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ABSTRACT

Green Vegetation Fraction (GVF) is the fractioraofa within the instrument footprint occupied
by green vegetation. The Numerical Weather PrahdiN\WP) and climate models need this
parameter to partition the fraction of the surfacthe model grid cell that is evaporating and
transpiring at rates controlled by vegetation gsosed to the fraction of the surface evaporating
as bare soil surface. The algorithm to derive GiMifobservations of the Advanced Baseline
Imager (ABI) instrument onboard GOES-R satellitbased on the Normalized Difference
Vegetation Index (NDVI). An NDVI-based linear mixe approach has been chosen to convert
NDVI into GVF. A similar technique has been histatly used at NOAA/NESDIS to generate
GVF from observations of Advanced Very High ResolitRadiometer (AVHRR) onboard
NOAA satellites. The GVF algorithm has been devetbpnd tested using observations from the
SEVIRI sensor onboard the European Meteosat SeGendration (MSG) geostationary
satellite. Studies of SEVIRI data have shown tha¥/Nstrongly depends upon the viewing and
illumination geometry of observations, especialgiodense vegetation. If not corrected, this
angular anisotropy of NDVI causes substantial gusridiurnal variations in the derived GVF.
An empirical kernel-driven model to correct NDVIrfangular anisotropy has been developed
and implemented in the GVF algorithm. Its kernelghi&s as well as endmember values for the
GVF algorithm were also determined empirically fr&BVIRI clear-sky data. The preliminary
validation estimates show that the algorithm mpetformance requirements. The current
document describes the algorithm that will be usederive GVF from instantaneous GOES-R
ABI imagery. As it is required by the Ground SegiEéunnctional and Performance
Specification (GS-F & PS) the GVF product will bengrated on an hourly basis. In the future
in addition to the standard hourly GVF producticigd products such as daily and weekly
composited maps of GVF will be developed.
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1 INTRODUCTION

1.1  Purposeof This Document

The GOES-R ABI GVF algorithm theoretical basis doemt (ATBD) provides a high level
description of the theoretical basis for the deroraof the GOES-R Green Vegetation Fraction
(GVF) products using observations from the AdvarBadeline Imager (ABI) flown on the
GOES-R series of NOAA geostationary meteorologsedtllites. GOES-R ABI will be the first
GOES imaging instrument providing observationsathithe visible and the near infrared
spectral bands which can be used to generate NiaaddDifference Vegetation Index (NDVI)
values for monitoring the state of the vegetatiovet as well as identifying areas of vegetation
stress and drought. The GVF is derived from thé KBVI product.

1.2 Who Should Use This Document

The intended users of this document are thoseestien in understanding the physical basis of
the GVF algorithm and how to use the output ofalg®rithm to optimize the GVF for a
particular application. This document also prosiddormation useful to anyone maintaining or
modifying the original algorithm.

1.3 Inside Each Section

This document has the the following main sections.

» System Overview: Provides relevant details of the ABI and providdsrief description
of the products generated by the algorithm.

» Algorithm Description: Provides all the detailed description of the alon including
the physical basis, input and output.

* Assumptionsand Limitations. Provides an overview of the current limitatiorighe

approach and the plan for overcoming these linoitegtiwith further algorithm
development.

1.4 Reated Documents

This document currently does not relate to anyraloeument other than the GOES-R Ground
Segment Functional and Performance Specificati@®F&PS).

15



1.5 Revision History

Version 0.0 of this document was created to accompae delivery of the version 0.0 algorithm
to the GOES-R AWG Algorithm Integration Team (AlT)was then modified to be as version

0.1.
Version 1.0 of this document was created upon nuadibn of the draft ATBD to reflect

changes/improvement made for the 80% readinesswady including some additions/changes
conducted from the algorithm Critical Design Revig@DR).

16



2 OBSERVING SYSTEM OVERVIEW

This section describes the products generatedeognBi GVF algorithm and the related sensor
requirements.

2.1 Products Generated

Green vegetation fraction (GVF) is one of land acefproducts that will be routinely generated
by the GOES-R data processing system. GVF willdreegated from GOES-R ABI data and
presents the fraction of green vegetation withaitistrument footprint. Information on the
green vegetation fraction is needed in land sunfagdels where it is used to partition the
fraction of the surface in the model grid cell ieapotranspiration controlled by vegetation and
into evaporation controlled by bare soil (Ek et24103; Barlage and Zeng, 2004).

Green vegetation fraction will be derived from drestGOES-R ABI operational product, the
Normalized Difference Vegetation Index (NDVI). TB&/F product will be generated in day-
time clear sky conditions for the GOES-R full daslea and will be delivered on an hourly basis.
The GVF product will satisfy requirements presentethe GOES-R Ground Segment
Functional and Performance Specification (GS-F &iR$able 2.1.

Table 2.1. Functional & Performance Specification (GS-F&PS) for ABI GVF

8 Y 3 g a
o} 3
D60 > >_ 2% g = O% o3 g0 o8
Tc |- < =l o= z |gdm| 2 c |28 0@ = = E <
: |25 98|3|5|i555| 65 228 55 kg|acs |85/ E2 | ©5 | 22 | BB
% 2aloas B512~ls2(82]| 23 el 2k §§ ggcls3a 59 = m Sg =2
< QS : = T & < 7 QX Q=
Zo3 <@ =< o5 g | © g o g2 a
"3l 3 8 g 8
0.10 for| 0.10 for Quantitativg Clear
LZA LZA Sun at 6] outto at "
: Conditions Over
Vegetation Full 0to 1| below 3236 below 55 degree| least 70 associated|  specified
Fraction: |GOES-H . N/A |2 km| 1 kmj(unitleg 55; 0.2q 60 min | 60 min 0.20 for| TBD solar |degrees LZ. ] p ’
Green Disk s) [for LZA SeCl Lza zenith and hW'tE d geographic
55~70 55~70 angle | qualitative thresho area
accuracy
degreeq degrees beyond

LZA=local zenith angle

2.2 Instrument Characteristics

GOES-R ABI radiometer will provide routine obseivat of the Earth in 16 spectral channels
located in the visible, near infrared, shortwaveared and thermal infrared spectral range. The
GVF product will be derived from the ABI NDVI produ No additional ABI sensor data other
than involved in the NDVI algorithm will be usedgenerate the GVF product. GVF values will

17



be estimated for each pixel observed by the ABIrerlvalid NDVI retrieval is available. Table
2.2 identifies the ABI channels and shadows thesel dor the NDVI algorithm

Table 2.2. Spectral characters of Advanced Baseline Imager

. Upper Limit :
b | Gy | NeoTISNR | fDynamic. | PR
Range

1 0.47 0.45 —0.49 30011 652 W/nf/stjum | 1 km
2 0.64 0.59 — 0.69 300:1" 515 W/nf/srjum | 0.5 km
3 0.86 0.8455 — 0.8845 300:1" 305 W/nf/srium | 1 km
4 1.38 1.3705 — 1.3855 3081 114 W/nf/stjum | 2 km
5 1.61 1.58 — 1.64 3001 77 Winf/stjum | 1 km
6 2.26 2.225-2.275 | 3000 24 Winf/stjum | 2 km
7 3.9 3.8-4.0 0.1K 400K 2 km
8 6.15 5.77 — 6.60 0.1K 300K 2 km
9 7.0 6.75-7.15 0.1K 300K 2 km
10 7.4 7.24 - 7.44 0.1 320K 2 km
11 8.5 8.30 — 8.70 0.1K 330K 2 km
12 9.7 9.42 - 9.80 0.1K 300K 2 km
13 10.35 10.10 — 10.60 0.7K 330K 2 km
14 11.2 10.80 — 11.60 | 0.1K“ 330K 2 km
15 12.3 11.80 — 12.80 | 0.1K¥ 330K 2 km
16 13.3 13.0-13.6 0.3K 305K 2 km

[1]100% albedo, [2]300K scene. Shaded channelsseé for NDVI calculation.

