorial areas are imaged each day, the remaining 10% being imaged the next
day. For latitudes higher than 35° (North and South), all regions are acquired at least once a day.
The multi-temporal registration is about 300 meters.

The VGT Collection 3 daily S1 TOC reflectance products are used in Version 2 of Collection 1km
algorithm. VGT-S1 products are daily VEGETATION images, corrected from system errors (error
registration of the different channels, calibration of all the detectors along the line-array detectors
for each spectral band, dark current, geometry) and resampled to the Plate Carrée projection
(lat/lon, WGS84). The pixel brightness count is the ground area's apparent reflectance as seen at
the top of atmosphere (TOA) in the four VEGETATION bands. The TOA resulting reflectances are
then corrected from atmospheric effects using the SMAC algorithm. SMAC inputs are derived from
the Numerical Weather Prediction (NWP) model for water vapour, a climatology for ozone, the
Global Land Surface Digital Elevation model for pressure and using the optimization algorithm from
Maisongrande et al (2004). The data are then flagged thanks to dedicated cloud/ice/snow/shadow
detection algorithm. Finally, the 1-day synthesis is composed of the 'best’ ground reflectance
measurements of images received during one day. The VGT-S1 TOC product planes are
described in Table 5.

3.2.2 PROBA-V instrument and S1 data

The PROBA-V Collection 0 S1 TOC reflectance products were used to set-up Version 2 of
algorithm.

The PROBA-V sensor has been launched on 6™ May 2013 onboard the PROBA platform. It was
designed to bridge the gap in space-borne vegetation measurements between SPOT-VGT (March
2018 — May 2014) and the Sentinel-3 satellites launched in 2016. The mission objective is to
ensure the continuity with the heritage of the SPOT-VGT mission.

PROBA-V operates at an altitude of 820 km altitude in a sun-synchronous orbit with a local
overpass time at launch of 10:45 h. Because the satellite has no onboard propellant, the overpass
time is expected to gradually differ from the at-launch value. After launch, the local overpass time
first increased to 10:50h in October 2014, followed by a decrease to 10:45h in June 2016. By end-
of-mission in March 2020, the Local Time of Descending Node will be at ~09:30h.

The instrument has a Field Of View of 102.6°, resulting in a swath width of 2295 km. This swath
width ensures a daily near-global coverage (90%) and full global coverage is achieved every 2
days. An array of 6000x4 elements is used in the VIS-NIR (only 3 bands on the 4 potential ones
are used) yielding to a ground sampling distance that varies across the swath from 100m up to
350m at the extremities of the swath (Figure 1, left). The SWIR domain is sampled using 3 arrays
of 1024 elements, providing a ground sampling distance about twice as that in the VIS-NIR (Figure
1, right). This obviously poses a problem regarding the consistency of the radiometric information
between the VIS-NIR and SWIR domains.
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Figure 1: Ground sampling distance (GPS in m) as a function of the position on the swath (in km) for
the VIS-NIR (left) and SWIR bands (right).
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Figure 2: Spectral Response Functions of VGT1, VGT2, and the three PROBA-V cameras,
superimposed with a spectrum of green grass (Blue, Red, NIR and SWIR bands, respectively).

The optical design of PROBA-V consists of three cameras. Each camera has two focal planes, one
for the short wave infrared (SWIR) and one for the visible and near-infrared (VNIR) bands. The
VNIR detector consists of four lines of 5200 pixels. Three spectral bands were implemented,
comparable with SPOT-VGT: BLUE, RED, and NIR (Table 4). The SWIR detector is a linear array
composed of three staggered detectors of 1024 pixels. The normalized spectral response functions
of the four spectral bands of PROBA-V are shown in Figure 2.
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The PROBA-V processing is described in Sterckx et al. (2014) and Dierckx et al. (2014). The
description of the PROBA-V S1 TOC products is summarized in Table 6 and detailed in the
Product User Manual [PROBAV_PUM].

Table 6: PROBA-V S1 data descriptor

PROBA-V planes Description

BO BO spectral band, Radiometry data

B2 B2 spectral band, Radiometry data

B3 B3 spectral band, Radiometry data

SWIR SWIR spectral band, Radiometry data

NDVI Normalized Difference Vegetation Index data
QC Quiality Control

Bit NR 7: Radiometric quality for BO coded as O if bad and 1 if good
Bit NR 6: Radiometric quality for B2 coded as O if bad and 1 if good
Bit NR 5: Radiometric quality for B3 coded as 0 if bad and 1 if good
Bit NR 4: Radiometric quality for MIR coded as 0 if bad and 1 if good
Bit NR 3: land code 1 or water code O

Bit NR 2: ice/snow code 1, code O if there is no ice/snow

BitNR 1: 0 0 1 1
BitNRO: 0 1 0 1
Clear Shadow Uncertain Cloud

VZA-VNIR view zenith angles for Visible and Near Infra Red channels
VAA-VNIR view azimuth angles for Visible and Near Infra Red channels
VZA-SWIR View zenith angles for SWIR channel
VAA-SWIR View azimuth angles for SWIR channel
SZA sun zenith angles
SAA sun azimuth angles
TIME Observation timing information

3.3 RATIONALE FOR THE ALGORITHM SELECTION AND DESIGN

The objective is to develop an algorithm dedicated to the estimation of Version 2 of Collection 1km
LAI, FAPAR and FCover from the VEGETATION and PROBA-V 1km series of observations. The
algorithm should provide improved estimates as compared to Version 1 products although derived
from the same series of observations. These Version 2 of LAI, FAPAR and FCover products
should have the same temporal sampling frequency of 10 days. Similarly to Version 1, the Version
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2 products capitalize on the development and validation of already existing products: CYCLOPES
Version 3.1 and MODIS Collection 5 and the use of neural networks calibrated with VGT
reflectances. The basic underlying assumption is that a strong link exists between VGT
reflectances and the fused product resulting from CYCLOPES and MODIS products. Products
should also be associated with quality assessment flags as well as quantified uncertainties. The
algorithm runs at the pixel level. The main improvements targeted for Version 2 as compared to
Version 1 are:

e Version 2 offers near real time (RT) estimation, in addition of historical (H) data series.

e Version 2 improves the smoothness as compared to Version 1. Despite being one of the
smoothest available products, Version 1 still include some problems, particularly over
cloudy areas [GIOGL1_VR_LAI[FAPAR/FCOVER]1km-
V1GIOGL1_VR_LAI[FAPAR/FCOVER]1km-V1] (Camacho et al. 2013).

e Version 2 has no missing data due to the use of the climatological gap filling while Version
1 has 20% of missing data as evaluated over the BELMANIP2.1 sites
(http://calvalportal.ceos.org/web/olive/site-description) from 1999 to 2010 (Verger et al.
2014b).

3.4 ALGORITHM OUTLINE

The algorithm starts from the daily S1 top of the canopy reflectances. Daily LAl, FAPAR and
FCover variables are estimated first using neural networks (Branch A in Figure 3). The output is
the daily first guess of the LAI, FAPAR and FCover. Then, dekadal composites of LAI, FAPAR and
FCover are produced from the daily estimates issued from Branch A using specific processing
branches depending on the considered time series:

e The past-time series (Branch B in Figure 3) corresponds to the historical period where, for
a given dekad ‘d’ to be processed, the ‘n’ dekads before ‘d’ and after ‘d’ in the time series
are available. ‘n’ is the number of dekads required for convergence of LAI, FAPAR and
FCover values. ‘n’ is fixed to 6 (cf. section 4.3.2). In Branch B, a climatology coming from
Version 1 VGT products is used and the estimation of the final LAI, FAPAR and FCover is
achieved through the integration of CACAO module in TSGF processing.

e The real time products (Branch C in Figure 3) are derived for the most recent limited
season (around 2 months) using similar principles as those for the past-time series. Note
that, each time a new dekad is processed (real time estimates), the recent past values of
the variables are updated. This results in successive updates of the LAI, FAPAR, FCover
that converge towards the past time series values after the ‘convergence period’ (up to
about 2 months).

Note that for the first past dekads, no past data is available (from d1 to d1+n). Here, Branch C is
run in reverse mode (it is called C- as opposed to the forward mode for real time estimation called
C+).
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Figure 3: Flow chart the three processing branches (A, B and C). First, daily S1 top of canopy
reflectance products are transformed into daily estimates of LAI, FAPAR and FCover using specific
neural networks (NNTs) for Evergreen Broadleaf Forest (EBF) or non_EBF pixels (Branch A). Second,
dedicated filtering, smoothing, gap filling and compositing temporal techniques are applied. The
inputs of this second step are the daily estimates, the sun zenith angle of the observations, the
pixel’s latitude, a climatology of LAIl, FAPAR and FCover, and the EBF and Bare Soil (BS) landcover
classes derived from the climatology. The outputs are the final dekadal V2-HIST estimates when
processing historical time series (Branch B) and V2-NRT in near real time (Branch C).

Figure 4 shows how the various branches are applied over the several time periods:

e Branch B is first applied over the d1+n to the dx-n dekads, where d1 is the first dekad of
the time series, dx the dekad corresponding to the time when the Branch C processing
starts and ‘n’ is the number of dekads required for convergence.

e Branch C+ is applied over the dx-n to dx period for the real time estimation at dx. Then, for
each new dekad, Branch C is applied over the convergence period ‘n’ to account for the
lack of observations in the future. The product is ‘consolidated’ over a dekad dc at the
dekad dc+n. The convergence period n was fixed to 6 dekads, when the estimates by
Branch C converge towards that of Branch B.
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e Branch C- is applied over the d1 to d1+n period in reverse mode (C-) to account for the
lack of past data for consolidation of the algorithm.

Although the proposed scheme includes many branches, they share some commonalities: in
Branch B and Branch C, a common algorithm deals with possible dissymmetry and lack of
observations (existing gaps or projection). Branch C+ is similar to Branch B except that the product
needs to be updated until reaching convergence. Further, Branch C+ uses some inputs from
Branch B. Branch C- is the same as Branch C+ except that it is run in the reverse mode to account
for the lack of observations before the dekadal date where estimates have to be computed.
Obviously, no updates are proposed for Branch C-.

di dil+n dx dx+1 dx+n

Past Projection Historic Period Consolidated Period | Convergence Period

Figure 4: Chronograph showing the several periods considered and the associated branches (B, C-
,C+) used to process the data. d1 and dx correspond to the first and last dekad in the time series at
the time of implementation of V2 algorithm. n is the number of dekads required for convergence.
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4 ALGORITHM DESCRIPTION

In this section, the inputs and outputs are described, along with the quality flags considered. Then,
the several steps of the algorithm are presented in detalils.

4.1 INPUTS

All these inputs are required for each considered pixel.

4.1.1 Top of canopy daily reflectances

The daily synthesis (S1) of Top of canopy reflectances (TOC) in the 3 bands (B2, B3, MIR) of VGT
and PROBA-V are required as inputs. The blue band is not considered to minimize the impact of
residual atmospheric effects. Reflectances should be expressed in terms of reflectance factor,
mainly varying between 0.0 and 0.7 for most land surfaces outside hot-spot or specular directions
and snow or ice cover.

4.1.2 Geometry of acquisition

Since S1 products are not normalized, geometry information is required as input to the neural
network for the three variables. It includes:

e the cosine of the view zenith angle (cos(VZA)),
e the cosine of the sun zenith angle (cos(SZA)),
¢ the cosine of the relative azimuth angle (cos(SAA-VAA))

4.1.3 GEOCLIM: climatology of Version 1 VGT LAI, FAPAR and FCover

GEOCLIM (Verger et al. 2015), the climatology of LAI, FAPAR and FCover defined as the average
inter-annual value from Version 1 of Collection 1km products from VGT time series, is used as
background information for the processing of the past time series (Branch B) and projections for
real time estimates (Branch C). Based on the LAI climatology, pixels corresponding to evergreen
broadleaf forest (EBF) and permanent bare soils (BS) were identified by a particular quality flag
(QF). This work is described in detail in [GIOGL1_ATBD_LAI[FAPAR/FCOVER]1km-V1]. It is also
described in Annex 1.

For the pixels identified as EBF, the corresponding flag QC(11) in Table 11 is set to 1. For the
pixels identified as BS, the flag QC(12) in Table 11 is set to 1.

4.1.4 Algorithmic parameters

The algorithm uses a series of parameters listed in Table 7 for Branch A and

Table 8 for Branch B and Branch C. Their roles and usages are further described in the various
paragraphs of Section 4.3.
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Table 7: The algorithmic parameters used in Branch A. *indicates whether a parameter is applied
only in PROBA-V processing or also for VGT.