2.3 Misson Requirement

The GVF will be produced according to requiremdotmulated in the GOES-R Ground
Segment Functional and Performance Specificatid®F& PS) document listed in table 2.1.
GVF will be derived over CONUS area at 60 minutesrival. The horizontal resolution is 2 km.
The temporal coverage is for daytime with solantheangle within 67 degree. The retrieval is
over land pixel with cloud clear condition. The guat accuracy and precision requirement is
0.10 GVF units for satellite zenith angles belowdgg and at 0.20 GVF units for satellite zenith
angles within 55 to 70 degrees.

24 Retrieval Strategies

To derive the Green Vegetation Fraction the ABI NPvbduct is used. GVF is estimated with a
linear unmixing algorithm with two end-members eg@nting fully vegetated land and bare
ground surface. It is important that GOES-R ABI NID¥the top of the atmosphere NDVI. It is
derived directly from satellite-observed directibredlectances in the visible and near infrared
spectral bands which are not corrected for atmasphé#ects. As a result the derived NDVI is

18



dependent not only on the reflective propertieghefland surface, but also on the particular
viewing and illumination geometry of observations.

Within the GVF algorithm NDVI is corrected for arguanisotropy with a empirical kernel-
driven model. End-member NDVI values as well an&kweights in the NDVI angular
anisotropy model are determined empirically fronelise observations. GVF estimates are not
performed over water surface, cloudy pixels, pixdlh insufficient solar illumination and any
other pixels were NDVI estimates are not availdbteany reason. The quality of GVF retrieval
is characterized by a set of quality flags providath the product. Quality flags are assigned to
each pixel.
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3 ALGORITHM DESCRIPTION

This section presents a complete description o&tberithm at the current level of maturity
(which is expected to improve with each revision).

3.1 Algorithm Overview

Green vegetation fraction is defined as fractiothefarea within the instrument footprint
occupied by green vegetation. In land models GMFse&d to partition direct (bare soil)
evaporation from canopy transpiration. GVF valtgegye from 1.0 for a completely closed
vegetation canopy to 0.0 for non-vegetated surfaaek as a desert or bare ground. To satisfy
GOES-R Ground Segment Functional and Performaneeif@@ation (GS-F&PS), ABI-based
GVF products will be derived over the full diskaatefresh rate of 60 minutes. GS-F&PS
document requires the product accuracy and precisibe at 0.10 GVF units for satellite zenith
angles below 55 deg and at 0.20 GVF units for Batelenith angles within 55 to 70 degrees.
The details of the GS-F&PS performance specificatiare given in Table 3.1 below.

GVF is one of the option-2 products in the GOESHR processing system. It relies on the high
quality cloud mask to determine pixels that camubed in clear-sky retrievals of land surface
properties. It also uses snow cover mask to dekne@as where vegetation cover is affected by
snow. GVF retrievals require daylight conditions dstimates are made for solar zenith angle
above 67 degree.

The GVF algorithm for GOES-R ABI generally followse traditional approach to GVF

retrieval presented, in particular in Gutman anthtgv (1998) and in Jiang, et al (2010). Within
this approach the observed NDVI characterizesttite sf vegetation within the pixel. GVF is
derived with a linear mixture technique where erglnhers are global NDVI values
corresponding to completely vegetated and to comlgleon-vegetated land surface (N

and NDVl,,, respectively):

_ NDVI -NDVI .
NDVI .~ NDVI, (3.1)

Since ABI NDVI is derived from directional reflectees observed at the top of the atmosphere,
NDVI changes with changing viewing and illuminatigeometry. In the algorithm all NDVI
values are corrected for the angular anisotropyaaadrought to a reference viewing-
illumination geometry of observation. This is ddoeensure consistency of GVF retrievals both
in space and time. Minimum and maximum values oMN8s well as parameters of NDVI
angular anisotropy model are determined empiridadisn satellite observations.

21



3.2 Processing Outline

The processing outline of the GVF is summarizeBigure 3.1. To run the algorithm datasets of
the following three categories are acquired: (1gl8te data which include angle values and
level 1b Quality Control (QC) flags, (2) model dataluding estimated global minimum and
maximum values of NDVI along with the NDVI angukamisotropy model parameters and (3)
ancillary data which include ABI NDVI retrievals @iNDVI QC flags. A detailed description of
input datasets is provided in the following sectioh the document

The GOES-R ABI GVF product is derived for all pigavhere valid NDVI retrievals are
available. To derive GVF all observed NDVI valuésng with NDV i, and NDV axare first
brought to a reference viewing-illumination geometf observations. At the next stage a linear-
mixture algorithm is applied to estimate GVF frdme angular corrected NDVI. The derived
GVF values along with GVF quality control flags aeved in corresponding output files.

Acquire satellite data
(angle values, level 1b QC flags) Declare & Initialize variables
Acquire model data |
(NDVImin’ NDVImax:

NDVI angular model parameters) Read Data

Acquire ancillary data

(ABI NDVI, NDVI QC flags) /
<Bring NDVI to the reference geometr>_

Calculate GVF

|

Write files

GVF end

Figure 3.1. Flowchart of Green Vegetation Fracpooducts.

3.3 Algorithm Input

This section describes the input needed to prabessSVF.

3.3.1 Primary Sensor Data

22



The list below contains the primary sensor datal liyethe GVF retrieval. By primary sensor
data, we mean information that is derived soledyrfithe ABI observations and geolocation
information, or the level 1b data. Table 3.1 listsse input sensor data and their descriptions.

The GVF product is based on other GOES-R ABI présl(idDVI, cloud mask, snow cover) and
does not directly use information from any ABI spalcchannels. However it uses information
on the geometry of ABI observations including sa@anith, solar azimuth, satellite zenith and
satellite azimuth angles. Information on these e @ needed to perform anisotropical
correction of NDVI for GVF retrievals.

Table 3.1. Input list of primary sensor data.

Name Type Description Dimension
Solar zenith input ABI solar zenith angles gridites ysize)
Solar azimuth* input ABI solar azimuth angles gigize, ysize)
View zenith input ABI view zenith angle grid (xsjzgsize)
View azimuth* input ABI view azimuth angle grid (s, ysize)
QC flags input ABI quality ccirl;tré);tf;ags with level grid (xsize, ysize)

*In the GVF algorithm, the relative azimuth (i.éffdrence of the two azimuth values) is used.

3.3.2 Derived Sensor Data (GOES-R Product Precedence Data)

A number of previously computed GOES-R productsegeired as input data to run the GVF
algorithm. The primary input to the GVF algoritheithe ABI NDVI product. There are two ABI
derived sensor data sets used in the NDVI retriéyahe ABI cloud mask (ACM) product,
which characterizes cloudiness conditions for gaxél as clear, probably clear, probably
cloudy, or cloudy, and 2) the snow mask which iatBs whether the pixel is affected by snow.
The fractional snow cover (FSC) is an ABI level¥®gluct reporting the fraction of snow in each
ABI pixel and available at a refresh rate of 60 ub@s.

Information on the cloud cover and snow is contdimeQuality Control flags provided for the

NDVI product. Therefore only NDVI product is utiéd by the GVF algorithm. Table 3.2
describes the derived sensor data needed for GN&raggon.

Table 3.2. Input list of derived sensor data.

Name Type Description Dimension
ABI NDVI product calculated from
NDVI input calibrated ABI level 1b TOA grid (xsize, ysize)

reflectance in channels 2 and 3
NDVI QC flageg input ABI NDVI quality control flags grid (xsize syze)

23



3.3.3 Ancillary Data

Ancillary data are the non-GOES-R data that prowdermation not included in the primary
sensor data or the previously computed GOES-R d&ka.only ancillary information the GVF
algorithms needs is the land/water mask. This m&dron will be acquired from Quality Control
flags supplied with the NDVI product.

3.3.4 Algorithm Coefficientsand Control values

In addition to the sensor data and the ancillatg,dggorithm coefficients are ingested as the
input data. Table 3.3 lists the algorithm coeffintgefor GOES-R ABI GVF algorithm.

Table 3.3. Input of algorithm coefficients for GOES R ABI GVF

Name Type Description Dimension
Algorithm NDVI angular anisotropy
model coefficients

Global NDVI maximum and minimuin
values NDV}a, and NDV kin

Kernel Weights| input 3 coefficients

NDVI Coefficienty input 2 values

Reference Anglg

Coefficients input Reference geometry information 3 values

3.4 Theoretical Description

The GVF is defined as the fraction of the area withe instrument footprint occupied by green
vegetation. Information on green vegetation fraci®oneeded when estimating the surface
energy balance in numerical weather prediction (NfRI climate models. Global and regional
NWP models of the National Center for Environmertadiction (NCEP) use GVF information
to partition the model grid cell into evapotranggion surface controlled by vegetation and into
evaporation surface controlled by bare solil. Inigoitl GVF is a sensitive indicator of land use,
land degradation, and desertification.

3.4.1 Physicsof the Problem

Realistic characterizations of vegetation type, am@nd cover and their dynamics (e.g.,
seasonal and inter-annual) are of great importamdescribing land surface processes in
weather and climate models. Green vegetation a¢tVF) and fractional vegetation cover
(FVC) are two mostly used parameters to descriedrdctional presence of vegetation through
growing seasons over land surface, depending ontlhewegetation fraction is treated in model
parameterizations. Some land surface models ¢@AR Community Land Model) utilize an
annual constant FVC value with a varying leaf angi@x (LAI) throughout the growing season
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(Zeng et al., 2000), while NCEP operational forécasdels use a varying GVF but a prescribed
constant LAl value in their land surface model comgnts (e.g. Noah land surface model)
(Mitchell et al., 2001, Ek et. al. 2003).

GVF is different from FVC. The former is a desciptof how “green” a land pixel is seen from
space. The latter just tells the fraction of theepthat is occupied by vegetation, regardless
whether such vegetation is green (e.g., full growtinot green (e.g., partial growth or dormant),
while the underlying assumption is that the “grees®i part is reflected by another parameter,
LAI (Jiang et al., 2010). FVC is not directly lindkeo the reatime satelliteobserved surface
greenness (e.g., NDVI), as it is a constant quaatitseasons change within an annual cycle.

Generally, there are two approaches to derive atigatfraction from satellite observations. One
is multispectral mixture approaches (DeFries etl&l99; Hansen et al., 2002), and the other is
NDVI-based linear mixture approaches (Gutman & tgnal998; Gallo et al., 2001, 2005; Jiang
et al., 2010).

Multispectral mixture approaches use reflectandelbf vegetated land and bare soil in multiple
spectral bands to derive FVC or GVF (DeFries ¢t1#99; Hansen et al., 2002). These
approaches need endmember libraries to distinguiglvegetation and their subclasses. Their
disadvantages include: (a) spectral signature dinembers are hard to define or identify (may
vary from pixel to pixel), (b) extensive trainingtd are needed for each endmember, and (c)
many such approaches need a surface reflectanag,magdch in turn, needs atmosphere
corrected surface reflectance. Both are very caraf@d and computationally expensive, and
thus may introduce the chance of errors.

NDVI-based linear mixture approaches involve the aisthe measured NDVI values and a
linear mixture model with two endmembers represgnfully vegetated land surface and bare
ground respectively (Gutman and Ignatov, 1998,& @001, Jiang et al, 2010), to calculate
GVF as formulated in Equation (3.1),. These apgreadirectly link the redime observed

NDVI to GVF via a simple formulation that helps ue@ the distortion to the reame signal in
NDVI and requires significantly fewer parameterarthhe multispectral mixture approaches
(Jiang et al., 2010). The disadvantages of suchoappes include: (a) NDVI angular anisotropy
has to be accounted for, and (b) NDVI should beight to the same geometry of observations.

Both the MODIS vegetation fraction (continues fighdoduct (DeFries et al., 1999; Hansen et
al., 2002) and the EUMETSAT land GVF product dedit®m SEVIRI
((SAF/LAN/UV/PUM_VEGA/2.1) utilized the multispe@lt mixture approaches. Two sets of
NOAA NESDIS AVHRR-based GVF products utilized thBWl-based linear mixture
approach. The GVF dataset that is currently us@ld&P forecast model is a monthly
climatology data derived by Gutman and Ignatov @9%ing 5 years NDVI data at 0.144°
resolution from the NOAA AVHRR. NESDIS has recerggnerated a AVHHR-based, near
real-time weekly dataset of GVF from 1982 througbsent with global coverage (Jiang et al.
2010).The new global GVF data sets include the multiy@sF weekly climatology and the real-time
weekly GVF.This dataset has the same spatial resolution asldhaonthly GVF, however,
provide an overall higher vegetation value, remletisurface vegetation information, and numerousroth
improvements (Jiang et al., 2010)
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In this study, we follow the general approach byrgan and Ignatov (1998) and Jiang et al
(2010), as described in Equation (3.1). In additmthe above mentioned advantages, this
approach is to follow the heritage of NOAA methadd thus it will have a long history of
similar data from previous and existing polar-artgtsatellites, and also be easy to create
merged products from ABI and polar-orbiting satedliin the future.

In the formula (3.1NDVI is the observed NDVNDVI is the maximum NDVI corresponding
to 100% vegetation cover, aNDVI, is the minimum NDVI corresponding to 0% vegetation
cover or bare soiNDVI . andNDVI i, are global parameters independent of locatioarl |
cover type. All three termiDVI, NDVIax andNDVI i, are top of the atmosphere values. This
approach to estimate the green vegetation fragtemadopted for generation of the GVF
product from GOES-R ABI.

Estimating GVF faces two principal challenges. tritshas to be considered that NDVI depends
on the observation geometry. This occurs due fergifit angular anisotropy of reflectance in the
visible and near-IR spectral bands contributinblVI. Many applications implicitly assume
that angular effects on NDVI are negligible (Zhawak, 2001; Schwartz et al., 2002). However,
it has been demonstrated that TOA NDVI dependsmospheric path scattering and land
surface bidirectional reflective properties. (Gaalg 2002). To achieve consistent retrievals of
GVF both in space and time a proper mechanismriecoNDVI for angular effects prior to
using it in formula (3.1.) had to be developed. $aeond challenge consists in accurate
determination of the values BDVI,,x andNDVI;, which are the major parameters controlling
the algorithm.

In the development of the GVF algorithm for GOEZWRI we heavily relied on the data from
MSG SEVIRI as a proxy to ABI data. Similar to ABESIRI is a geostationary satellite
instrument which provides observations in the Wsdnd near-infrared spectral range and thus
can be used to derive NDVI and GVF. A detailed dpton of the GVF algorithm development
activities is given in the following section. Thiludes the work on the development of the
NDVI bidirectional correction algorithm and the apach to estimate global minimum and
maximum NDVI values.

3.4.2 Mathematical Description of the GVF Algorithm
3421 Observed NDVI Angular Anisotropy

Proper correction of NDVI for angular anisotropyaisritical step towards generating consistent
in space in time estimates of GVF. In the analg§iDVI angular anisotropy as well as in the
development of an algorithm to correct for NDVI atay anisotropy and to derive GVF we have
used observations from the Spinning Enhanced \ésbd Infrared Imager (SEVIRI) sensor
onboard the European Meteosat Second Generatio®)g&ellite as the GOES-R ABI
prototype. MSG is a geostationary satellite operae EUMETSAT and positioned over
equator at Dlongitude. The SEVIRI instrument provides obseorat in 12 spectral bands
including observations in the visible red and iamiafrared spectral range. The latter feature
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allows for using MSG SEVIRI data to estimate NDvidahence GVF. Detail information on
SEVIRI data is provided in section 4.1

To study the angular anisotropy of the TOA NDVI aave developed a special system to
visualize diurnal time series of SEVIRI-observefflecances, brightness temperatures and
NDVI and to select time series that were not affddiy clouds. The system plots time series of
half-hourly SEVIRI observations for a specifieddtion and date. Discrimination between
cloud-clear and cloud-contaminated time seriegifopmed interactively by qualitative
evaluation of the smoothness of time series obtieerved reflectance, infrared brightness
temperature and NDVI.