Parameter Description Value ‘ Unit Step* Section
Slope of the spectral conversion for 2A-
OB, /B3/SWIR B,, B; and SWIR input reflectance See Table 12 i py | 4812
Offset of the spectral conversion for 2A-
P 53 /swir B,, B3 and SWIR input reflectance See Table 12 py | 4312
LAI/FAPAR/FCOVER | Rescaling a,, a4, a, as coefficient for 5A-
Qo/1/2/3 LA?I FOAP,lAR ;nd3FCover See Table 13 py | 4315
' Tolerance minimum on LAI used to
tol]\ T reject estimated values outside the -0.20 - 6A 43.1.6
expected range of variation
. Tolerance minimum on FAPAR used
tolpApar to reject estimated values outside the -0.05 - 6A 43.1.6
expected range of variation
Tolerance minimum on FCover used
tolTil, pr to reject estimated values outside the -0.05 - 6A 43.1.6
expected range of variation
Tolerance maximum on LAl used to
tol[* reject estimated values outside the 7.2 - 6A 4.3.1.6
expected range of variation
Tolerance maximum on FAPAR used
tol R to reject estimated values outside the 0.99 - 6A 4.3.1.6
expected range of variation
Tolerance maximum on FCover used
tol sy ErR to reject estimated values outside the 1.05 - 6A 43.1.6
expected range of variation
Latme Latitude max at which EBF can be 285 o 9A 4319
found
[42.5 43.5 45.5 48.5
51.555.559 64
. Latitude min for each dekad at which 85685582;3559(;%(;%0
LatT3 the GEOCLIM LAI/FAPAR/FCover is : . ° 9A 4.3.1.9

adjusted to the daily Product_1

90 90 90 90 87 83.5

80 75.5 71.5 67 63

59 55 51.5 48.5 46
44 42 5 42)
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Parameter

Description

Table 8: The algorithmic parameters used in Branch B and Branch C

Section

; Latitude min at which daily estimates are
min o
Latyincer filtered in winter time 55 1B 4321
Sun Zenith Angle (SZA) for norther high
SZAHL latitudes at which daily estimates are 70 ° 1B 4321
filtered
i LAI min in winter time at which daily
min -
LALyincer estimates are filtered 0.5 1B 4321
; LAI min in EBFs at which daily estimates
min -
LAIEBF are filtered 55 1B 4.3.2.1
Minimum number of daily estimates
min within each side of the dekadal date i
nrsr being smoothed for the application of 6 2B 4322
TSGF
Maximum length of the half compositing
max
lengthT$ window in TSGE 60 days 2B 4.3.2.2
; Minimum length of the half compositing
lengthTéte window in TSGE 15 days 2B 4.3.2.2
; Scale factor applied to the weights of the
Climato _
Scaley climatology values in TSGF 0.5 2B 4322
Product 1 Weights of Product_1 estimates in the i
Witer=1 first iteration of TSGF 1 2B 4.3.2.2
i Weights of the climatology values in the
Climato -
Witer=1 first iteration of TSGF 0.5 2B 43224322
) Number of iteration of the gap filling
MLeTgap procedure in TSGF 2 i 2B 43.2.2
niter Number of iterations TSGF is applied 3 3B 4.3.2.3
Length of the half compositing window
lengthoutiier for the third outlier rejection 15 days 3B 4323
Value of outlier threshold (absolute
abs -
toloutiier value) used to detect outliers 0.10 3B 4323
Value of outlier threshold (relative value)
rel 0,
toloustier used to detect outliers 15 % 3B 43.2.3
Threshold distance to the base level
base _
toloutiier used to detect outliers 0.5 3B 4323
Threshold distance to TSGF estimates
TSGF _
toloutiier used to detect outliers 0.5 3B 4323
Threshold LAI value at the base level
base _
LAloutiier used to detect oultiers 0.5 3B 4323
i Minimum Percentile 90 used to detect
min -
PI0T Y ier outliers 0.5 3B 43.2.3
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Threshold LAI value (absolute value)

abs -
tolcacao-Lar used for CACAO computation 0.10 4B 4.3.24
Threshold FAPAR and FCover value
tolghs o rAPAR—FCOVER (absolute value) used for CACAO 0.025 - 4B 43.2.4
computation
Threshold (relative value) used for
rel 0
tolcacao CACAO computation 15 % 4B 4.3.2.4
Amplitude Relative value of amplitude used to 0
Acacao define the sub-seasons in CACAO 30 % 4B 4.3.2.4
; Relative value of length period used to
Period 0
Acacao define the sub-seasons in CACAO 30 % 4B 4.3.2.4
shiftmex Shift max of CACAO 60 days 4B 4.3.2.4
Stebcacao Temporal step of application of CACAO 5 days 4B 4.3.2.4

Threshold (relative value) of available
Thr;Sub-season daily estimates in a sub-season for the 10 % 4B 4.3.2.4
application of CACAO

Threshold (relative value) of the
Thrghb season amplitude of estimates in a sub-season 30 % 4B 4324
for the application of CACAO

Minimum number of daily estimates

nBacEEF required to fit CACAO over BS and EBF 10 - 4B 43.2.4
pixels
Apoen Extended peg%dc(,z‘nomonths) to fit 6 months | 4B 4324

. Minimum number of daily estimates
NRy<E required to compute the uncertainty, 2 - QA 4.3.5
RMSE, of the product value

4.2 OUTPUTS

Three types of outputs are expected:

¢ The dekadal values of LAI, FAPAR and FCover
e Quantitative quality assessment (QA) indicators of the products
¢ Qualitative quality indicators (QC)
They are computed by application of the algorithm over each pixel at each dekadal date.

421 The LAl FAPAR and FCover values

The range of variation and resolution of LAI, FAPAR and FCover are presented in Table 9. The
physical values are retrieved from the Digital Number (DN) by:

PhyVal = DN * Scaling_factor + Offset

where the scaling factor and the offset are given in the table below.
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Table 9: Minimum, maximum values and associated resolution for LAI, FAPAR and FCover products.
Note that these values are also valid for the climatological products.

Variable Physical Physical Max DN  Missing Scaling Offset
Minimum  Maximum value value factor
LAI 0.0 7.0 210 255 1/30
FAPAR 0.0 0.94 235 255 1/250
FCover 0.0 1.0 250 255 1/250 0

4.2.2 Quality indicators
In addition to the product values, other quantitative quality indicators (Table 10) and quality flags
are also provided.

The quantitative metrics NOBS, RMSE and LENGTH_BEFORE, LENGTH_AFTER are ancillary
layers describing the quality of the product (Table 10). See Section 4.3.5 for more details.

Table 10: Minimum, maximum values and associated resolution for quantitative quality indicators of
LAI, FAPAR and FCover.

. . Max Missing .
Description Physwal Phy'S|caI DN value Szl
Minimum  Maximum factor
NOBS Number of valid daily
estimates in the 0 120 120 0 1 0
compositing window
LENGTH_ | Length in days of the semi-
BEFORE period of compositing 5 60 60 255 1 0
before the dekad d
LENGTH_ | Length in days of the semi-
AFTER period of compositing after 5 60 60 255 1
the dekad d
RMSE-LAI RMSE between the final
dekadal LAl value and the
daily estimates in the 0.0 7.0 210 255 1/30
compositing period
RMSE- RMSE between the final
FAPAR dekada_l FAPAR valge and 0.0 0.94 235 255 1/250
the daily estimates in the
compositing period
RMSE- RMSE between the final
FCover dekada] FCoyer valu_e and 0.0 10 250 255 1/250
the daily estimates in the
compositing period
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(*) Note that for NOBS=0 (no observations in the +60-day period), LAI, FAPAR and FCover values may still be provided
through the gap-filling, indicated by the highest bits of QFLAG (value >= 4096).

The qualitative quality flag (QC) indicator is coded as a 16-bit (2 byte) pattern specified in Table 11.
Bit number 1 is the least significant bit (right-most). The QC value 65535 is used for missing (non-
processed) pixels.

e Bit 1 refers to the land-sea mask based upon the GLC-2000 land cover map (Bartholomé
and Belward 2005).

o Bit 3 is activated when gap-filling is applied.

e Bit 6 is activated when no available observations exist in the compositing period (NOBS=0).

e Bits 7-9 are activated when LAI, FAPAR and FCover values, respectively, are not available
(out of range or invalid).

e Bit 10 is activated when a specific correction is applied for northern high latitudes at
extreme illumination conditions.

e Bit 11 is activated when the pixel is recognized as Evergreen Broadleaf Forest based on
GEOCLIM climatology.

e Bit 12 is activated when the pixel is recognized as Bare Soil based on GEOCLIM
climatology. Note that some pixels correspond indeed to inland-water bodies not identified
in the land-sea mask (Bit 1).

e Bit 13 is activated when gap-filling is based on the climatology.

e Bit 14 is activated when gap-filling is based on linear interpolation.

Table 11: Description of the quality flag provided for the LAI, FAPAR, FCover.

Bit=0 Bit=1

Bit 1: Land/Sea Land Sea
Bit 2: Not used
Bit 3: Filled No filled The number of valid observations at (at least)

one side (the left side in the NRTO case) of the
+60-day period is lower than 6 and a gap filling
procedure (Bit 13-14) is applied

Bit 4 : Not used
Bit 5: Not used

Bit 6: Input status OK | No valid observations within +60 days (-60 days

in the NRTO case)

Bit 7: LAI status OK, in expected range Out of range or invalid
including tolerance

Bit 8: fAPAR status OK, in expected range Out of range or invalid
including tolerance

Bit 9: FCover status OK, in expected range Out of range or invalid
including tolerance

Bit 10: HLAT status No specific correction for A specific correction for high latitudes (lat >

high latitudes is applied 559) and SZA>70° is applied
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Bit 11: EBF status Pixel is not recognized as Pixel is recognized as

Evergreen Broadleaf Forest Evergreen Broadleaf Forest

Bit 12: BS status Pixel is not recognized as Pixel recognized as Bare Saoll
Bare Soll

Bit 13: Climatology Not filled Filled with climatology

Bit 14: Gap filling Not filled Filled with interpolation

4.3 DETAILED DESCRIPTION

The several steps of the algorithm are presented here.

4.3.1 Daily LAI, FAPAR and FCover estimates (Branch A)

The Branch A corresponds to a first estimate of daily LAI, FAPAR and FCover (called here Inst.
Product_1) and to the preparation of the climatology and the percentiles 5 and 90% of LAl,
FAPAR, FCover which are used as background information for the temporal composition in Branch
B and Branch C. Some differences exist in Branch A for VGT (Figure 5 and PROBA-V (Figure 6).
In particular, the steps 8A and 9A required, respectively, for the computation of the percentiles and
the climatology data are specific for VGT (Figure 5). Note that only VGT provides an archive of
time series long enough for the computation of this background information. Conversely, steps 2A
and 5A are only applied for processing PROBA-V. These steps are required to minimize the
differences of the inputs and outputs of the neural networks when run with PROBA-V but trained
with VGT data.

Status map 1A

DEﬂnition , Input outlier S N T l:
S o GEOV1/VGT !
. |
climatology I
NNT coefs :
-
y 1
Physical range W Output outlier . |
+ tolerance rejection ; 1
1
FCOVER=min(FCOVER, :
FAPAR/0.94) 1
GEOV1 :
corrected |
Climatology 1
1
1
e — -

Figure 5: Flow chart describing the Branch A for daily product estimation from VGT.
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FAPAR/0.94) 7A

Daily
Product_1

Figure 6: Flow chart describing the Branch A for daily product estimation from PROBA-V. The
differences in Branch A between VGT (Figure 5) and PROBA-V are highlighted in red.

4.3.1.1 Rejection of input data based upon their quality status (Step 1A)

The status map plane of VGT and PROBA-V S1-TOC reflectances is first used to keep only the
best quality pixels. The neural network is only applied to pixels that are considered valid i.e. if their
value in the status map (Table 5 and Table 6) is equal to 248 = 11111000: clear pixels with all the
3 bands (B2, B3 and SWIR) having good radiometric quality, located over land, not covered by ice
or by snow. The neural networks are only applied to these pixels.

4.3.1.2 Spectral conversion of PROBA-V reflectances (Step 2A)

This step 2A is only applied when the Version 2 algorithm is run using PROBA-V S1 reflectances.
It is not applied when using VGT data as input.

Since the training of neural networks was based on VGT S1 TOC data (Annex 2), VGT-like
reflectances are required for the application of neural networks. Because the spectral
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characteristics of PROBA-V sensor are slightly different from those of VEGETATION (Table 4), a
spectral conversion was applied on the actual PROBA-V TOC reflectances as:
PVGT(Bx) = ®Bx- PprOBA(BX) + By

where pyr(gy) IS the converted PROBA-V TOC reflectance (called VGT* S1 TOC in (Figure 6) and

Prropa(Bx) is the TOC PROBA-V reflectance and ag, is the conversion coefficient for band Bx
(Table 12).