The visualization system was used to examine MSG@IBEhalf-hourly images obtained during
one year time period, from Feb 2007 to Feb 20GRaor two days of every month have been
examined to identify cloud-clear time series. Ollerbout 880 daily time series of reflectance
and NDVI were identified and saved. When generatimgydataset we have try to cover as
evenly as possible the whole domain of SEVIRI arwbiporate observations characterizing all
land major land surface cover types. Locationsetdéced and saved cloud clear diurnal time
series are shown in the map in Figure 3.2

Figure 3.2. Locations where clear NDVI daily recomgere acquired from the SEVIRI dataset.

Examination of diurnal time series of clear sky NID¥s revealed a strong angular anisotropy
inherent to NDVI values (Figure 3.3 and 3.4). IswWwaund that in some cases changing solar
zenith angle during the day causes up to 0.4 chamnitpe observed TOA NDVI. The effect of
the solar-satellite relative azimuth on NDVI wasadler, but may still cause a change of about
0.1. The NDVI dependence on relative azimuth maulten an asymmetry in the NDVI daily
change. Overall angular anisotropy in NDVI increbggth increasing NDVI values.

27



NDVI

Figure 3.3Examples of NDVI daily change (as function of saanith angle/local time) fror
July 2007 MSGSEVIRI clouc-cleardata. The vegetation types are mixed forest
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Figure 3.4. Effect of solasatellite relative azimuth angle on NDVI daily chhan(as local time

from MSG-SEVIRI clouc-clear data.

In order to understand hownadspheric effects influence the NDVI anisotropyrsbg satellites,
the “second simulation of a satellite signal in $leéar spectrum” (6S) co(reference for 6S
model neededand Boston University's BRDF model were used touate the top of canog
(TOC) and TOA reflectance and NDVI with aerosol ogtaapth (AOD) of 0.05, 0.15, 0.25 a
0.45, respectively. Three different vegetation sy/fdense broadleaf ti-shrubs, dense neec
leaf treesshrubs, and dense grass like vegete- crops) and threefferent soil types (smoot
dark soil, smooth bright soil, rough bright) wesed in this work
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Figure 3.5. Simulated TOA NDVI as function of vieenith angle, with the aerosol optical
depth of 0.05, 0.15, 0.25, and 0.45. The vegetdyipe used in this simulation is
dense needleleaf trees-shrubs.

Figure 3.5 shows that the magnitude of NDVIs gdhed®creases with the increase of AOD.
With the same amount of AOD, bidirectional NDVITEDA has a dome shape when canopy was
measured from the near-nadir view to larger viegles This means that as the viewing or solar
zenith angle increases, the atmospheric contributidl OA reflectance increases and thus
causes a TOA bidirectional NDVI decrease.

These results indicate that although geostatiosatsilites making repeat observation over a
given region can provide high temporal resolutiatadthe different satellite viewing zenith
angles for different locations on Earth may briagge uncertainties to GVF, e.g., the NDVI
measured from larger viewing zenith angles willibelerestimated even at the overhead sun
condition. In addition, if original NDVI values atesed in calculating GVF, GVF will also
change with observation geometry and thus caussantial spurious diurnal variations in the
derived GVF. GVF is supposed to characterize véigetaover properties and should not
depend on the observation geometry. Thereforeiadwge consistent estimates of GVF all TOA
NDVI measurements should be brought to a refergroenetry before using them in formula
(3.1) to estimate GVF.

3422 NDVI Angular Anisotropy Model

Kernel-driven models are widely used to reprodudedxtional reflective properties of the land
surface reflectance and to calculate the surfdmdal (Roujean et al., 1992; Wanner et al., 1995;
Lucht et al., 2000). Some of the developed BRDF et®dre quite simple and are based on
purely empirical considerations (e.g. Walthall let H985; Nilson and Kuusk,1989) . Other
models are more complicated and have some physcaground. The most widely used
semiempirical BRDF models are those of Roujearh. €1992), Wanner et al. (1995) and Lucht
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et al. (2000). The kernel functions in these modetsbased on simplified physical
parameterizations of the light scattering and otiéé processes over vegetated terrain.

The kernels of semiempirical BRDF models reprebastc scatter types: isotropic scattering,
radiative transfer-type volumetric scattering asrfrhorizontally homogeneous leaf canopies,
and geometric-optical surface scattering as froemas containing 3-D objects that cast shadows
and are mutually obscured from view at off-nadiglas (Lucht et al., 2000).

A linear kernel-driven BRDF model developed by Rauj et al. (1992) incorporates two kernel
functions and three coefficients (or kernel weiylatsd has the following form:

BRDF(6Bs, 8, ¢) = ko +ki* 11 (65, 8, 9) +ko*T2 (Bs, B, 9) (3.2)

In equation (3.2) the two functiofisandf, were derived separately from elementary
photometric models, representing volume-scatteaimdjgeometric scattering effects,

respectively. They are functions of zenith angidor the Sun and3, for the sensor, and the
relative azimuthy between the Sun and the view directions. Theenetd coefficients; (i= 0, 1,
2), weights for the kernels and obtained from maaetrsion against satellite measurements,
represent intrinsic surface properties. Coefficlgns a nadir-zenith reflectance (a constant
corresponding to isotropic reflectance), wheteandk, quantify the volume scattering and the
geometric-optical surface scattering of the surfaegpectively.

Since these BRDF models are linear models, theyeanverted analytically. Both the MODIS
BRDF/Albedo (Schaaf et al., 2002) and the ADEOS-PBR BRDF products (Leroy et al.,
1997; Hautecoeur and Leroy, 1998) utilized kerrrelash BRDF models. In the MODIS
BRDF/Albedo algorithm, the reciprocal RossThick-h#se model was used (Lucht et al. 2000).
In the ADEOS-POLDER BRDF product, the Roujean BRD&del (Roujean et al., 1992) was
used.

In this study we have used a similar kernel-bagguiaach to parameterize NDVI angular
anisotropy and have proposed a simple analyticalein@lating NDVI to the observation
geometry.

From the physical point of view, the approach imid) atmospherically corrected and BRDF-
adjusted reflectances to calculate TOC NDVI andhtr on, GVF appears more justified. This
technique is extensively used for generating veigetaelated parameters from MODIS data.
The reasons we chose to follow an empirical apgre@adNDVI anisotropical correction are as
follows.

First, atmospheric correction needs aerosol paems&i be accurately defined and the latter are
often poorly known. There is no specified atmoshesrrection team as MODIS land team to
convert TOA reflectance to TOC reflectance in car@OES-R land team.

Second, BRDF correction is performed with a sempieical kernel-driven model similar to the
one used in our algorithm to correct NDVI. The negd accuracy of GVF estimates ranges from
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10% to 20% depending on the satellite view angteadhieve this accuracy the normalized
reflectance should be defined with an error of tas 2%. It hardly reasonable to expect that a
simple BRDF model can reproduce reflectance soratein both spectral bands for the whole
variety of different land surface cover types witkte full range of viewing and illumination
geometries inherent to observations from geostatiogatellites.

Third, if the specified precision for the surfaeflectance is 0.08 as mentioned in GOES-R ABI
land surface albedo ATBD, uncertainties in ND\tga within 0.15 to 0.4 for most scenarios
and corresponding uncertainties in GVF range wig#b to 60% (instead of 10%-20% as
required by F&PS document). In the latter estimaiB¥/| and GVF uncertainties were
calculated from the surface uncertainty using gkrerror propagation formula. It was assumed
that NDVI min and max values were equal to 0.0 @7drespectively and were defined with the
accuracy of 0.05. The surface reflectance unceytamas taken equal to 0.08.

Considering all issues mentioned above we belieaedt this time the proposed empirical
approach to NDVI anisotropical correction is theimal choice.

To correct NDVI for the angular anisotropy, a simgérnel-driven model has been proposed:

NDVI(6s, 64, ¢) = NDVI(0,0,0) [1 + C; f1+Cyf] (3.3)

Wheref, andf, are kernel functionsZ; andC, are kernel weights; is relative azimuth&s is
solar zenith angle ané, is satellite zenith angle.

In this equation, the first kernel function is meemcharacterize NDVI change with solar and
satellite zenith angle:

fi =(tanBs+ tan 8,), (3.4)

whereas the second kernel function reproduces N&nge with the relative solar-satellite
azimuth angle:

f,=( cosp + 1)? (tanBstan )™ . (8.5

The NDVI anisotropy model assumes reciprocity efning and illumination angles. Both
kernel functions turn into zero for the overhead and nadir observations conditions.

Two kernel weight€; andC, were determined from SEVIRI clear sky observatiosiag the
following empirical approach. For two observatidaken over the same scene during one day at
different illumination conditions NDVI (0,0,0) shloube the same, hence we have
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NDVI(951, a/l, gol) /[1+ C f11+C2f21] = NDVl(esz, a/z, §02) /[1+ C f12+C2f22] (36)

Wherefy, = (tan Gg+tan B1), f12 = (tan Bxp+tan 8), far = (cos g + 1)*(tan B tan 81)Y2,
and 2, = (cos ¢, + 1)%(tan Bz tan 8,,)Y%. The observation geometries #e, &1, ¢1 for the
first measurement, anfly, B, ¢, for the second measurement. Since the target isatime, the
satellite zenith angle does not chanfkei= &».

Reformulate (3.6) we have:
NDVI(Bs1, Bu1, 91) - NDVI(Bg, Bz, 92) = (3.7)
C1 [ NDVI(Bs, B2, ¢2) f11 - NDVI(Bs1, B, 1) f1o] +
C2 [NDVI(Bx, Bz, 92) fo1r - NDVI(Ba1, B, 1) f22]

Hence we obtain a system of linear equations terdete coefficients Cand G based on a set
of pairs of observations taken over the same sbenhender different illumination conditions. In
this reformulated equation, all are known excepa@ G. By using multiple linear regression,
we can derive Cand G based on a set of pairs of observations takentbeesame scene but
under different illumination conditions.

To derive C1 and C2 we have used cloud-clear tenes of NDVI observations with SEVIRI
from the dataset presented above. . About 5% &Gl accumulated clear sky NDVI daily

time series were used to determine coefficientar@ G whereas the rest of the data have been
used to assess the accuracy of the developedthlgoiihe best fit to the observed NDVI has
been obtained with the following values of the weefficients:

C1=-0.0723
C2=-0.0101

Note that @ and G are global values for every pixel.

3423 NDVI Angular Anisotropy Modd Testing

Assessment of the performance of the NDVI anguladehis presented in this section. Criteria
characterizing the validity of the NDVI anisotropyodel include (1) Ability of the model to
accurately reproduce the observed NDVI diurnahgeaand (2) Decrease of scatter in diurnal
time series of corrected NDVI (or NDVI brought te@mmon sun-satellite geometry) as
compared to the original observed NDVI. The evatuabf the NDVI angular anisotropy model
is based on these two criteria.
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34231 NDVI observed versus NDVI predicted

Once the NDVI angular anisotropy mais defined, one observation of NDVI during the
can be used to predict NDVI that will be observedrey other time of the day. The followil
experiments have utilized clo-clear NDVI diurnal time series. We have used oné/N
observation close to naand simulated SEVII-observed NDVI during the rest of the ¢

NDVI(Bs, B2, 92) = (3.8)
NDVI(Bs1, By, 1) [[1+ Cif1g +Cofor [ 1+ Cifio +Cof ],

whereNDVI(6Bs, 81, ¢1) is NDVI observed i the local noon, anNDVI(Bs, B2, ¢2) is
predicted NDVlat any other time with cloudy clear condition withhe same day. Sin the

target is the sameé,1= B,,.

Figure 3.6 presentsvo examples of the observed and simulated NDVhdth cases the mod
reproduces the diurnal changeNDVI quite well. In both examples the model has beetiexg
for observations with solar elevation abov. The model performance was foi to degrade
substantially at lower solar elevation angles. Tha@vever is does not present a critical is
since quantitative accuracy and precision criteniaGVF are specified only for the solar zer
angle below 67and for satellite zenith an¢ below 7.
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Figure 3.6.Comparison of NDVI daily change between originasetvedSEVIRI NDVI and
predicted NDVI using the angular anisotropy mc

Diurnal time series NDVI that were collected fooab880 locations in Europe, Asia aAfrica
within the SEVIRI domain (mentioned in section 2.4, figure 3.2) have been used to tesl
accuracy of the model. For each NDVI diurnal tireges, we have calculated the value of
root mean square error (RMSE). The mean RMSE div88@ ceses in the dataset was equa
0.032.
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34.232 NDVI observed versus NDVI corrected to areference geometry

Figure 3.7 illustratethe results of NDVI angle correction. Given evarglividualNDVI (B,
81, ¢1) observation within a day, correspondNDVI that is brough{corrected to the

reference sun-satelligeometr, NDVI(Bx=45°, 8,,=45°, ¢,=90°), can b calculated using
formula (3.8) Figure 3.7 shows some individual comparis

Deciduous Forest Cropland Mixed Forest
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Figure 3.7.NDVI observed versus NDVI corrected to a refee sur-satellite (or viewing-
illumination) geometry

The effect of NDVI angular correction is evaluatgdcomparing the root mean squ
difference (RMSD) of NDVI in the diurnal time scalthe RMSD is calculated i

L]

w (NDVI, — NDVI)?
n (3.9)

RMS5D =

WhereNDVI; is either the NDVI corrected to the reference getoynar the original measure
one in a diurnal time scale for one pixel, n istibt@l number of clear sky measurements
whole day for that pixel, an{2V! is the corresponding mean NDVI (calculated fromuaai
corrected NDVI or original measured NDVI) in thatyd The detail procedure is as folloy
First, hourly clear-skiNDVI (angular corrected and origin for every locatio are collected.
Second the diurnal NDVIBRMSD is calculated. Last, the frequency distributof RMSD for all
pixelsis showed in Figure 3.
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Figure 3.8. The Statistics of RMSD in daily NDVicoeds before and after angular correction
(cloud clear daily NDVI time series used). The 88lly time series of SEVIRI
NDVI are used (mentioned in section 3.4.2). Theais & NDVI RMSD value.

The values in blue in Figure 3.8 are the resutimforiginal observed NDVI daily record. The
values in red are the results from corrected NI¢lv RMSD values means less diurnal
changes. After the angular correct, there are faogmit more cases of small RMSD, which
means that NDVI brought to the reference sun-vigvgeometry shows less scatter at daily time
scale as compared to the original NDVI. Howeveis@tnopical correction reduces the scatter in
NDVI daily time series but does not eliminate therdal change completely

3424 Approach to determine NDV I 5 and NDVI i,

To calculate GVF with a linear mixture approachdshsn NDVI, the values of endmemebrs
representing fully vegetated land surface (NRMIand completely non-vegetated land surface
(NDVI min) should be determined. We have used an empirnigabach to determine the values of
both NDVImin and NDV hax.