Table 12: Spectral conversion coefficients (agx and fzy) between VEGETATION and PROBA-V sensors
[GIOGL1_ATBD_PROBA2VGT]

B2 B3 SWIR
apy 1.001869321 0.998005748 0.986722946
By, 0.002362609 0.000112021 0.002070232

4.3.1.3 Input outlier rejection (Step 3A)

To determine if a set of inputs (reflectance in the B2, B3 and SWIR bands, cosine of the view
zenith, sun zenith and relative azimuth angle) is valid for the neural networks, the following criteria
need to be met (Annex 2):

1 ¢

. . 1
e Air mass test: oS SIA + oS VZA =

e Soil line: Reflectances above the soil line in the B2, B3 and SWIR bands:

PB2—0.04 pB2—0.08
> > rB2 7%
Pp3 = 0.54 05—004 OU Pswir 07005 0.08

where pg,, pp3z and psyr represent respectively the S1 TOC reflectance for bands B2, B3
and SWIR. The data points lying below the soil line were flagged as outliers due to their
high probability of being contaminated by significant fraction of water-bodies or clouds.

e The top of canopy reflectances are within the definition domain

If any of these criteria is not met, the corresponding input values are considered as outliers. This
should allow rejecting cloud/snow/water/directional contaminated values.

4.3.1.4 Daily estimates of LAI, FAPAR and FCover using neural networks (Step 4A)

Two specific neural networks for EBF and nonEBF were previously calibrated for each of the 3
variables considered (LAI, FAPAR, and FCover) (see Annex 2). The EBF NNTs are then used for
pixels identified as EBF (QFgsr =1) based on GEOCLIM (See Section 4.3.1.9) and the nonEBF
NNTs are used for the nonEBF pixels (QFeggr =0). They are then applied to each individual
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observation (one pixel at a given date) using the S1 top-of-canopy reflectances in the red, NIR and
SWIR bands and the cosine of the three angles characterizing the sun and view directions to
estimate the corresponding daily LAI, FAPAR and FCover values.

4.3.1.5 Rescaling the PROBA-V outputs of the networks (Step 5A)

This step 5A is only applied when the Version 2 algorithm is run using PROBA-V S1 reflectances.
It is not applied when using VGT data as input.

Since the neural networks were trained with VGT S1 TOC reflectances, when applied to PROBA-V
S1 data, the PROBA-V V2 outputs are scaled with respect to VGT V2 outputs to reduce marginal
discrepancies. For each product, we fitted a third order polynomial function of each product over
the median of the residuals, using the learning dataset (Annex 3). The neural network outputs P
have thus to be rescaled using the following equation with the coefficients of Table 13.

— 3 2
PstepSA - Pstep4A - (a3Pstep4A + azpstep4A + alpstep4A + aO)

Table 13: Coefficients used to rescale the neural network PROBA-V outputs issued from step 4A.
Note that step 5A is not applied for VGT which is equivalent to set all the coefficients ag, a;, a,, az to
zero.

LAl FAPAR  FCover
a; | -0.0137 |-0.6921 | -0.6148
a, | 0.0774 | 09837 |0.7901
a, | 0.0947 |-0.3200 |-0.1548
a, | -0.0640 | 0.0064 |0.0022

4.3.1.6 Output outlier rejection (Step 6A)

Daily values that were outside the physical range of variation of the variables extended by the
tolerance limits (Table 7) were rejected. Values that were within the tolerance limits but higher
(lower) than the physical maximum (minimum) (Table 9) were fixed to the physical maximum
(minimum).

4.3.1.7 Ensuring FAPAR-FCover consistency (Step 7A)

The FAPAR value divided its maximum theoretical value (0.94) must remain higher than FCover in
any situations since it can be approximated by the FIPAR (Fraction of Intercepted
Photosynthetically Active Radiation). Indeed, FIPAR is the complementary of the gap fraction at a
higher angle than nadir (that corresponds to FCover). Therefore, to avoid possible physical
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inconsistencies between the estimated FAPAR and FCover values, a final condition must be set to
the outputs of neural networks:
FAPARNNET)

0.94
This way a corrected FCover is generated ensuring the consistency with FAPAR.

FCOVER = min (FCOVERNNET,
The resulting filtered time series are the daily LAI, FAPAR and FCover Product_1 estimates.

4.3.1.8 Computation of percentiles P5 and P90 of daily products (Step 8A)

This step 8A is only applied when the Version 2 algorithm is run in offline (HIST) mode for
processing VGT time series. Its outputs are used for PROBA-V processing.

For each of the LAI/FAPAR/FCover variables, the percentile 5% of daily Product_1 estimates is
computed for each pixel: P5~duct-t

P90 is defined as the percentile 90 of daily LAl Product_1, P90 = p9QProduct-1,

p5Pedetlis an input of step 9A for the computation of P5. P5 and P90 are subsequently used in
Steps 1B and 3B of Branch B and Steps 1C and 3C of Branch C.

4.3.1.9 Preparation of the LAI, FAPAR and FCover climatology (Step 9A)

This step 9A is only applied when the Version 2 algorithm is run in offline (HIST) mode for time
series of at least 5 years (in practice, when using VGT S1 reflectances but not PROBA-V).

The GEOCLIM (Verger et al. 2015) product, a global climatology of LAI, FAPAR, and FCover from
Version 1 (GEOV1) VGT products for 1999-2010 and the quality flags identifying EBF and bare
soil areas (Annex 1: GEOCLIM, a climatology of GEOV1 LAI, FAPAR and FCover) are used as an
input of the Version 2 algorithm as described in section 4.1.3. Some preparatory steps are required
to ingest the GEOCLIM climatology in the processing chain as described in

Figure 5. First, the quality flag QFggr needs to be checked and corrected when necessary. Second,
the P5 parameter needs to be computed for each pixel based on the percentiles 5% of the daily
Product_1 estimates (step 8A) and the GEOCLIM values. To correct possible bias between the
climatology and the daily estimates, the GEOCLIM product is then adapted to the available daily
Version 2 VGT estimates for northern latitudes during the winter period. A daily climatology is
finally computed from the corrected GEOCLIM product based on linear interpolation. These steps
are described hereafter more in detail:

CHECKING THE LANDCOVER QUALITY FLAG

The quality flags QFegr and QFgs resulting from the Version 1 VGT climatology are used in
subsequent steps of Branches B and C. A high agreement with the GLOBCOVER landcover class
was found for EBF and BS classes (compare Figure 37a and Figure 37b). However, very few
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pixels were misclassified as EBF in the West coast of USA due to possible artefacts in Version 1
VGT climatology (Figure 37a). To prevent from misclassification problems observed at northern
latitudes, the QF was forced to 0O for pixels at northern Ilatitudes higher than
LatI¥¥* = 28.5° since EBFs are not expected in these locations:

QF ppp (Lat > LatPie) = 0

COMPUTATION OF P5

For each of the LAI/FAPAR/FCover variables, the P5 values are computed as the minimum values
between P5°™ and P5”"°M -

P5=min(P5C|im , P5PI‘OdUCI_l)

where P5%™ is the percentile 5 of the GEOCLIM products and P57°"“! s the percentile 5 of daily
Product_1 estimates (step 8A).

P5 and P90 (step 8A) are subsequently used in Steps 1B and 3B of Branch B and Steps 1C and
3C of Branch C.

ADAPTATION OF GEOCLIM TO DAILY VERSION 2 VGT ESTIMATES FOR NORTHERN HIGH LATITUDES

The specific correction applied to GEOCLIM (Annex 1) removed the instabilities in the solution but
cannot correct possible biases in the magnitude of original Version 1 LAI, FAPAR, FCover
products used as input data for GEOCLIM. For example, previous studies have also shown that
Version 1 products produce slightly higher values than MODIS for needleleaf forest in winter (Fang
et al. 2013). The specific correction applied in GEOCLIM at northern high latitudes (Annex 1)
reduced these differences but may still result in some overestimation of the seasonal amplitude in
winter time. Accurate estimation of LAI/FAPAR/FCover in needleleaf forests in winter is challenging
because contamination by clouds and snow limits the reliability of the reflectances used as inputs
in the algorithms (Camacho et al. 2013). Further, the strong bidirectional effects of surface-
reflectance at very high latitudes are not well simulated by the radiative transfer models currently
used for product generation (Yang et al. 2006). In addition, the understory and foliage clumping are
not well accounted for (Jiao et al. 2014; Pisek et al. 2010).

The possible bias between GEOCLIM and Version 2 VGT daily estimates may introduce some
artefacts in the final solution of Version 2 products. To correct the overestimation of GEOCLIM as
compared to Version 2 VGT, the GEOCLIM LAI/FAPAR/FCover values are adapted to the daily
Version 2 VGT estimates for high northern latitudes (latitude>40°) during the winter time (defined
here as the period for which the sun zenith angle
SZA > SZAHL with SZAHL = 70°). The GEOCLIM LAI/FAPAR/FCover products higher than the
percentile P5 are fixed to P5 for pixels at latitudes higher than a threshold corresponding to the
latitude for which the SZA > SZAHL at the time of VGT overpass:

GEOCLIM(Lat > Latdy; & GEOCLIM > P5) = P5;
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where LatZi? is the threshold of latitude which depends on the dekad (from 1 to 36) of the year:

Lat® = [42.5 43.5 45.5 48.5 51.5 55.5 59 64 68.5 73.5 78 82 85.5 88.5 90 90 90 90 90 90 90 87
83.580 75.571.5 67 6359 55 51.5 48.5 46 44 42.5 42].

INTERPOLATION AT THE DAILY TIME STEP OVER THE ENTIRE PERIOD

The 36 dekadal climatology is repeated for all the years of the time series extended by 1 year on
each side to prevent border effects. Finally, this dekadal climatology is linearly interpolated at the
daily time step for further use as background information for gap filling.

4.3.2 Processing the past series (Branch B)

The flow chart of the processing of past series is depicted in Figure 7.

GEOV1 QFgs || QFes: || P5 P90 DETY ] Latitude ‘ ] SZA ‘

Product_1
corrected =
Climato

Daily
product _2

3 Iterations on LAI

Scaleg
Scalegg,

Daily product_3

Daily CACAO
product

Dekadal GEOV2
product

Figure 7: Flow chart describing the processing of the past series (Branch B). Daily Product_1, the
sun zenith angle (SZA) of the observations are coming from Step 7A, the parameters P90 from Step
8A and P5 from Step 9A. GEOV1 corrected climatology and the quality flags QFege/QFgs / Latitude are
ancillary information described Annex 1: GEOCLIM, a climatology of GEOV1 LAI, FAPAR and FCover.
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4.3.2.1 Second outlier rejection (Step 1B)

For this second outlier rejection, emphasis was put on LAl products that show the highest
sensitivity to possible problems in reflectance values. Therefore, when an outlier is detected on LAI
data, it is also considered as an outlier for FAPAR and FCover to keep a high level of consistency
between the three variables.

We filter the noisy data based on expert knowledge of the expected seasonality:

For the high northern latitude (Lat > Lat™™ . with Lat™" = 559) the LAl (FAPAR,

winter winter

FCover) values in winter time (SZA > SZA™" where SZA is the sun zenith angle associated
to daily VGT observations and SZAHL, with SZAHL =70°, being the minimum value in
winter time) are expected to be relatively stable and low due to the low temperatures, short
days, and low illumination. However, observations are affected by snow cover or very poor
illumination conditions that introduce a positive bias in the LAl estimates. For the pixels at
Lat > Lat™™ _ in winter time, SZA > SZAHL, a specific correction is applied and the
corresponding flag QC(10) in Table 11 is set to 1. In this case, the LAl values >P5 and
SLAITR  with LAIT - =0.5 being the default minimum value of LAl in winter time, are
considered as outliers and rejected.

For pixels identified as EBF (QC(11)=1 in Table 11), a minimum seasonality and high
values of LAI are assumed. The observed artifacts in EBFs are mostly associated to the
high cloud cover observed in the equatorial and tropical latitudes which introduce a
negative bias in LAI. The LAl values <P90 and <LAIZ¥E, with LAITY? =5.5 being the
minimum default value of LAl in EBFs are rejected.

ifLat > Lat%‘ter and SZA > SZA"Y and LAI > P5 and LAI > LAI%%W, Pstep1p = invalid value

if QFggr = 1 and LAI < P90 and LAI < LAIZg, Pyepys = invalid value

else PsteplB = PstepSA

4322 Temporal smoothing and gap filling (TSGF) (Step 2B)

The daily estimates (“daily Products_1” in Figure 7) after the first outlier rejection are smoothed
and gap filled using the same techniques (Verger et al. 2011) as the ones considered for
processing the climatology (Annex 1: GEOCLIM, a climatology of GEOV1 LAI, FAPAR and
FCover). This is achieved similarly at the dekadal time step with however some particularities that
account for the important noise associated to the S1 daily estimates (Figure 8):

Adjusting the length of the compositing window to get 6 observations on each side
of the dekadal date. After evaluating several widely used temporal filters, a simple but
robust method based on the adaptive Savitzky-Golay (SG) filter (Savitzky and Golay, 1964;
Chen et al.,, 2004) was selected to smooth the climatology. The fixed and symmetric
smoothing compositing window of the standard SG polynomial fitting method was replaced
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by an adaptive process with variable length and asymmetric (in time) compositing window.
The minimum number of daily estimates within each side of the dekadal date being
smoothed was fixed to nJfé%. with n74%. = 6. The length of the window is therefore variable,
depending on the available observations in the vicinity of the dekadal date considered.
However, a maximum length of the half compositing window, lengthfZ= = 60 days, was
used to allow adaptation to the local variations in the data. Further, a minimum length of the
half compositing window was imposed to lengthl¥Z. = 15 days even if more than nJul.
observations exist within each semi-period since it increases the robustness of the fitting.

e Use climatology to fill values. If the number of available daily estimates in the lengthT<¢s
semi-compositing window is lower than n7%%., the corresponding flag QC(3) in Table 11 is
set to 1 and a gap filling procedure is activated. If the climatology is available, it is used to
fill values and the corresponding flag QC(13) in Table 11 is set to 1. In this case, the
available estimates are systematically completed with n7%%. climatology values located

%:10 days evenly distributed over the lengthT&. day period. The
TSGF

considered climatology for filling gaps is a daily climatology that results from the linear
interpolation of the original dekadal climatology as described in step 9A (Section 4.3.1.9). If
there are no climatology values, this results in a missing value at the considered dekadal
date.

e Fit polynomial model. A weighted polynomial fitting is applied with weighting factors, W,
computed according to the distance of the daily estimates to the TSGF outputs derived
from the previous iteration. A sigmoidal function was considered for computing the weights
W with less weight associated to the values smaller than the previous TSGF estimates
since the low values have more chances to be contaminated by residual clouds or snow.