To estimate the NDVI value corresponding to conghletegetated land surface we have
processed MSG SEVIRI half-hourly full disk imagedlected during the years of 2007 and
2008 and generated weekly maximum NDVI composhteages. Weekly maximum NDVI
values were corrected for the angular anisotroytly thie model presented above and were

brought to a reference geometry of observat@@an=£ 45°, 6v = 45°,¢ = 90°). Corrected NDVI
values were then used to generate the frequentribdison of NDVI. The value of NDVjax
was assumed equal to the value of 95th percerfthd¥ | frequency distribution. The 95th
percentile corresponds to NDVI value of 0.59 (Feg@r9).
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Figure 3.9NDVI frequency distribution for the full disk dz.

The NDVImin value wagdetermind through the following procedure.tast site in Sahara des
(Figure 3.10) was selectedrepresent a completely r-vegetated landurface. NDVI
frequency distribution over this aiwas derived from NDVI weekly maximum composi
maps. The value of NDMbr nor-vegetated land surface wiaken equal to 95th percentile
NDVI frequency distribution in Sahara desert (NI,j,=0.13).
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Figure 3.10NDVI frequency distribution for a test site in Sedaesert (barren soil). NDVI

corrected for anisotropy and brought to the refeeegeometry©s = 45°,0v = 45°,
¢ =90°)

Setting NDV|hx and NDVl,n equal to correspondingly 9iercentile of the global NDV
statistics and 95% of NDVI statistics over desesba means that observed values of NDVI |
both exceed NDWaxor turn less than ND\nn. TO avoid reporting unrealistic values in-
product GVF, the derived values of G'are constrained to the [0;1] ran
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3.4.3 Summary of the Algorithm

The GOES-R ABI GVF product is derived from GOES-RIAIDVI product. Only cloud/snow
clear cases are considered in GVF retrievals. kimegture model is used to estimate GVF from
NDVI. NDVI is corrected for angular anisotropy ugia kernel-driven model. NDVI anisotropy
model kernel weights as well as endmember valuethéoGVF model (NDViax and NDVin)
were determined empirically from SEVIRI clear slgtal

We emphasize that all the results discussed t@thig assume perfect cloud and snow
detection. That is, all these results are for talidyid and snow clear pixels. Pixels that are
affected by clouds/snow or that cannot be usedtimate GVF for any other reason will be
flagged and filled with gaps. Correspondingly nofs¥alue will be derived and/or assigned to
these pixels. At current stage of our algorithmedepment, there is no plan to make hourly GVF
maps a spatially-continuous product.

3.5 Algorithm Output

Output of the GVF algorithm consists of the datadefcaled GVF values and the other dataset
of corresponding Quality Control flags for eachgitsee Table 3.4). Scaled GVF values will be
provided as 2-byte integer for every pixel whereF3¥trieval was performed. All other pixels
where GVF retrieval was not attempted (e.g., pigelgered with cloud, snow, having
insufficient daylight or lacking valid NDVI retrials) will be assigned a fill in value of 255.

The QC flag is meant to explain the reason the @&l&e for the pixel is not available.

Table 3.4. Algorithm output data.

Name | Type Description Dimension

GVF output Scaled GVF values:
values (GVF+1)*100=100*GVF+100
Quality control flags for each pixel of the scamir
mode:
Land, cloudiness, sensor data quality, day/nitgntgg
view zenith, snow covered surface, etc.

grid (xsize, ysize

QC flagg output grid (xsize, ysize

The QC flag is a 2-byte integer value provideddweery pixel. The structure of the QC flag for
the GVF product is defined in Table 3.5. The fbowtof the first byte of the QC provides general
information on the availability and quality of tHerived GVF value (0(good quality)/1(bad
quality)). If GVF defined as bad quality, the ugesuggested to examine the second byte, which
specifies the reason for GVF data unavailabilitpad quality.

The bits in the second byte of the QC give eachkiBpé standards we used to define whether
this pixel pass our specification. The quality flagnitialized to invalid (1) for all pixels. Ifhe
pixel is determined to be a space pixel (satetieith angle is greater than 70 degree), the
quality flag remains “invalid due to space pixdhit(0 of byte 2 is 1). If the pixel is an
ocean/water pixel, the quality flag is set to “Ihgaixel due to being outside of land” (bit 1 of
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byte 2 is 1). If the pixel is a land pixel with al& zenith angle greater than 67 degrees, the
quality flag is set to “Invalid pixel due to beiogtside of sensor zenith range/night” (bit 2 of
byte 2 is 1). If the pixel is a land pixel at dape with cloudy, the quality flag is set to “Invali
pixel due to cloud” (bit 3 of byte 2 is 1). If tipixel is a land pixel at day time without cloudy
but has snow, the quality flag is set to “Invaliggd due to snow” (bit 4 of byte 2 is 1). If the
pixel is a land pixel at day time without cloudydamow, but has an invalid NDVI value, the
quality flag is set to “Invalid pixel due to invdlinput data” (bit 5 of byte 2 is 1).

After all of above mentioned tests have been cotag@)éwo further tests on the quality of the
GVF algorithm retrieval are performed. The fista check if the retrieved pixel has solar
zenith angle greater than 55 degrees. If the wettigoixel has solar zenith angle greater than 55
degrees, then the quality flag is set to “Reduaglity” (bit 6 of byte 2 is 1). The second test is
to check if the retrieved pixel has satellite Zemihgle greater than 55 degrees. If the retrieved
pixel has satellite zenith angle greater than Sfeks, then the quality flag is set to “Reduced
quality” (bit 7 of byte 2 is 1).

If neither of these criteria listed in byte 2 aretpthen the quality flag for the pixel is set to
“Good quality” (bit O of byte 1 is 0).

Table 3.5. GVF algorithm defined quality control flags (subject to change)

Byte | Bit | Description
Ancillary Data Flags
1 0 | 'Good quality (0) / Bad quality (1)
1 1
1 2
1 3
1 4
1 5
1 6
1 7
2 0 | “Global pixel(0) / Corner pixel(1)
2 1 | Land (0)/ Ocean (1)
2 2 | Day (0) / Night (1)
2 3 | Clear (0) / Cloudy (1)
2 4 | No snow (0) / Snow (1)
2 5 | Valid NDVI (0) / Invalid NDVI(1)
2 6 | Solar zenith angle smaller than 55° (0) / betw®85° ~ 67° (1)
2 7 | Satellite zenith angle smaller than 55° (Ggtileen 55° ~ 70° (1)

'Good quality data means GVF derived from valid NDWth solar and satellite zenith angle smaller th&h Bad
quality data means GVF derived from valid NDVI wiblar zenith angle between 55° ~ 67° and saeaéhith
angle between 55° ~ 70°,

’Global pixel is for pixel with satellite zenith deg<=9Q

In addition to the pixel level GVF values and qgtyationtrol flags, metadata will be provided for
the GVF product describing the common and GVF d$igdaiformation about the product. The
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GOES-R AWG and the Land Team recommends the fallguwnetadata (Table 3.6) to be
provided for the ABI GVF products.

Table 3.6. Metadata defined for the GVF product file

Metadata type Definition

Date common | Beginning and end dates of the product

Time common | Beginning and end times of the product

Bounding common | Resolution, number of rows, number of colsmn

Box 1

Bounding common | Byte per pixel, data type, byte order infation, location of

Box 2 box relative to nadir

Product common | The ABI GVF product name

Name

Ancillary common | Ancillary data name, version

Data Used

Satellite common| GOES-R satellite name

Instrument common| ABI

Altitude common | Altitude of the satellite

Position common| Latitude and longitude of the $igdgbosition

Version common | Product version number

Compression| common | Data compression type (method) used

Location common | Location where the product is poesdi

Contact common| Contact information of the prodi{sméentific supporter

document common| Citations to documents (i.e., ATBD)

Product Unit | GVF Unitless

Statistics GVF Mean and standard deviation ofthelavailable GVFs

Good pixels | GVF Number of pixels the retrieved G\aFs with the LZA smaller
than 55 degree (cloudless land surface pixels)

Total Pixels | GVF Total pixels GVFs are retrievetb(dless land surface pixels

39




40



4 TEST DATASETSAND OUTPUTS

4.1 Simulated/Proxy Input Datasets

Observations from the Spinning Enhanced Visible lafid-red Imager (SEVIRI), onboard the
European Meteosat Second Generation (MSG) sajatiteused as proxy for GOES-R ABI in

the GVF algorithm verification/validation. Both MS&d GOES-R are geostationary satellites.
SEVIRI spectral channels in the visible and nefraned spectrum are close to ABI channels
This section describes the proxy and validatioasksts used in assessing the performance of the
GVF.

Table 4.1 provides a channel comparison of thékisand near infrared channels on those two
instruments.

Table4.1. Channel comparison of ABI and SEVIRI as proxy

Sensor Channd | Wavelength | Band width Sensor Noise (SNR) Spatlgl
No. Center (um) (um) Resolution
ABI 2 0.6¢4 0.59-0.6¢ 300:1@100%albedt 0.5 kmr
3 0.86¢ 0.846-0.88¢ 300:1@100% albet 1 km
g 1 0.63¢ 0.56-0.71 10.1 @ 1% albec 3 km
EVIRI 2 0.81 0.74 -0.88 728 @ 1% albedp 3 km

4.1.1 SEVIRI Data

MSG SEVIRI has 11 spectral bands centered in thiblei and in the infrared portion of the
spectrum. The spatial resolution of MSG SEVIRI ataaBons is 3 km; observations are made at
15 minutes interval. Close similarity of SEVIRI aA&| makes it reasonable to use SEVIRI
observations in the development and testing of3W€& algorithm.

Since the year 2007 full disk SEVIRI observatiorsrautinely acquired and archived at
NESDIS through the Man-computer Interactive Dataess System (McIDAS) system. A
complete archive of MSG SEVIRI data since the en2094 is available at the University of
Wisconsin Space Science and Engineering CenterGp$tigure 4.1 presents an example of a
full-disk SEVIRI image.
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Figure 4.1. Full disk false color image from SEVIBt 12:15 UTC on April 9, 2008 he image
is composed of channel 3 reflectance at 1.6 pmre(ih, channel 1 reflectance at 0.6
pm (in green) and inverted channel 9 brightnespésature (in blue).

4.2 Output from Simulation/Proxy Datasets
4.2.1 Output Results

The developed algorithm has been applied MSG SHela to generate GVF full disk image
products since March 2007. To date, SEVIRI NDVI &4dF results are available every 30
minutes for day 1 — day 63 and day 183 — day 24882and 2009. The mainframe output
products include cloud mask, angular corrected NOIBX'F and other QC information in binary
format. Figure 4.2 shows an example of the GVFamstneous product over cloud free land
areas. This image is for the day 141 in 2007.
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Figure 4.2. Example GVF calculated from angularected NDVI, date: 2007141. Light gray:
clouds, dark gray: solar zenith angle above 70akegr

4.2.2 Precisionsand Accuracy Estimates

Potential for quantitative validation of the GVFoduct is limited due to the fact that mositu
observations of GVF are available. As a resuliviality of the product can only be assessed
indirectly through the analysis of GVF spatial dissition and temporal change. Particular
criteria which are indicative of the validity of G\fetrievals are as follows. The GVF product
should demonstrate 1) adequate reproduction of &&#5onal change; 2) adequate reproduction
of GVF geographical distribution; 3) small spurialisrnal change of derived GVF, which
means that diurnal change should be consistentpsgitision specification; and 4) small day-to-
day change of the derived GVF (should be withircigien specification for GVF). The first two
criteria can be used to only qualitatively charaeeethe performance of the algorithm. The latter
two criteria can be used to estimate the precisfdaVF retrievals.

It is identified that major risks in the GVF produpality may be associated with the following
aspects:

* Inaccurate cloud identification (missed clouds)

* Inaccurate snow identification

* Cloud shadows

» Limited accuracy of NDVI angular anisotropy model

e Variation in NDV lyin

» Sensor calibration, image navigation, and chanoekgistration.
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4.2.3 Error Budget

As stated in the previous section, requirement®ddin GVF accuracy and precision are set at
0.10 GVF unit for observations at satellite zemitigles below 55 degrees and at 0.20 GVF for
satellite zenith angles ranging from 55 to 70 degre

4.2.4 Validation Result from the SEVIRI Test Data

4241 Software Verification

To test the software readiness, the output of Y€ &gorithm on the AWG developer’s Linux
machine was compared to the output of the algorithplemented on a Linux machine in the
collaborative environment within the AIT's FramewoSEVIRI data for 12:15 and 12:45 UTC
on July 1, 2008 along with cloud cover mask foisthewo images were used in the test run. The
results were compared and confirmed on the pixgdixg basis for all cloud free land area. The
output of the Framework and the offline code weemntical when the same compiler was used.
This means that the original code we have provided T was correctly reproduced by within
the AIT’s Framework.

4242 Offline Product Validation

The approach to the offline product validation dstssin evaluating diurnal variation of the
derived GVF. The technique we have implemented askgaset of SEVIRI diurnal clear sky
observations. This dataset was described in Se8t#@ of this document. Diurnal time series
were collected for about 880 locations in Europgipfand Africa within SEVIRI domain. For
every diurnal time series of SEVIRI half-hourly ebgations, corresponding time series of half-
hourly GVF was derived. The daily clear sky GVFadakre then used to calculate daily GVF
RMSD with equation (3.8). A histogram of RMSD fdkr @ixels was then calculated. To satisfy
the precision specifications the GVF diurnal chasigeuld not exceed 0.1 for satellite zenith
angles below 55 deg and 0.2 for satellite zenitfiewithin 55 to 70 degrees. GVF diurnal
variations exceeding this level are considered &sige. Although a number of external factors
may contribute to the excessive diurnal variationte derived GVF, (undetected clouds,
inaccurate navigation, large variation in aeroswiaentration, etc.), the principle contribution is
supposed to be due to limited accuracy of the NB\ular anisotropy model. It is expected that
GVF product should have less than 20% of casesexitlssive diurnal change in GVF at 80%
readiness, and less than 10% of cases with exeeG&i¥ diurnal change at 100% readiness.
Figure 4.3 shows such comparison of diurnal changes
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Figure 4.3.Frequency distribution of RMSD in daily GVF retrads from 880 SEVIRI datas
Clear sky data have been used. Observations witfilR®.2 were not considere

In Figure 4.3, the values in green are the resdlGVF that is calculated from original obsen
NDVI. The values in red are the results of GVF tkatalculated from «rrected NDVI. It is
showed that the GVF calculated from corrected ND& more cases of small RMS
Therefore, there is less diurnal change in GVReedit calculated from angular corrected ND\
NDVI angular correction reduces spurious diurnalateons in GVF. However, there is st
about 15% of all cases whose diurnal variation \fF@xceeds 0.1. These are mo:
observations taken at large (over 55 deg) sate#iteth angle

Similar approach have been used to calculate SEMIRdisk clear ky diurnal GVF RMSD fol
the time period covering days 183 to 245 of ye@@82and 2009. The mean RMSD was e(
to 0.066 for all observations taken at satelliteitteangle below 55 degree. For larger sate
zenith angles ranging from 55 to 70 d¢he value of the mean GVF RMSD increased to O

4243 Framework Validation

Framework validation techniqus the same as the offline technig@¢T members will do 1
week runf MSG SEVIRI dat to generate GVF and other products. The G-R ABI Cloud
Team’s cloud maskwill be used tovaluate daily change of GMir pixels identified as clou
clear for observations made at the same time ofiély. The percentagef pixels with excessiv
(over 0.10/0.2) GVHaily changecan then be calculated. It shoalorrespond to thosobtained
offline with the same test data: The results will show here after AIT finish the w@eks rur
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5 PRACTICAL CONSIDERATIONS

5.1 Numerical Computation Considerations

The GVF is implemented through simple computat®ome ancillary data flags need to be
applied to identify valid land pixels before thengqmutation of GVF. Array computation for the
full disk image may require large memory storagjes fecommended to loop through all pixels
and compute GVF for pixels that with an valid NDX4lue (0.0~1.0), which means that it is a
cloud free, snow free, over land pixel, and in gdag time condition (i.e., full illumination
condition as defined by the product qualifier &##& solar zenith angle).

5.2 Programming and Procedural Consderations

The GOES-R ABI GVF is a pixel by pixel algorithmplemented in sequential mode. The
model coefficients ¢ C,, NDVImaxand NDViyin will have to be updated for ABI data. Once
these parameters are updated, no routine updastisnoddel parameter are assumed. However,
if there is a new version update just as MODIS potsl (version 1 through version 5) event,
update will be performed.

5.3 Quality Assessment and Diagnostics

The quality assessment and diagnostics of GVF dhmeicombined with NDVI since the two
products are closely linked. The following procestuare recommended for diagnosing the
performance of the NDVI and GVF retrievals.

* Monitor individual NDVI and GVF values periodicallpualitative analysis of NDVI
and GVF spatial distribution and temporal chandeesE values should be quasi-constant
over a large area.

* Abnormally low NDVI and GVF values, lack of spatiaiiformity, excessive short-term
variations are indicative of cloud contamination.

» Large diurnal changes are due to poor performahaagular anisotropy model.

54 Exception Handling

All GOES-R algorithms will check the status of tleguired input data, including primary sensor
data, AWG product precedence, and ancillary dataelinput data are of poor quality and could
not be used to generate the GOES-R products, guaalitrol (QC) flags will be set and the
particular algorithm will exit. The QC flags wilkbsent back to the framework and the
processing will continue to other algorithms.
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The GVF algorithm first checks the validity of ND¥¥bm ABI output. If no NDVI or only

invalid NDVI presents, the GVF algorithm processstgps. The GVF algorithm also expects

the main processing system to flag any pixels whemdocation or viewing geometry

information is missing. We emphasize that all xélat cannot be used to estimate GVF for any
reasons, such as clouds, snow, lack of sufficielatr slumination or have invalid measurement
data, will be flagged and filled with filling valse

The reason that GVF algorithm does not check foewninformation is due to the fact that
availability of required previously computed GOE$#ducts such cloud/snow mask and
ancillary data such land/sea mask has already desoked in NDVI algorithm. Table 5.1 lists
the exception handling needs for NDVI retrievalshia case of missing/bad data. Those QC
information in NDVI will directly be ingested intGVF algorithm.

Table 5.1. Exception handling needs for ABI NDVI algorithm

Situation of missing/bad data What will be generated

Pixel is identified as cloudy "Invalid NDVI" flagnithe NDVI file
"Cloud" flag in the control file

Pixel is over water "Invalid NDVI" flag in the NDMile

"Water" flag in the control file

Insufficient solar illumination (solar"Invalid NDVI" flag in the NDVI file

zenith angle > 67°) "Dark" flag in the control file

Derived NDVI value is beyond the [-"Invalid NDVI" flag in the NDVI file

1.0; 1.0] interval "Value outside limits" flag in the control file

Corrupted reflectance values (R2 |dinvalid NDVI" flag in the NDVI file

R3 outside of [0%:100%] range "Reflectance value outside limits" flag in the
control file

5.5 Algorithm Validation

This section provides a brief overview of pre- adt-launch activities to validate the GOES-R
GVF product. A complete description of the GVF dation plan is provided in the “GOES-R
GVF Validation Plan” document.

No routine GVF observations are performed on tloeigd. As a result direct evaluation of the
accuracy of GVF estimates is impossible. Consistef&VF estimates will be assessed
indirectly by examining temporal variations in tieserved GVF. Large short-term (diurnal and
day-to-day) variability in the derived GVF can hgrdbe due to vegetation cover changes and is
typically an indicator of cloud contamination oethme series. Another reason for excessive
intraday variation of the derived GVF is inadequageformance of the NDVI angular correction
model.

Validation of the GVF product will be conducted audiurnal change basis by evaluating hourly
changes in the derived GVF for each land pixeheffull disk image. For each pixel, every
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hourly clear sky GVF data will be used to calculdady GVF RMSD, and a histogram of

RMSD for all pixels will be calculated and compaweith precision specifications. The fraction
of pixels with the GVF diurnal change over 0.10/@&pending on the location) will be
presented as the fraction of invalid GVF retrievalss the accuracy of the current GVF product.

Validation of the GVF product will also be condutten a daily basis by evaluating daily
changes in the derived GVF for each land pixeheffull disk image. Two hourly images
obtained at the same time of the day one day aplhtie compared. Pixels identified as clear in
both images will be used. The statistics (RMSDihefdifference in estimated GVF in these
pairs of pixels will be estimated. The fractionpatels with the GVF daily difference of over
0.10/0.2 will be presented as the fraction of i/&VF retrievals or as the accuracy of the
current GVF product.

There are two stages in performing the Post-lawadidation. At the early stage, which is
normally within one to three months after the ldurtbe algorithm will be be tuned from the
results of using the available ancillary datasetter that, a long-term validation facility and
procedure will be performed for assessing and mdng the GVF product. At that time,
algorithm improvement may be available from impraythe cloud detection method, the quality
of ancillary data, etc.

5.6 Other Considerations

Several other considerations are listed belowganm to the current GVF products:

» Instantaneous GVF products have little chancetiefgahe user community. Daily and
weekly composite and mostly cloud-free NDVI and GMBducts are needed and have
to be developed.

» The standard cloud mask may have to be modifieémaced with the mask developed
specifically for the GVF product.

The spectral channels used for NDVI estimates ilEG® ABI are slightly different from
corresponding channels in MSG SEVIRI. This maydciffeoth absolute NDVI values as well as
the angular anisotropy of NDVI. As a result whea tleveloped algorithm is applied to GOES-R
ABI, the GVF model parameters may need adjustn¥éms concerns both kernel weights in the
NDVI angular anisotropy model and the values ofimim and maximum NDVI.
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6 ASSUMPTIONSAND LIMITATIONS

The following sections describe the current limdas and assumptions in the current version of
the GVF.

6.1 Assumptions

The following assumptions have been made in devdognd estimating the performance of the
GVF, including proposed mitigation strategies imgméheses.

 The ABI cloud mask and snow mask are accurate
* NDVI product from ABI is available and is not disted.

6.2 Assumed Sensor Performance

We assume the sensor will meet its current spatifins. However, the GVF will be dependent
on the following instrumental characteristics.

» Unknown spectral shifts in some channels will cehiases in the performance of the
NDVI and hence the GVF.

» Errors in navigation from image to image will affélce performance of the temporal
tests or NDVI compositing, and hence the GVF.

6.3 Limitations

The following limitations are identified and cauted for the GVF algorithms and products:

» Possible variations of the atmospheric composif#g., aerosol) affect GVF estimates.

6.4 Pre-Planned Product | mprovements

Plans for GVF product improvements and overcomaapiified limitations fall into the
following three areas:

» Develop daily and weekly products

0 Less cloud gaps than in the polar product duedb frequency of observations
0 Weekly products are mostly used by climatologists
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Improve angular model

0 Run reflectance and NDVI simulation with 6S and sempirical kernel-driven
BRDF models

o0 Use modeled NDVI to test/improve the developed NRYgular anisotropy model,
and correct kernel weights @nd G

Continue algorithm validation/verification

o Apply the algorithm to longer observation time esrto see the effect of vegetation
seasonal change (vegetation phenology)

0o Compare with EUMETSAT Land SAF’s Fractional VegematCover (FVC) from
MSG/SEVIRI data

o Compare with NOAA GVF derived from AVHRR data

Include atmospheric condition in QC

0 6S or similar code will be used to include AOD (e optical depth) information
into the algorithm for QC flag of GVF product
0 Look up tables will be developed to perform openadil correction
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