W =2/(1+exp(—2*6))
Where § is the difference between the daily estimates and the TSGF outputs, 6§ =
Product_1 — TSGF. To put less emphasis on the climatology values used to fill gaps,
weights of the climatology fill values were multiplied by a scale factor of Scale# ™% = 0.5,
i.e. welimato — gegleflimato x yclimato  Eor the first iteration of TSGF, weights of daily

estimates were fixed to W/7024t1 = 1 and to WSimate = (.5 for the climatology.
e Use interpolation to fill values. Finally, we use interpolation to fill the residual gaps. The
corresponding flag QC(14) in Table 11 is set to 1. A simple linear interpolation based on a
local moving window of tlengthfg: days was applied to fill gaps in the time series. To
improve the efficiency of gap filling, an iterative process (nitery,, = 2 iterations) was
considered: the gain of available data achieved with the first iteration allows improving
robustness and continuity in the gap-filled data through a second iteration. Gaps longer
than 2 * lengthT{= = 120 days are not filled and will result in missing data.
Finally, to avoid possible artifacts introduced by divergences of the temporal filters being applied,
the TSGF values were forced to the physical range of variation of the LAI, FAPAR and FCover
(Table 9).

every
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Figure 8: Flow chart showing how the temporal smoothing gap filling (TSGF) algorithm works.

4.3.2.3 Third outlier rejection (Step 3B)

Similarly to the second outlier rejection, emphasis was put on LAl product for identifying outliers.
The daily LAI values (daily Products_2 in Figure 7) are filtered by comparison between LAI values
and the temporal smoothed and gap filled (TSGF) LAl series. A point under (respectively over) the
TSGF estimate (interpolated at daily step from the dekadal values) is considered as an outlier if its
minimum absolute distance to all the TSGF LAI values within a +lengthgytiier = 115 day window
is greater than tol32%,... = 0.10 and the tol};., = 15% of the TSGF value. Considering a +15-
day window prevents from eliminating too many observations during periods of high rate of
variation of LA

Similarly, to prevent rejecting too many low values in the base level due to a possible limitation of
TSGF to fit the data in these regions, the estimates that are within +tol5%¢ . = +0.5 of the base
level and having a distance lower than toll3¢F = 0.5 to TSGF are considered valid. The base

level is defined as the maximum of percentile-5 (P5) and a threshold fixed to LAIJ%¢,,,. = 0.5. This
last condition to avoid removing valid data in the base level is only applied when the percentile-90
of the data is higher than P9O7¥%. = 0.5.

Outlier

The process is repeated niter times, niter being the number of iterations used for TSGF (niter was
fixed to 3). To avoid rejecting false outliers the upper values are only filtered in the last iteration.
The more restrictive criteria imposed here to the values under TSGF upper envelope accounts for
the effect of residual clouds that yield systematically lower values than the realistic LAI.

To apply the third outlier rejection, the following steps must be completed:
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e For the LAI values lower than the TSGF upper envelope, the following conditions are
applied to filter outliers in the niter iterations:

If{ LAI, < TSGF, } p ] lid val
. y = nvatld vaitue
mln(|LAIt - (TSGFt—ls,t—4...t+15)|) > maX(mlgzstlier =, tolphier =* TSGFt) stepsp
.
LAI, < TSGF,
min(|LAI — (TSGF,_15—4..t+15)|) > max(tol§iiye, =, tolyiyier =+ TSGF,)

else if |

P90 > PoOTUR.

[ Pstep3B = PstepZB

|LAIL, — max(P5, LAIZGSE,., )| < tolg%ssi,
|LAI, — TSGF,| < tol53SF..

else Pstep3B = PstepZB

e For the LAI values higher than TSGF, the following conditions are applied to filter outliers in
the last iteration:

LAI, > TSGF,

If{ .
min(|LAL — (TSGFe—15¢—s..c15)|) > max (£0lGtiier, tolgytiier * TSGF,)

» Pstepsp = invalid value

else, Pstep3B = PstepZB

For FAPAR and FCover variables, the Step 3B is not applied but an outlier detected on LAl is also
rejected on FAPAR and FCover. For pixels identified as EBF, the Step 3B is not applied and a
specific procedure is applied in Step 1B (4.3.2.1) for removing estimates contaminated by residual
clouds. The performance of this automatic method is illustrated in Figure 9 which shows the
improvements in TSGF outputs through the proposed iterative process.
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Figure 9: lllustration of the 3-iterations of TSGF filtering (continuous line) to eliminate contaminated

data (filled circles). Empty circles correspond to valid data.

4.3.2.4 Consistent Adjustment of the Climatology to Actual Observations (CACAO,
Step 4B)

Adjusting climatological patterns to actual observations was shown to efficiently capture the
product dynamics and the inter-annual anomalies while filling gaps and smoothing biophysical
products in a robust way (Baret et al. 2011; Verger et al. 2013). CACAO consists in fitting the
climatology to the daily estimates (“daily Product_3” in Figure 7) by shifting and scaling the
climatology values over portions of the seasonal cycle (sub-seasons). The CACAQO process is
applied to each sub-season and will result in estimates at the daily time step. A sub-season is
defined by the period between two consecutive extrema in the climatology. The following steps are
thus followed:

Decompositing the climatology into sub-seasons. The global extrema (minima and
maxima) points from the climatology time series should be identified first. However, to
exclude possible false extrema in the time series due to the effect of residual noise in the
signal, extrema values that differ by less than tol%:S,, ;. =0.10 for LAl
(tol28% so_rapar—rcover = 0.025 for FAPAR and FCover) or the toll-,0 = 15% of the
median value of the climatology are excluded. The sub-seasons are slightly extended by
considering the minimum extra time window before and after the period containing either
ApmPEtUde — 3004 of the season amplitude or ALSH94= 30% of the period length (in days) of
the adjacency sub-seasons. This allows more robust fit by providing clearer temporal
features on which the adjustment could grasp.

Shifting and scaling the climatology for each sub-season. The climatology is fitted to the
actual daily estimates (“daily products_3” in Figure 7) for each year and each sub-season.

The daily climatology P¢“™ was fitted to the daily P data by considering a scale factor,
scale, and a temporal shift, shift:

P(t) = scale - P°U™(t + shift)
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If P follows the usual climatological pattern, P scale =1 and shift =0. The two
parameters (scale, shift) are found by minimizing the cost function defined by the RMSE
between daily estimates and the calculated values after fitting the climatology.

The shift parameter is allowed to vary between —shift™* < shift < shift™** with
shift™** = 60 by steps of Stepcacao = 5 days which results in 25 adjustments between the
shifted climatology and the P data.

Two conditions are required for applying CACAO: (i) a minimum number of available daily
Product_3 estimates representing Thr;s#P=season = 109 of the potential estimates in the sub-
season given by the length in days of the sub-season, length$“P=s¢ason and (ii) the
amplitude of available Product_3 estimates in the sub-season, Amplitudej"s;, season,
represent a threshold of Thrx07594°" = 30% of the amplitude of the climatology in the sub-

season, Amplitudetbseason  Otherwise, the original climatology is considered as a backup
solution.

psub—season — ¢ AcAQSub—season

sub—season step4B

sub—season sub—season

> ThT amplitude  * Amplitude

] nls#gglfceggon > Thrflub—season " lengthsub—season
Amplitude

Product_3 Climato

else Psstlél;zgeason = ClimatoSub—season

For pixels identified as bare soil or EBF with almost no seasonality, CACAO is applied if the
number of available Product_3 estimates over the whole time time series, npqoquce 3, 1S
higher than a minimum of n257E8F = 10 daily estimates. In that case the climatology is
adjusted over the whole time series and the resulting scale factor is kept for further use in
Branch C. Otherwise, the original climatology is considered as a backup solution.

. BS—EBF pBS—EBF _
if Nproduct; = Ncacao »Pstepss = CACAO

else PS5, 5s" = Climato

In the transition between sub-seasons, a weighted average between P estimates from the
two sub-seasons is considered as the final solution. A linear weight contribution varying
between 1 and 0 (between 0 and 1) was assigned to the first (second) sub-season estimates
in the overlapping period.

e To avoid problems at the beginning and the end of the time series, an extended period of
Aontn= 6 months before and A,,,.:n= 6 months after the date being processed is required
for consistently adjusting CACAO.

Finally to avoid possible artifacts introduced by divergences of the temporal filters being applied,
the CACAO values were forced to the physical range of variation of LAl, FAPAR and FCover
(Table 9).
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4.3.2.5 Computation of the dekadal Version 2 LAI, FAPAR, FCover products (Step 5B)

TSGF is finally applied over the filtered daily estimates (“daily products_3” in Figure 7) at each
dekadal step for generating the final Version 2 products. nJ4%. = 6 observations within a maximum
period of length¥*. = 60days and a minimum period of length¥%. = 15 days on each side of the
dekadal dates are necessary. The CACAO product is used to fill gaps in the time series in place of
the standard climatology as it was used previously in the Step 2B. Since CACAO is expected to be
closer to the data as compared to the original climatology, the use of CACAQO helps in the
estimation of the final product over period with missing observations.

The outputs of Step 5B are the final temporal smoothed and gap filled 10-day V2 LAIl, FAPAR and
FCover historical products. When the LAI, FAPAR and FCover values are out of range or invalid,
the corresponding flag QC(7), QC(8) and QC(9) in Table 11 are setto 1.

4.3.3 Real time estimates (Branch C+)

Branch C (Figure 10) is identical to the Branch B (Figure 7) described previously for the processing
of historical series. Only some operational considerations need to be specified.

c|20)ih | QFy || QFeee || PS5 P90 Latitude | | sza |

corrected

DETY
Product_1

Climato

2 Outlier <
rejection

DETY
Product _2

Outlier
rejection

Daily Product_3

3 Iterations on LAI

Scalegg
Scalegg,

Daily CACAO
product

Dekadal GEOV2
product

Figure 10: Flow chart describing the processing of the real-time series (Branch C). Daily Product_1
and SZA are coming from Step 7A, the parameters P90 from Step 8A, P5 from Step 9A, and the
Scalegs and Scaleggr from Step 4B. The corrected climatology and the quality flags QFggr/QFgs

/Latitude are ancillary information described in Annex 1: GEOCLIM, a climatology of GEOV1 LAl,
FAPAR and FCover.
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4.3.3.1 Differences between branches B and C

Some of the parameters used for several processing steps are computed within data preparation
phase (Branch A) or the processing of historical data (Branch B). This concerns:

¢ the QF indicating that a pixel is identified as EBF (BS) and used in Step 1C and 4C results
from the GEOV1 climatology correction (Annex 1: GEOCLIM, a climatology of GEOV1 LAI,
FAPAR and FCover).

o P5, i.e. the 5% percentiles of LAI/FAPAR/FCover, and P90, i.e. 90% percentile of LAI for
filtering the outliers (Steps 1C and 3C) are also pixel specific and were computed
previously in Steps 8A and 9A of branch A (see sections 4.3.1.9 and 4.3.1.8).

o the Scalegs and Scaleggr parameters used in CACAO (Step 4C) are pixel specific and were
computed in Step 4B of Branch B (see 4.3.2.4).

¢ the corrected GEOV1 climatology at daily step was generated as described in Step 9A of
Branch A (see 4.3.1.9).

The dissymmetry in the observations with regards to the date for which the product has to be
computed is solved using the climatology values similarly as in the Branch B for gap filling. The
corrected GEOV1 climatology is used here in the niter iterations of Step 2C and CACAO in the last
iteration at Step 5C. As CACAO is expected to be closer to the observations, it will help the
temporal projection.

The product value for the date dx is estimated in Step 5C as the output of TSGF applied to the
filtered daily estimates using CACAO output for filling gaps.

An extended period of A, nin= 6 months before and A,,,,:n= 6 months after the date being
processed is required for consistently adjusting CACAO (Step 4C).

For pixels identified as EBF or BS, the climatology is not fitted to the data in Step 4C but CACAOQO is
estimated by multiplying the climatology value by the scale factors Scalegs and Scaleggr computed
in Step 4B when processing historical VGT time series.

For the TSGF application in Step 2C and Step 5C,

e the past period is defined as the minimum lengthi%. =15 day and maximum
length"@%. = 60 day period with enough nlI’¥%. =6 valid daily estimates for TSGF
processing.

o the future period for the daily estimates (no data in the future period) is defined as

lengthlecs ~ 10

min

length"&%. period filled with the nI’%. climatology values located every -
TSGF

days evenly distributed over this period.

The outputs of Step 5C are the final temporal smoothed and gap filled 10-day V2
LAI/FAPAR/FCover near real time products. When the LAI, FAPAR and FCover values are out of
range or invalid, the corresponding flag QC(7), QC(8) and QC(9) in Table 11 are set to 1.
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4.3.3.2 Defining the consolidation period

The C+ branch is applied first over the dx-n to dx period, n being the number of past dekads. Then,
the time window of n dekads is shifted by one dekad each time real time estimates have to be
provided for a new dekad. This process results in n updates of the products value. The last update
is considered as the consolidated value. The difference between product estimates from Branch B
and Branch C+ (Figure 11) shows that after 6 dekads the real time estimates (Branch C+)
converges closely towards the historical processing (Branch B). As a consequence, it was decided
to consider the product as consolidated after 6 dekads. This means that there will be 6 consecutive
updates of the product value.

NRT - Branch_B)

n dekads

Figure 11: Evaluation of the differences between Version 2 real time (Branch C+) and historical
(Branch B) estimates over the BELMANIP2 sites for the year 2008 as a function of the number n of
dekads after the date being processed. Zero dekad (n = 0) corresponds to the daily estimates with

data available only for the past. The several gray values correspond to 75% (dark gray), 90% (medium
gray) and 95% (light gray) of the population, and the dots to 5% percentile of residual outliers. The
bold back solid line corresponds to the median value of the differences. The dotted line is the 0:0
line. Case of LAL
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Figure 12: RMSE between NRT-n and HIST Version 2 VGT LAl estimates as a function of the noise in
the data and the number of observations (Adapted from Verger et al. (2014a)).
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Figure 13: Temporal profiles of near real time LAI estimates for n=0,3,6 dekads after the date being
processed (NRT-n) as compared to Branch B estimates (HIST) over several BELMANIP2 sites for the
year 2005. The original daily LAl data, filtered outliers, the V1 of Collection 1km products (GEOV1)
product are also shown. The title of each plot indicates the BELMANIP2 site number, the
GLOBCOVER biome class, the latitude and longitude in degrees.

Detailed investigation of the temporal profiles corresponding to the several updates (Figure 13)
confirms that after 6 dekads the differences between real time estimates and historical series are
marginal except in particular situations with few observations and scattering in the daily estimates.
In such conditions, the first real time estimates (NRT-0) with data only in the past shows some
discrepancies and higher instability in the solution compared with the processing of the historical
series. An exhaustive sensitivity analysis of NRT-n (from the initial solution NRT-O to the
consolidated product NRT-6) to the number of observations and data noise is provided in Verger et
al. (2014a). Results confirm a rapid convergence for the intermediate solutions towards HIST
which show a similar pattern after two dekads (NRT-2) (Figure 12). Since the product value after
the second consolidation NRT-2 remains stable, the third, fourth and fifth consolidations are not
distributed; only NRT-0, NRT-1, NRT-2 and NRT-6 are distributed.
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4.3.4 Processing the first dekads of the past series (Branch C-)

Branch C is run in reverse mode (C-) over the d1 to d1+n period. This allows accounting for the
missing past data before d1 while keeping consistent with the processing of present observations.

4.3.5 Computation of the associated quality indicators

The following quality indicators associated to each Version 2 product value, P%E9V2(d), are
computed:

NOBS: the number of valid daily estimates in the composition period that are used to
compute the product value, P¢E9V2(d) (Step 5B or 5C). Note that NOBS accounts only for
the valid daily estimates from actual observations and not for the climatological-filled
values. The more observations, the more reliable are the products. If NOBS = 0, the
corresponding QC(6) in Table 11 is set to 1.

LENGTH_BEFORE and LENGTH_AFTER: the length in days of the semi-periods of
composition between the dekad being processed and the outermost daily estimate or
climatological-filled value in the compositing window, which have been required to find
nt. =6 valid estimates (see section 4.3.2.5). The shorter the semi-periods of
composition, the more reliable are the products.

RMSE: the uncertainty of the product value. Two cases are considered:

o If NOBS = nlldt. (the default value for the minimum number of required available
daily estimates, n;n,gg,;, is set to 2), the uncertainties are computed as the RMSE
between the final dekadal value, P¢£9V2(d), and the daily estimates, P(i), in the
compositing period:

RMSE(d) = jzﬁ‘iBS(PGEO”(d) - P’
NOBS
Note that only valid daily estimates from actual observations are used for the
computation of the RMSE. Climatological values are not used.
o If NOBS < ni. the RMSE is not computed and it results in a missing value
(RMSE(d) is set to 255) for the uncertainty at the dekad d.

The lower the RMSE, the more reliable are the products.

4.4 LIMITATIONS

Version 2 algorithm capitalizes on the development and validation of already existing products:
CYCLOPES version 3.1 and MODIS collection 5 and the use of neural networks. The CYCLOPES
and MODIS products used in the training dataset, the efficacy of the training process and the
criteria used to define the input outliers will determine, respectively, the magnitude and range of
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variation of the final products, their reliability and the definition domain used to remove
contaminated values.

The final product is also dependent on the criteria used to filter the output outliers, particularly for
the tropical forests and high latitudes. Outlier rejection constitutes a critical step in the algorithm.
The efficiency of the temporal methods used in the composition of products from daily estimates
depends on the level of noise and gaps in the time series and on the reliability of the auxiliary data
(climatology) used as a background information to fill gaps.

The main identified limitations are associated to the input data:

The consistency across missions of long time series of Version 2 products depends
mainly on the temporal consistency of input TOC reflectances between sensors and
across the different processing chains (e.g. cloud-aerosol screening). Since the Version
2 neural networks were trained over the VGT-S1 TOC inputs, the final estimates
resulting from the application of networks to PROBA-V data depend on the coefficients
of the spectral correction applied to PROBA-V reflectances to mimic VGT-S1. An
adaptation of the rescaling of Version 2 PROBA-V with respect to Version 2 VGT
estimates will be necessary after the planned reprocessing of PROBA-V that includes a
recalibration of sensors and a correction of cloud screening.

When the climatology derived from Version 1 VGT products is missing, no ancillary
information is available to fill gaps in Version 2 time series or to make NRT projections.
Despite the specific corrections applied to the original Version 1 VGT climatology,
remaining artifacts and possible biases in the magnitude and seasonality of
LAI/FAPAR/FCover in winter time may limit the reliability of the final Version 2 products
at very high northern latitudes.

The approach used to process pixels flagged as evergreen broadleaf forest (EBF,
QC(11)=1 in Table 11) constitutes an oversimplification of the reality because of the
possible seasonality of EBFs. The high uncertainty associated with the data due to poor
atmospheric correction and very high cloud occurrence in equatorial and tropical
latitudes prevented the extraction of meaningful phenology at the resolution of the
individual pixels of 1 km. The high spatial and temporal resolution of Sentinel2 sensors
should improve the monitoring of vegetation in these problematic areas.

In cases of a wrong identification of a pixel as an EBF, Version 2 products only
reproduce the high values but not the actual seasonality of the pixel.

The algorithm uses a static mask for EBF based on the climatology for the period 1999-
2010. Consequently, for pixels flagged as EBF, the Version 2 product may not capture
deforestation processes. This mask may require to be updated in the future.

V2 LAI, FAPAR and FCover variables are retrieved over inland waters not discriminated
as water in the land/sea mask (QC(1)=0 in Table 11). Inland water bodies are mostly
identified as Bare Soil (BS, QC(12)=1 in Table 11) based on GEOCLIM climatology.
Although it would bring an improvement to mask the inland waters, it does not exist
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inland water mask reliable enough to be used without taking the risk to create side
effects in the products.

e The values of LAI, FAPAR and FCover over pixels identified as BS (QC(12)=1 in Table
11) are close to zero but not strictly zero. Some users may prefer forcing the values of
biophysical variables to zero for pixels flagged as BS.

The user should use the product with due attention to the quality flags values as well as the
associated uncertainties (84.3.5), in particular for areas with long periods of cloudiness.
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5 EVALUATION OF THE ALGORITHM

An evaluation of the algorithm has been achieved, mostly based on the temporal consistency as
well as on the comparison with Version 1 VGT and MODIS (Myneni et al. 2002) products. This was
completed over the BELMANIP2 sites during 2003-2007 period. Finally the agreement between
NRT GEOV2 estimates from PROBA-V and VGT data was assessed over the overlapping 2013-
2014 period. For further details and evaluation of the Version 2 algorithm, we refer to (Verger et al.
2014a) and (Verger et al. 2014b).

A full quality assessment was performed according to the procedure described in the Service
Validation Plan [GIOGL1-SVP]. The results are presented into the validation reports
[GIOGL1_QAR_LAI[FAPAR/FCOVER]1km-VGT-V2 and
CGLOPS1_QAR_LAI[FAPAR/FCOVER]1km-PROBAV-V2].

In addition, the algorithm developed in the FP7/ImagineS project to be applied on 300m PROBA-V
data [ImagineS_RP2.1 ATBD-LAI300m] was applied to SPOT/VGT data to create the so-called
“‘GEOV3/VGT” products used hereafter for the comparison with Version 2 VGT products. The main
differences between both algorithms are:

1. Different reflectances used as inputs of the neural networks: Version 2 uses Top Of Canopy
reflectances in the red, NIR and SWIR spectral bands of VEGETATION (blue band is not
used) while GEOV3 uses Top of Aerosols reflectances in the blue, red and NIR
VEGETATION bands (SWIR is not used).

2. The training dataset of neural networks and the definition domain are different.

3. Different neural networks for EBFs and non EBFs are applied in GEOV3 while only one set
of networks across biomes are applied in Version 2.

4. Different criteria were considered for the identification of EBFs.

5. No climatology is used in GEOV3 methodology.

5.1 TEMPORAL PROFILES FOR SELECTED SITES.

The analysis is organized per large biome type, selecting few sites showing typical temporal
profiles. For the evergreen broad leaf forest (Figure 14), the effect of residual clouds is very
pronounced, creating strongly negative biased estimates of daily products. These are efficiently
filtered thanks to the frequency criterion used. This results in a very flat temporal profile with a high
level of LAI as expected. As compared to Version 2, Version 1 shows generally lower LAI values,
discontinuous and shaky temporal profiles.
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Figure 14: Temporal profile of Version 2 (black solid line) over a typical evergreen broadleaf forest
site. Daily estimates derived from VGT-S1 products are indicated by the dots: black squares
correspond to outliers. Empty circles to the valid LAl estimates used to compute the Version 2
product. The dashed green line corresponds to the GEOV1 corrected climatology. The solid green
line to the CACAO estimates. The red line corresponds to Version 1 VGT product.

For deciduous broadleaf forest (Figure 15), similarly, the negative bias due to cloud contamination
is efficiently filtered by the algorithm. For this high latitude site, the winter period is continuously
and consistently gap filled although very few observations are available.
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Figure 15: Idem Figure 14 but for a typical Deciduous Broadleaf Forest site.

For this high latitude needle leaf forest (Figure 16), the Version 2 temporal profile is very consistent
with that of Version 1 during the vegetation season, with however no interruption during the winter

period conversely to Version 1.
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Figure 16: Idem Figure 14 but for a typical Needleleaf Forest site.
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The two crop-grassland sites (Figure 17) show also a good consistency between Version 1 and
Version 2. However, the discontinuities noticed for Version 1 have disappeared in Version 2,
thanks to the use of the corrected climatology background information to provide dekadal values in
absence of daily estimates. These cases of double seasonality are well described.

# 337 Crop Grassland 21.14643  106.0219
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Figure 17: Idem Figure 14 but for two typical Crop-Grassland sites.

The temporal profiles of Shrub-savana-bare soils (Figure 18) are also very well captured by
Version 2, with large improvements as compared to Version 1 regarding continuity and
smoothness of estimates (e.g. site #137).
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Figure 18: Idem Figure 14 but for three typical Shrub-Savanna-Bare sites.
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5.2 CONSISTENCY BETWEEN LAI, FAPAR AND FCOVER

Version 2 VGT improves Version 1 VGT, GEOV3/VGT and MODIS products in terms of the
internal consistency between LAI, FAPAR and FCover variables. The LAI-FAPAR for the different
products show an exponential relationship as expected (Myneni and Williams 1994). For MODIS
products (Figure 19), higher scattering is observed and different patterns in the LAI-FAPAR
relationship that may be introduced by the biome dependency of the retrieval approach (Myneni et
al. 2002). The comparison of LAI-FAPAR for Version 2 VGT shows higher consistency for all the
range of values with non-artifacts introduced by the use of two NNTs (one for EBFs and one for
non EBFs classes).

The LAI-FCover for Version 2 VGT shows an exponential relationship as expected (Roujean and
Lacaze 2002). Conversely no clear relationship between LAl and FCover is found for Version 1
VGT and GEOV3/VGT due to the high scattering for FCover>0.4.

The FAPAR-FCover relationship is again more robust for Version 2 VGT than for Version 1 VGT
and GEOV3/VGT. Note that the theoretical constrain of FCover<FAPAR/0.94 is only meet for
Version 2 VGT.
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Figure 19: Comparison between LAI-FAPAR (top), LAI-FCover (middle) and FAPAR-FCover (bottom)
for Version 1 (GEOV1), Version 2 (GEOV2), GEOV3/VGT and MODIS products

5.3 COMPARISON WITH VERSION 1 VGT

The comparison of Version 2 and Version 1 shows an overall good agreement. However, the
agreement degrades when the number of available observations in the composition period, n, is
lower than approximately n=10 (Figure 20, left). The distribution of n (Figure 20, left, dashed bold
line) shows that, in most situations, n is in between 10 to 25. For the lower values of n, a small
positive bias is observed, due to the effect of cloud contamination not detected in Version 1. Note
that the maximum number of observations is 30 since the minimum semi-period of composition
was set to £15 days for the most favorable conditions (when >6 daily estimates exist at each side
of the date being processed).

The RMSE computed between actual valid daily LAI estimates and Version 2 (Figure 20, center) is
closely linked with the difference between Version 2 and Version 1. This results the increasing
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number of available observations, n, as well as from the ‘scaling’ effect: the RMSE GEOV2-
GEOV1 (Figure 20, right) tend to increase with the Version 2 value. Note that the distribution of
RMSE values (Figure 20, center, dashed bold line) shows that most values are lower than 0.1.
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Figure 20: Evaluation of the differences between GEOV2/VGT and GEOV1/VGT products over the
BELMANIP2 sites for the years 2003-2007 as a function of the number n of valid daily estimates in the
composition period (left), of the RMSE between the GEOV2/VGT product and the daily estimates
(center), and of the GEOV2/VGT product value (right). The several gray values correspond to 75%
(dark gray), 90% (medium gray) and 95% (light gray) of the population, and the dots to 5% percentile
of residual outliers. The bold black solid line corresponds to the median value of the differences. The
dotted line is the 0:0 line. The dashed line shows the distribution of values of the variable in the
abscissa which frequencies are indicated in the vertical axis on the right. Case of LAI products.

Similar behavior is observed for FAPAR (Figure 21) and FCover (Figure 22), with however, a more
limited range of variation of the difference GEOV2-GEOV1 and the associated RMSE values.
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Figure 21: Idem Figure 20 but for FAPAR
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Figure 22: Idem Figure 20 but for FCover.

The scatterplots between Version 1 and Version 2 LAl products show a very good consistency for
LAI values lower than about 4 (Figure 23). For the larger values of LAI, there is higher scattering
between Version 2 and Version 1 partially due to the noise in the data. LAl Version 2 is significantly
larger than Version 1 for EBF, mainly because of the more efficient filtering of cloud contamination
for Version 2. The overall RMSE across biomes is 0.29 LAl with very high correlation between
Version 2 and Version 1 (R=0.98).

For FAPAR (Figure 24) and FCover (Figure 25) variables, less affected by noise in the data, very
strong consistency is observed between Version 2 and Version 1 for all the biomes and values.
Note however that the FAPAR Version 2 values are systematically lower than the Version 1 for
FAPAR between 0.25 and 0.85. This slight negative bias may be due to the differences in the
training process of neural networks (Step 4A, Figure 6).
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Figure 23: Comparison between GEOV2/VGT and GEOV1/VGT LAl products per GLOBCOVER bhiome
type over the 445 BELMANIP2 sites for the years from 2003 to 2007.
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Figure 24: Comparison between GEOV2/VGT and GEOV1/VGT FAPAR products per GLOBCOVER
biome type over the 445 BELMANIP?2 sites for the years from 2003 to 2007.
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Figure 25: Comparison between GEOV2/VGT and GEOV1/VGT FCover products per GLOBCOVER
biome type over the 445 BELMANIP2 sites for the years from 2003 to 2007.

5.4 COMPARISON WITH GEOV3/VGT

The scatter plots of the comparison of Version 2 VGT with GEOV3/VGT for LAI products (Figure
26) shows a similar pattern as when compared with Version 1 (compare Figure 26 and Figure 23)
with an improvement in the performance for EBF (overall RMSE of 0.80 as compared to 1.16) due
to the reduction of scattering (improved cloud filtering in GEOV2 and GEOV3 compared to
GEOV1) and bias (similar algorithms between GEOV2 and GEOV3). Some differences are
observed in the identification of EBF between GEOV2 and GEOV3 which partially explain the
remaining differences (note that the EBF identified in Version 2 processing are not necessarily the
same as in GLOBCOVER although a good agreement was found).

Very good agreement between GEOV2 and GEOV3 is also observed for FAPAR (overall RMSE of

0.05, Figure 27) although GEOV2 values are systematically lower than GEOV3 ones for
FAPAR>0.2.

Similarly, GEOV2 and GEOV3 highly agree (RMSE of 0.06) for FCover products although a slight
negative bias of GEOV2 compared to GEOV3 is observed for very high FCover values (Figure 28).
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Figure 26: Comparison between GEOV2/VGT and GEOV3/VGT (PRO3_V1 algorithm) LAI products
over the 445 BELMANIP2 sites for the years from 2003 to 2007.
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Figure 27: Comparison between GEOV2/VGT and GEOV3/VGT (PRO3_V1 algorithm) FAPAR products
over the 445 BELMANIPZ2 sites for the years from 2003 to 2007.
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Figure 28: Comparison between GEOV2/VGT and GEOV3/VGT (PRO3_V1 algorithm) FCover products
over the 445 BELMANIPZ2 sites for the years from 2003 to 2007.

5.5 DISTRIBUTION OF VALUES

The distributions of LAI (Figure 29) are very consistent between GEOV1, GEOV2, GEOV3 and
MODIS, except, again, for EBF because of the higher uncertainties in the data and improved cloud
filtering associated to GEOV2 and GEOV3. The distributions of FAPAR (Figure 30) show higher
discrepancies between products: MODIS (GEOV1) FAPAR shows a positive bias as compared to
the other products for low (high) FAPAR values, while GEOV2 and GEOV3 show a high agreement
and constitute an intermediate solution. The distributions of FCover (Figure 31) are very consistent
between GEOV1, GEOV2 and GEOV3 with high agreement in the location of peaks although
GEOV2 shows a narrower distribution for the EBF class.

Document-No.

Issue:

11.41

CGLOPS1_ATBD_LAI1km-V2

Date: 11.03.2019

© C-GLOPS Lotl consortium

Page:

65 of 93



Copernicus Global Land Operations — Lot 1
Date Issued: 11.03.2019
Issue: 11.41

(Lopernicus

Europe’s eyes on Earth

Shrub Savana Bare Crop Grassland Deciduous Broadleaf F.

GEOV1 30 20
60 GEQV2 25 I
- GEOV3 > > 15
2 MODIS || 2 20 2
© 40! [ 7]
=] \ =] 3 |
T T 15 o 10|
D o L |
L 20] | w4 L Ll
5 i}
\\ SN
0 0 0
0 2 4 6 0 2 4 6 0 2 4 6
LAI LAI LAl
Evergreen Broadleaf F. Needleleaf F. All Biome Type

o

o
3
o
s
o

IS
o

-

o

[
o

Frequency
S

-
o

Frequency
=

Frequency

Figure 29: Distribution of GEOV1/VGT, GEOV2/VGT, GEOV3/VGT and MODIS LAI products per biome

type as sampled by the 445 BELMANIP2 sites over the period 2003-2007.
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Figure 30: Idem Figure 29 but for FAPAR.
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Figure 31: Idem Figure 29 but for FCover.

5.6 TEMPORAL CONTINUITY

The continuity of Version 2 VGT time series is evaluated by the fraction of missing data based on
the 445 BELMANIP2 sites during the 2003-2007 period. Only 1% of the potential dekads are
missing globally, i.e. much less than for Version 1 VGT showing about 20% of missing data (Figure
32). Version 1 VGT products are missing if less than 2 observations exist in the 30-day
compositing window. Version 2 VGT benefits from the use of the TSGF and the CACAO
climatology based techniques for filling, respectively, the small gaps within 120 days or the larger
gaps.

Version 2 VGT data are missing only if the GEOCLIM climatology is not available due to too large
discontinuities in the data. The advantages of this gap filling climatological approach as compared
to classical temporal methods for the cases with high discontinuities and noise in the data was
analyzed in Verger et al. (2013) and Kandasamy et al. (2013).

The climatological values are used to fill large gaps in 15% to 80% of the cases depending on the
biome type as displayed in Figure 32. The fraction of dekads that were not filled but with 12
available observations are slightly lower than those observed for Version 1 VGT due to the more
restrictive condition imposed in the number of available observations (12 observations in a +60-day
window for Version 2 compared to 2 observations in a £10-day window for Version 1) and the
outlier rejection process used in Version 2. ldentical patterns per biome are observed with lower
fraction of high quality observations for evergreen broadleaf forests which are mostly located in
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areas with continuous cloud cover around the Equator. In this particular case, a high fraction of
data is filtered out in the outlier rejection process applied in Version 2.

o 11
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Figure 32: Average fraction of valid GEOV2/VGT and GEOV1/VGT products per biome. The biome
classes are derived from the GLOBCOVER global landcover: Shrubs/Savana/Bare soil (SSB), Crops
and Grassland (CG), Deciduous Broadleaf Forests (DBF), Needleleaf Forest (NF), and Evergreen
Broadleaf Forest (EBF). For GEOV2/VGT, high quality products (grey) and products where the
climatology was used to fill gaps (less than 12 valid daily estimates exist in the compositing period)
(black) are distinguished. Evaluation over the BELMANIP2 sites for the 2003-2007 period.

5.7 TEMPORAL SMOOTHNESS

LAI variable results from incremental bio-physical processes. It is therefore expected to show
relatively smooth temporal variations except in extreme situations such as flooding, fire or changes
in the land-use. High variability in the temporal profiles would indicate a lack of reliability of the
derived products. The smoothness of the LAI temporal series was evaluated based on the absolute
value of the difference, §LAI, between LAI(t) product value at date t and the mean value between
the two closest bracketing dates in a maximum At period of 60 days: 6LAI = |1/2(LAI(t + At) +
LAI(t — At)) — LAI(t)| (Verger et al. 2011). The smoother the temporal evolution, the smaller the 6
difference should be. The histogram of & over the whole dataset of BELMANIP2 sites in the 2003-
2007 period (Figure 33) shows that both Version 1 VGT and Version 2 VGT products are very
smooth with differences lower than 0.25 for most of cases. However, GEOV2/VGT shows generally
smoother temporal profiles as attested in Figure 33. The differences in terms of smoothness
between GEOV2/VGT and GEOV1/VGT mostly rely on the different composition approaches
applied in the space of output biophysical variables or input reflectances, respectively.
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GEOV2/VGT benefits from the use of temporal smoothing techniques applied to daily neural
networks estimates while GEOV1/VGT results from the application of neural network to 30-day
composited reflectances.
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Figure 33: Histogram of the SLAI absolute difference representing temporal smoothness for
GEOV2/VGT and GEOV1/VGT LAl products. Evaluation over the BELMANIP2 sites for the 2003-2007
period.

5.8 CONSISTENCY BETWEEN VERSION 2 PROBA-V AND VERSION 2 VGT NRT ESTIMATES

Version 2 PROBA-V and Version 2 VGT NRT LAIl, FAPAR and FCover estimates show a high
agreement (RMSE <0.3 for LAl and <0.04 for FAPAR and FCover) with unbiased estimates as
evaluated over the 445 BELMANIP2 sites for the overlapping period 2013-10-16 to 2014-05-31
(Figure 34) and for all the biome types (Figure 35).
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Figure 34. Comparison between GEOV2/PROBA and GEOV2/VGT NRT-0, NRT-2 and NRT-6 LAI,
FAPAR and FCover estimates over the 445 BELMANIP2 sites for the period 2013-10-16 to 2014-05-31.
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Figure 35: Comparison between GEOV2/PROBA-V and GEOV2/VGT NRT-0 LAl estimates per biome

type over the 445 BELMANIP2 sites for the period 2013-10-16 to 2014-05-31.

5.9 SUMMARY AND RECOMMENDATIONS

This Version 2 of Collection 1km algorithm shows improvement as compared to the Version 1
method at least for three aspects:

It allows real time estimates

It is much more continuous with very few missing data

It is very smooth as expected for the dynamics of such variables at this moderate
resolution.

It shows very good consistency with Version 1 in situations where few observations are missing.
For evergreen broadleaf forests, the LAI values are enhanced, mainly because of the improved
cloud filtering. This would suggest that the principles used within this algorithm, i.e. daily estimates
of products followed by a careful gap filling and smoothing based on the climatology as prior
information is very efficient. This is confirmed by the results of the exhaustive quality assessment
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exercise performed on SPOT/VGT [GIOGL1_QAR_LAI[FAPAR/FCOVER]1km-VGT-V2] and
PROBA-V [CGLOPS1 QAR_LAI[FAPAR/FCOVER]1km-PROBAV-V2] Version 2 products.

The user should use the product with due attention to the QF values as well as proxy of
uncertainties coming mainly from the RMSE values and the number of actual observations used. In
case of very little number of actual observations, the product will mainly derive from the climatology
values, although some seasonal variability or land cover change may happen.
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ANNEX 1: GEOCLIM, A cLIMATOLOGY OF GEOV1 LAI, FAPAR AND FCOVER

The principles of the generation of the GEOCLIM dataset are here described (Figure 36). Further
information is provided in Verger et al. (2015).
Inter-annual average values from the Copernicus Global Land time series of biophysical LA,
FAPAR and FCover Version 1 (GEOV1) at 1-km resolution and 10-day frequency were first
computed for 1999 to 2010 (Baret et al. 2010). Since the climatology plays an important role for
gap filling and temporal smoothing of the data, possible artifacts in the climatology were corrected
through a two-step process:

e Correction of specific artifacts

¢ Gap filling and temporal smoothing

Correction of specific artifacts

The climatology was first corrected over specific problematic conditions (Figure 36) based on the
prior knowledge:

o Some artifacts are observed at northern high latitudes during the winter time when
the sun zenith angle, SZA>70°: Anomalous seasonality and unexpected increases in LAI
(FAPAR, FCover) with an artificial maximum peak in winter and high inter-annual
variability. These artefacts mainly due to snow cover or very poor illumination conditions
that limited the number of valid observations and the reliability of the bidirectional
reflectance model applied for the correction of VEGETATION data (Roujean et al. 1992).
The LAI (FAPAR, FCover) values are expected to be relatively stable and low due to the
low temperatures, short days, and low illumination during winter at these high latitudes. To
correct these artefacts at northern high latitudes (latitude>40°) for winter (defined here as
the period for which the sun zenith angle, SZA>70°), the climatology values higher than
the 20-percentile (P20°™) were fixed at minima by preferentially selecting the values
computed from at least three valid observations. If none of the dekads meets this
condition, the minimum value computed over all the dekads was used.

o Significant artifacts were also detected in Equatorial and tropical latitudes due to the
permanent presence of clouds which results in high instabilities in the temporal profiles of
GEOV1/VGT climatology. Since most of these cases correspond to evergreen broadleaf
forests (EBF), a minimum seasonality and high values were assumed. A pixel was
identified as being an EBF if the 90-percentile (P90°™) of LAI climatology is > 4.5 and the
20-percentile P20°™ is >P90°™ -1.5. This method for the detection of EBF is based only
on GEOV1 products (Figure 37a): it agrees well with the GLOBCOVER land-cover map
(Defourny et al. 2009) (Figure 37b). For EBFs, the climatology values were fixed to the 90-
percentile. A quality flag indicating that the pixel was identified as EBF is activated
(QFegr=1). It is subsequently used in Steps 1-4 of Branches B and C.

o Some artifacts were also detected in GEOV1/VGT climatology for bare soil (BS) areas. A
pixel was identified as being a BS if the 90-percentile of LAI climatology P90“™ is <0.05.
For those cases the climatology values were fixed to the median value (50-percentile)
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computed over the entire period. In addition, a quality flag indicating that the pixel was
identified as BS is activated (QFgs=1). It is subsequently used in Step 4 of Branches B
and C.

GEOV1/VGT climatology product

PS-M(LAIY > 4.5

CLim
PELM(LAI) > PSHM 15 % (LAI') <0.05

winter time correction

| CLIM (CLIM > PS™) = min( CLIM) | CLIM =P ™ | CLIM=median(CLIM) |

Corrected
Climatology
[m———— — — — o —— — o ———— -
I 1
I 1
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I : s 32 valid 1
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Figure 36: Flow chart showing how the GEOV1/VGT climatology is corrected from residual artifacts.
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Figure 37: (a) Map of bare soil and evergreen broadleaf forest areas identified based on GEOV1/VGT
climatology. (b) Simplified GLOBCOVER land-cover map after aggregating the 22 original classes
into six main land-cover classes.

Gap filling and smoothing

The climatology was then gap filled and smoothed to eliminate possible high temporal frequency
residual artifacts. The gap filing (GF) and temporal smoothing (TS) techniques proposed by
(Verger et al. 2011) were applied here.

e Gap filling. A simple linear interpolation was applied if two valid dekads are available along the
36 potential dekads of the climatology

e Temporal smoothing. A second order polynomial order was fit to the data within a +30-day
compositing period centered on the date being smoothed. This polynomial fitting applied at a
dekadal time step.

Figure 38 shows the original and corrected climatology at four problematic sites.
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Figure 38: Correction of GEOV1/VGT climatology. The blue line corresponds to the original
GEOV1/VGT climatology LAI product. The red line corresponds to the corrected climatology based
on prior knowledge. Green line is the final GEOCLIM climatology resulting from applying gap filling

and temporal smoothing techniques to the first corrected climatology.
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ANNEX 2: NEURAL NETWORKS CALIBRATION
PREPARATION OF THE INPUTS AND OUTPUTS OF THE LEARNING DATA SET

The Version 2 algorithm was calibrated on the reprocessed version of the VGT-S1 TOC data
produced by CTIV during summer 2015. The neural networks were calibrated using the
BELMANIP2 sites extracts over the 2003-2007 period. The BELMANIP2 set of sites is an update of
the original BELMANIP sites (Baret et al. 2006). The 445 BELMANIP2 sites present the same
distribution of vegetation types and conditions as the Earth’s surface while showing little
topography and good level of homogeneity. The land cover homogeneity of each site was double
checked using the GLOBCOVER map, and the Google Earth engine (Weiss et al. 2014). For the 3
variables, the same inputs are used:

o Daily top of canopy reflectance in 3 VEGETATION bands (B2, B3, SWIR),
e the cosine of the view zenith angle (cos(VZA)),

e the cosine of the sun zenith angle (cos(SZA)),

e the cosine of the relative azimuth angle (cos(SAA-VAA)),

The output is the corresponding VO (first neural net) daily values of the biophysical variables. To be
consistent with GEOV1/VGT algorithm, this output is computed similarly by fusing CYCLOPES
version 3.1 and MODIS collection 5 products. It consists in a weighted average of both products.
The weighing, w, is designed to enhance the specific advantage of each product while limiting their
deficiencies.

1 1

= 1—
W =008z 0 T T exp(2 LAlgeys, + )
{ LAlryseq = LAlyopcs- (1 —w) + LAlcycyzg - W
fAPARfyseq = fAPARyopcs ' (1 —w) + fAPARcycyss W

Garrigues et al. (2008) and (Weiss et al. 2007) reported that CYCLOPES LAI was showing some
saturation for LAl values around 4. Conversely, MODIS LAl and FAPAR values were generally
higher than expected for the very low vegetation amounts. Further, the MODIS algorithm assigns
zero values for LAl and FAPAR over pixels classified as bare soil, which may pose problems in
case of misclassification. It was thus proposed to fuse the products by reducing the contribution of
MODIS products for low LAl and FAPAR values and enhancing the MODIS contribution for the
large LAl and FAPAR values as sketched in Figure 39. The weight, w, is driven by LAl-ycy3, Since
LAl:ycy31 appears more stable as compared to MODIS LAl gpcs (Verger et al. 2011). The
threshold of LAl-ycy31 = 4 corresponds to the value when LAl-ycy34 Starts to saturate. The parallel
processing applied to both LAl and FAPAR (Eq. 1) is expected to keep a good consistency
between these two variables.

Document-No. CGLOPS1 _ATBD_LAI1km-V2 © C-GLOPS Lotl consortium
Issue: 11.41 Date: 11.03.2019 Page: 81 of 93



Copernicus Global Land Operations — Lot 1

Date Issued: 11.03.2019 bpernicus

Issue: 11.41 Europe’s eyes on Earth

As compared to GEOV1 (Figure 31), this function is smoother, limiting the brutal change in the
weight observed for LAl ycy31 = 4. Similarly to GEOV1, w = 0.5 when LAl ycy31 = 2.

Note that for FCover, no fusion was completed since CYCLOPES was the only existing product at
the global scale. The only other existing product is the LSA SAF FCover but it is not global since
derived from geostationary sensors. However, as Verger (2008) demonstrated, the CYCLOPES
FCover product was significantly underestimating both the FCover measured at ground and the
LSA SAF product. To mitigate the underestimation of CYCLOPES product, the FCover values are
scaled afterwards in the training of neural networks.

LAl CYCv3l

Figure 39: The weighing function used in GEOV2 for the fusion between CYCLOPES and MODIS LAl
and FAPAR products. The dashed line corresponds to the weight used for generating GEOV1
products. The dotted line corresponds to w = 0.5.

To facilitate the training process, Individual MODIS and CYCLOPES products used in the learning
data base were first carefully filtered based on their expected temporal smoothness. For this
purpose, a specific tool was developed allowing visually removing data that appear to be outliers
(Figure 40). Several operators were completing this first filtering process to get more robust results.
Despite the inherent subjectivity associated to manual filtering, at this algorithm level, a manual
method was preferred to automatic methods to avoid possible systematic biases which would
affect neural networks estimates. Note however that manual filtering was only applied to the
training database while completely automatic methods of outlier detection were applied in
subsequent steps (steps 1A, 3A, 6A, 1B, 3B, 1C and 3C) of the algorithm. The performance of this
manual method is illustrated in Figure 40.
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Figure 40: Manual filtering of the outliers. The green line corresponds to the GEOV1 climatology
product, red circles to VO (first neural net) valid estimates, black squares are outliers.

To generate the training data base, all the inputs (reflectance) and outputs (products) should share
the same spatial and temporal support. For this purpose, MODIS products were re-projected into
the CYCLOPES system and the CYCLOPES dates (dekadal frequency) were used. To minimize
the effects of geometrical uncertainties and differences between products, a 3x3 pixel area
centered over the BELMANIP2 sites was considered. A dedicated selection process was then
applied to get as consistent as possible products regarding the possible contamination by clouds.
The selection process assumes that the 3x3 sites are homogeneous which is mainly the case by
construction of the ensemble of BELMANIP2 sites. It is achieved for each date where a daily VGT-
S1 product is available through three steps:

1. Selection of the MODIS and CYCLOPES products: all the MODIS and CYCLOPES
products available within £10 days around the VGT-S1 daily product date are gathered over
the 3x3 pixels. For MODIS, only the main and main + saturation LAl and FAPAR products
are considered. This results in nMOD (0<nMOD<18) and nCYC (0<nCYC<18) available
products.

2. If there are at least 5 valid products for MODIS and CYCLOPES (nMOD>4 and nCYC>4),
then the difference AMOD and ACYC between the 70% and 90% percentiles within,
respectively, the nMOD and nCYC LAl values available is computed.
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3. If AMOD <0.2 and ACYC <0.2 then the 70% percentile value of LAl and FAPAR products is
computed over the nMOD and nCYC products available. This step is applied only when the
site is not considered as a bare soil. A bare soil is identified using the LAI climatology
computed on GEOV1/VGT if the 90% percentile of the LAI data is less than 0.05. For these
bare soil sites (a total of 58), the variables were set to 0.

If Steps 2 or 3 are not valid, this results in a missing value. The several threshold values used in
the above steps were defined after trial and error tests to reduce the large variability observed over
the individual MODIS LAI and FAPAR values and get more consistency between MODIS and
CYCLOPES products. The first condition on AMOD and ACYC over LAl products prevents from
using too unstable values, while the lower values may show higher variability because of possible
cloud contamination or atmospheric residual effects. Similarly, the 70% percentile value selected
for LAl and FAPAR reduces the occurrence of cloud and atmosphere artifacts.

The resulting filtered MODIS and CYCLOPES products show a very good consistency with the
fused products derived from the application of equation (1) on the composited MODIS and
CYCLOPES products (Figure 41). As expected, for LAI<2 and FAPAR<O0.5, CYCLOPES
contribution to the fused products is the largest. Conversely, for LAI>2 and FAPAR>0.5, MODIS
contributes the more to the fused product.
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Figure 41: Relationships between the values resulting from the fusion of MODIS and CYCLOPES
products according to equation (1) as a function of composited MODIS and CYCLOPES products for
LAI (top) and FAPAR (bottom) variables
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To eliminate outliers in the daily input VGT-S1 TOC products, reflectances were tentatively
transformed into LAl by training a specific neural network that relates the VGT-S1 TOC
reflectances with the corresponding fused MODIS and CYCLOPES LAl values. For this purpose,
the input reflectances were used to calibrate a back-propagation neural network in order to
generate a first estimate (Product_0) of the daily values of the biophysical variables. A typical 2
layers architecture as that used to generate GEOV1/VGT products was selected with one hidden
layer composed of 5 neurons characterized by a tangent sigmoid function and one output layer
composed of one linear neuron. Inputs and output were normalized.

The NNT was applied over the 2003-2007 period and then the outliers in the daily Product_O (first
neural net) estimates were manually filtered out considering the GEOV1/VGT climatology as
background information and using a graphical user interface (GUI) specially developed. The
expected temporal consistency was used here as the main criterion. The filtering was achieved by
several persons to prevent serious bias in the selection process.

The data were further filtered using three additional criterions:

o Air mass. The total air mass, m, computed as m =

s 0. " cos o, where 6 and 86, are

respectively the sun and view zenith angles. The values for which m > 5 were considered
as unreliable because of too large atmospheric BRDF effects. They were thus flagged as
outliers.

e Soil line. Points lying below the soil line in the B2, B3 and SWIR bands were considered
with a high probability of being contaminated by significant fraction of water-bodies or
clouds. They correspond to the following condition:

PR2—0.04 PR2—0.08
54 =——— r 0=
Pp3 < 0.5 05-002 ° pswir < 0.70 0.5-0.08

where pg,, pp3 and psy g represent respectively the TOC reflectance for bands B2, B3 and
SWIR. These data points were flagged as outliers.

e NDVI: the NDVI value must be higher than 0 (NDVI>0)

The available data in the training dataset were randomly split into a learning dataset made of 70%
of the data available (n=189285), and a test dataset (15% of the data) used for testing the hyper-
specialization of the training process and the remaining 15% for evaluating the theoretical
performances.

GENERATION OF THE DEFINITION DOMAIN

The convex hull made by the reflectances retained after this manual selection process and
additional filtering was formed in the B2, B3 and MIR feature space to generate the definition
domain that will be used to check if the inputs are valid or not when applying the neural network.
The definition domain was gridded using 30* cells by dividing each dimension (band) into 30
equally spaced steps between the minimum and maximum values. The definition domain was
finally defined by the cells containing no data flagged as outliers. Figure 42shows the final
definition domain for all the band combinations. The characteristics of the definition domain are
reported in the Excel file under sheet ‘Definition Domain’.
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Figure 42: The convex hull that corresponds to the definition domain using the manually filtered
outliers. Pixel will be declared as valid if they are within the area defined by the black areas. The 30
cells are distributed equally over the different reflectance ranges.

TRAINING THE NETWORKS FOR OPERATIONAL APPLICATIONS

Evergreen Broadleaf Forests are characterized by two specific behaviors as compared to other
biomes: (i) although they are characterized by high variables’ values, the near infrared reflectance
level is lower than for the other biomes for a given value of the variables. This is mainly due to
thicker leaves. And, (i) the temporal profiles of LAI, FAPAR and FCover are characterized by a
high level of noise while the values should remain high and stable during the whole year. To avoid
the interference of these factors on the training for the other biomes, it was therefore decided to
consider two different processings whether the biome is an EBF or not. EBF identification is
achieved using the GEOV1/VGT climatology EBF flag (Annex 1: GEOCLIM, a climatology of
GEOV1 LAI, FAPAR and FCover).

A second set of neural networks with the same architecture as the one used to filter the VGT-S1
TOC reflectances was trained over the VGT-S1 TOC inputs. These networks are those that are
implemented in the processing chain. The FCover CYCLOPES product scaling was incorporated in
the ‘denormalization’ step of the network outputs.

The training data sets were different for EBF and non EBF: for non EBF, we discarded all the
BELMANIP2 sites that were identified as EBF by the GEOV1 climatology to prevent the training to
be disturbed by relatively low near-infrared reflectance of EBF, and perform better estimates on
high reflectances for non EBF biomes. Conversely, for EBF, we did not use EBF BELMANIP2 sites
solely but the whole set of BELMANIP2 sites to be able to get valuable results in case the EBF
climatology flag is erroneous. The neural net architecture is the same for all the variables and the
two biomes (one hidden layer with 5 neurons with a tangent sigmoid function, and a linear output
layer with a single neuron).

The theoretical performances of NNT (both for EBF and non EBF) were evaluated over the test
dataset. The training process was quite successful (Figure 43): high correlation coefficient close to
the line 1:1.
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Figure 43: Theoretical performances of the neural networks used for LAl, FAPAR and FCover
products. Top: EBF, Bottom: Non EBF. Neural network predicted outputs and the observed fused
MODIS and CYCLOPES products in the test dataset are displayed as a density plot: the more red, the
denser the points are.

To apply the neural network, the following steps must be completed:

¢ Normalization of the inputs: for all the inputs X, the following normalization equation must

be applied:

Xnorm = 2. (X — Xmin)/(Xmax — Xmin) - 1
where Xnorm is the normalized input value, and Xmin and Xmax are computed over the
neural network training data set.

e Run the neural network. The neural network is described by its architecture, i.e, the
number of hidden layers and the output layer. Each layer is described by its number of
neurons, associated weight and biases and transfer function. For the neurons of the hidden
layers, the transfer function is a tangent sigmoid function given by: y = Tansig(x) =
2/(1 + exp(—2x)) — 1, while for the output layer the transfer function is linear (y = x) .
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¢ Denormalization of the output. It simply consists in applying the inverse function used for

input normalization:

Y = 0.5.(Ynorm + 1) * (Ymax™ — Ymin*) + Ymin"
where Ynorm is the normalized output value issued from the NNT, and Ymin* and Ymax*
are computed over the neural network training data set.

e Scaling FCover. To address the CYCLOPES FCover underestimating issue, the neural
network estimated output is scaled by dividing the maximum theoretical FCover (1.00) by
the 99% percentile value computed over the cumulated distribution frequency of the output
Y values of the neural network.

Finally, the normalization integrating the scaling applied to each coefficient writes:
Ymax = Scaling. Ymax™
Ymin = Scaling. Ymin*
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ANNEX 3: RESCALING PROBA-V ESTIMATES

Neural networks were trained over the VGT-S1 TOC inputs as described in Annex 2. Although
neural networks provide unbiased estimates when applied to PROBA-V S1 reflectances (slopes
close to 1 with low offset and little bias) (Figure 44, Figure 45, Figure 46), marginal discrepancies
with GEOV2/VGT may be observed locally as illustrated by the boxplots in Figure 47: an
overestimation of the neural network PROBA-V output appears mainly for the intermediate-high
LAI/FAPAR/FCover values. Indeed, these values are (i) less represented in the training data set,
which is in agreement with the global distribution of the products and (ii) they correspond to
situations closed to saturation of the reflectance with LAl (FAPAR, FCover).

To better match the expected range of variation of the outputs with the theoretical one, the
GEOV2/PROBA-V outputs were scaled with respect to GEOV2/VGT over the 445 BELMANIP2
sites for the period 2013-10-16 to 2014-05-31. For each product, we fitted a third order polynomial
function of each product over the median of the residuals (Figure 47, Table 13).

The rescaled daily PROBA-V estimates showed a better agreement with VGT estimates for all
biomes and variables with lower systematic bias and RMSE closer to 0 (Figure 44, Figure 45,
Figure 46). Note however that some residual scattering is observed due mainly to unmasked
clouds and atmospheric effects. This residual noise in the daily estimates is highly reduced in the
final dekadal GEOV?2 estimates (Figure 34, Figure 35) through the application of outlier filtering and
temporal smoothing in Branches B and C of the algorithm.
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Figure 44: Comparison between GEOV2 neural network LAI daily estimates (output of step 4A) from

PROBA-V and VGT S1 data before (a) and after (b) the rescaling applied to PROBA-V to mimic VGT

estimates. Comparison per GLOBCOVER biome type over the 445 BELMANIP2 sites for the period
2013-10-16 to 2014-05-31.

Document-No.

Issue: 11.41 Date: 11.03.2019

CGLOPS1_ATBD_LAI1km-V2

© C-GLOPS Lotl consortium

Page: 90 of 93



Copernicus Global Land Operations — Lot 1
Date Issued: 11.03.2019

Issue: 11.41

(o0

ernicus

Europe’s eyes on Earth

FAPAR PV

FAPAR PV

FAPAR PV

FAPAR PV

(a) Before rescaling

Shrub Savana Bare
n=86121; RMSE=0.03; B=-0.008
R2=0.96; slope=0.99; offset=-0.0071

1

Crop Grassland
n=54414; RMSE=0.052; B=-0.012
R?=0.94; slope=1; offset=-0.022

1

Deciduous Broadleaf F.
n=11211; RMSE=0.089; B=0.0014
R%=0.81 ; slope=1.2; offset=-0.075
1

i i pae3
b "'
038 p y 08 L . 0.8 BN iy
Wt ? > o o > .o L
06 Y e 206 Y sl Losp L
. S 14 . ¢ o BSX &
vo b ”i‘w . <L e L <L . .
04 . A & 0.4 ‘e “f % 04} - et
N Ak s o Y ot
. i w : w R 20
02 3% 0.2‘ oleh 02 £ R
0 4 9 o 0 A .
0 02 04 08 08 1 0 02 04 06 08 1 0 02 04 06 08 1
FAPAR VGT FAPAR VGT FAPAR VGT
Evergreen Broadleaf F. Needleleaf F. All Biome Type
n=10518; RMSE=0.14; B=0.0035 n=10538; RMSE=0.086; B=0.00024 n=172802; RMSE=0.059; B=-0.0076
R2=D.02; slope=1.7; offset=-0.52 R2=0.77; slope=1.1; offset=-0.058 R2=0.95; slope=1; offset=-0.014
1 e 1 T 1 e
" - B
038 A 0.8 + .4 0.8 SRR
> Tz a
0.6 R 206 o ¥ T 06| .4
R x it i & o
PPics ¥ o Q. R A a g g
04 Ju’“”””s‘;}f. o] & 0.4 HYL Z 04 5 ok
02 RS 02 S 0.2 SRRt
-0 A Ry en s " WETT e,
o M 2
0 0 0 -
0 02 04 068 08 1 0 02 04 06 08 1 0 02 04 06 08 1
FAPAR VGT FAPAR VGT FAPAR VGT
(b) After rescaling
Shrub Savana Bare Crop Grassland Deciduous Broadleaf F.
n=86121; RMSE=0.027; B=-0.0024 n=54414; RMSE=0.049; B=-0.0011 n=11211; RMSE=0.085; B=0.002
R2=0.96; slope=1; offset=-0.0036 R2=0.94; slope=1; offset=-0.001 R2=0.8; slope=1.1; offset=-0.029
1
ey S S TR
0.8 TS 08 08 L S
‘o(' % > e Pé y > K? A ;
LY * a %, ~ g -7
06 . ‘:' .+ o 0.6 - 20 p 0.6 s et
", 2R <L o A - A -
0.4 . Yl L g4 B ot oL g4t - 5.
p 4% < B A < . 25238
By [ + i ' AN
. o Gl * AN
0.2, 58 0.2 R 0.2 N SR
A3 Vi s
0 0 * 0
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
FAPAR VGT FAPAR VGT FAPAR VGT
Evergreen Broadleaf F. Needleleaf F. All Biome Type
n=10518; RMSE=0.14; B=-0.0048 n=10538; RMSE=0.082; B=0.0033  n=172802; RMSE=0.057; B=-0.0015
R2=0.048; slope=1.7; offset=-0.57 R2=0.76; slope=1; offset=-0.0076 R2=0.95; slope=1; offset=-0.0038
1 1 1
0.8 R 0.8 0.8 LA
N > P | > ! gk
0.6 X o 06 i R Rl X1 S
o4 5% S ol e B | F o,
- * I Sre, . . " v g % g
&3 {: fﬁ :(x: ¢ E i E y vyt
St el 2 30N SRR
0.2 oo RN 0.2 BT 0.2 s
% AN S
0 0 i . 0 .
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
FAPAR VGT FAPAR VGT FAPAR VGT

Figure 45: Comparison between GEOV2 neural network FAPAR daily estimates (output of step 4A)
from PROBA-V and VGT S1 data before (a) and after (b) the rescaling applied to PROBA-V to mimic
VGT estimates. Comparison per GLOBCOVER biome type over the 445 BELMANIP2 sites for the
period 2013-10-16 to 2014-05-31.
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Figure 46: Comparison between GEOV2 neural network FCover daily estimates (output of step 4A)
from PROBA-V and VGT S1 data before (a) and after (b) the rescaling applied to PROBA-V to mimic
VGT estimates. Comparison per GLOBCOVER biome type over the 445 BELMANIP2 sites for the
period 2013-10-16 to 2014-05-31.
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Figure 47: Boxplots of the differences between GEOV2 neural network LAI (top), FAPAR (middle) and
FCover (bottom) daily estimates (output of step 4A) from PROBA-V (before rescaling) and VGT S1
data. Median value correspond to the central red mark, the edges of the box are the 25" and 75"
percentiles, the whiskers extend to the most extreme data points not considered outliers, and
outliers are plotted individually with red crosses. The green line corresponds to the 3" order
polynomial fitted on the median of the residuals.

© C-GLOPS Lotl consortium
93 of 93

Document-No. CGLOPS1_ATBD_LAI1km-V2

Issue: 11.41 Date: 11.03.2019 Page:



