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ABSTRACT

This report deals with the relationship between MBVI obtained from the NOAA
AVHRR sensor and that obtained from the MODIS sensthe relationship is
guantitatively assessed for distinct polygons ovarious land-cover types in the
northeastern Kwa-Zulu Natal Province of South AdriSpatial and temporal variations in
the relationships are addressed and discussedrefithence to spectral response, sun-

sensor-target geometries and atmospheric factors.

Specifically, various methods are investigated stineate a MODIS-equivalent NDVI
from the AVHRR NDVI and in so doing create the pdi®l to develop a self-consistent
NDVI between the historically available AVHRR ND\dataset and the relatively new
MODIS NDVI dataset. NOAA-16 AVHRR NDVI data and AQUMODIS NDVI data for
the two-year period from January 2002 to DecembBéB2re used to develop the method.

A linear relationship exists between the AVHRR avi®DIS NDVI. However, spatial

variations in the relationship in terms of land-eoand mean NDVI are pointed out. The
potential of atmospheric corrections applied to AR data through a radiative transfer
atmospheric correction model to improve the retetiop between the two NDVI datasets

is also investigated.

The importance of geo-location accuracy of the ARIRDVI dataset is assessed in the
light of the accuracy obtainable with the proposezthod to estimate a MODIS-equivalent
NDVI from the AVHRR NDVI.

A method to estimate the MODIS NDVI from the AVHRRDVI that takes the mean

AVHRR NDVI value into account, as opposed to a tanislinear relationship over all the

points, is proposed. Atmospheric correction is shawt to improve the accuracy of the
method in a statistically significant way. The rooéan-square error of the proposed
method is in the order of 0.05 NDVI units and varieetween 0.5 and 2 standard
deviations of the MODIS NDVI over an entire season.
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1. INTRODUCTION

1.1 General introduction

The purpose of this report is to investigate meshtodcreate a continuous dataset from the
Normalized Difference Vegetation Index (NDVI) praduerived from the new Moderate
Resolution Imaging Spectro-radiometer (MODIS) afalé from the Earth Observing
System (EOS) with the NDVI derived from the Advatic®ery High Resolution
Radiometer (AVHRR) sensor on board older Nationate&ic and Atmospheric
Administration (NOAA) satellites. Specifically, thireport deals with the relationship
between NOAA-16 AVHRR NDVI and MODIS NDVI.

The NDVI is a widely used derivative of remotelynsed data utilized to monitor
vegetation condition — both for natural as welbgsicultural environments. The fact that it
has been produced from NOAA AVHRR images continlyoasce the early eighties, an
application not envisaged during the developmentthef sensor, makes the NOAA
AVHRR NDVI dataset important for environmental mimming. Furthermore, the revisit
period for the satellite facilitates the acquisitiof cloud-free imagery on timescales of a
few days over most of the Earth, making the AVHRBW a valuable tool for near real-
time and long-term change detection on a globdéstacontrast to Landsat MSS imagery
that was originally used quite widely in vegetatgtudies, the frequent coverage of any
area as well as the low cost of the NOAA AVHRR imggmakes it, especially for large

area vegetation monitoring, the sensor of choice.

The reason for evaluating the compatibility of M&DIS NDVI with the AVHRR NDVI

is that currently a NOAA AVHRR satellite imagerytdset, spanning a period of 19 years,
is being used at the Institute for Soil, Climatel &kater (ISCW) for vegetation condition
monitoring on a national scale. New data in thenfamf MODIS imagery have become
available since 2000. The Department of AgricultgP®A) has bought a receiver for
MODIS data that are available for archiving andeegsh at the ISCW. Recently, since
2004, problems with the NOAA-16 sensor have seag€urther motivation to start using
MODIS imagery for operational monitoring, as wedl far archiving in terms of being a
continuation of the NOAA AVHRR NDVI dataset.
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The NDVI archive at the ISCW has been derived fAviHRR data from NOAA satellites
passing during the afternoon. NOAA-17, the AVHRRitfdrm currently in use, passes

over in the morning. In order to reduce the effetta change in illumination angle,
especially in mountainous areas, it has been dedldat the MODIS NDVI from the
AQUA platform, which also passes in the afternomauld be a preferable continuation of
the NDVI dataset from 2003 onwards. Furthermores thfluence of atmospheric
phenomena has been noted in the historical AVHRR/NdDchive at the ISCW and needs
to be attended to.

However, when the MODIS sensor was developed, $tim&nded to serve as a sensor that
should be used for natural resource monitoring. A¥eIRR sensor was developed for use
in the field of meteorology. The difference in facaf the sensors lead to differences in
terms of width and position of the channels usedetive the NDVI. One consequence is a
difference in the NDVI values derived from thesetgensors. It is thus important to find
some way of establishing compatibility and hencaticaity in the NDVI products derived

between the two sensors.

The South African Ecological Observatory NetworlAE®ON, 2005) is the national Long-
Term Ecological Research (LTER, 2005) network ofesbational sites that document,
analyse and disseminate long-term (decades) ecaloghd socio-economical data. The
NDVI is one of the parameters archived by EON sitdsle the timescale for data
collected at EON sites spans several years to decauld even centuries (Hensceehl,
2003). Having a continuous time series of NDVI datailable since 1985 and continuing
past the existence of the NOAA AVHRR program wihefit SAEON to establish natural

variability, trends and extremes in vegetation\atgti

Long-term monitoring of the environment is impottéor several reasons, including the
understanding of difficulties facing resource-pamal communities. The northeastern part
of KwaZulu-Natal has been identified as a ruralaamith poor socio-economical
conditions and environmental degradation, whichehanompted the authorities to identify
this area as an Integrated Sustainable Rural Denedat Strategy (ISRDS) node
(ISRDS/1, 2000). This strategy is specifically aihe targeting the rural poor and the

importance of agriculture as a key sector of thralraconomy is highlighted by the launch
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of initiatives, like land-care programs and progsatb enhance access to agricultural

support services and markets.

The specific ISRDS Node in the north-eastern Kwaz\atal is referred to as Node 4 or
the Umkhanyakude node. The area is important atso & conservation viewpoint, with

the Hluhluwe-Umfolozi game reserve as well as theatgr St. Lucia Wetland Park, an
official World Heritage site, situated in this node the light of poverty, land degradation
rate as well as natural resources and biodivertiig, node has been identified by the

Department of Agriculture as a priority area foojpcts (Stronmengeat al, 2004).

Various remote sensing projects of the ISCW dealitg soil erosion, bush encroachment
and alien vegetation mapping, have concentrataddbgvities in this node. These include
an audit on the conservation status of naturaluress in this node (Strohmengatr al,
2004). The node is characterized by limited infiature, which renders large areas
problematic for obtaining surface observations. sTremotely sensed imagery can play an
important role for long-term environmental monitgi For these reasons, the
Umkhanyakude node has been chosen to be the stgdynrfor comparison of AVHRR
and MODIS NDVI products.

Land-cover over the Umkhanyakude node ranges fraengeeen forests with high NDVI

values to savanna and resource poor agricultufelait NDVI values. The study region is

characterized by a humid climate, which rendersll#at images obtained over the area
particularly vulnerable to atmospheric influencésa successful method to create a self-
consistent dataset from the AVHRR and MODIS NDVh ¢ established over this area
with its challenging (in terms of remote sensingajl@tmospheric conditions and diverse
vegetation cover, it will serve as an indicatioattthis method could have a more general

validity and be applicable over much of southernast.

The study period is January 2002 to December 2@08ng which both NOAA-16
AVHRR and AQUA MODIS images were available. A periof this length presents the

opportunity to work with summer and winter imagery.

Image analysis, GIS and statistical software wellused to analyze image bands in visible
red and near infrared wavelengths, derived atmogpluata as well as ancillary data

pertaining to satellite and solar geometry. Thes¢askts are used to develop the
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normalized difference vegetation indices, and tplar or compensate for atmospheric,

view and solar angle phenomena influencing thevdgan of this specific index.

Studying the Earth from space has evolved into ddwide day-to-day application. In
view of continuous application of such data, the akcurrent technologies in conjunction
with earlier datasets can attribute the dimensibhistorical relevance towards modern

data.

1.2  Hypotheses

Main hypothesis
It is possible, by using an easily calculated pspecific relationship between AVHRR
and MODIS NDVI values, to estimate from AVHRR a M@equivalent NDVI.

In order to proof the above hypothesis, the folluyvsub- hypotheses are set out:

Sub-hypothesis 1:
A linear relationship exists between the seasoralgraged AVHRR NDVI at a site and
the seasonally averaged MODIS NDVI at the site.

Sub-hypothesis 2:
All analysis must be constrained to within certaiew angles to compensate for some of
the effects of BRDF.

Sub-hypothesis 3:
Linear relationships for different land-cover tymiBer significantly.

Sub-hypothesis 4:
A mean-AVHRR-NDVI-related site-specific linear madeetween the AVHRR- and
MODIS NDVI will yield more consistent results ovarwider range of land-cover types

than using a single linear model for the relatigmsiver all sites.

Sub-hypothesis 5:
Applying a site-specific mean-AVHRR-NDVI-relatechéiar model to estimate a MODIS-
equivalent NDVI vyields statistically similar ressilias applying atmospheric correction

firstly and then a site-specific mean-AVHRR-NDVIated linear model.

MODIS AND AVHRR VEGETATION INDICES
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Objectives

The objectives of this report can be set out devid:

To perform a simple time-series comparison of AVHE&ived NDVI with a
MODIS derived NDVI during the study period.

To establish the spatial variability of the relatibetween AVHRR NDVI and the
MODIS NDVI

To apply atmospheric correction to AVHRR imagesgdiotal atmospheric water
vapor and atmospheric optical depth for aeroselelkas total ozone and satellite —
sun geometry as the variable inputs to such a model

To evaluate the accuracy of using a constant lineadel, a linear model related to
the long-term AVHRR NDVI at a point and a methodttkombines atmospheric
correction of AVHRR data with a linear model rethte the long-term NDVI at the
point, to estimate an NDVI value that approximatesMODIS NDVI at the point.
To evaluate the effect of miss-registration of AVRIRnagery at the ISCW in terms
of significance of influence on the derived NDVlwes.

To present the best model for the continuous databssed on the above

evaluations.

MODIS AND AVHRR VEGETATION INDICES



2. VEGETATION INDICES FROM SATELLITE IMAGERY

2.1  Normalized Difference Vegetation Index.

Vegetation indices (VI's) are measures of vegetapiarameters. They give higher values
for active and dense vegetation, while stressedspatse vegetation result in lower values.
It can be derived from remotely sensed data, likelkte data. Vegetation indices must
have a near linear response to plant biophysic@npeters in order to be useful over the
widest range of global conditions (Hueteal, 1994) so that the VI values should give
meaningful values for desert as well as dense ffaress, without being saturated at either
end.

While vegetation reflects strongly in the near-#méd part of the electromagnetic spectrum
and absorbs in the visible red part of the spectmaftection from bare soil for these two
areas of the spectrum is almost equal. This prppemders the visible red and near
infrared parts of the electro-magnetic spectrumupampwavebands for use in vegetation
indices. The Normalized Difference Vegetation IngsVI) is a ratio index that employs
the difference in the reflectance between theseparts of the electro-magnetic spectrum

to indicate the activity of vegetation:

NDVI = (NIR — RED) / (NIR + RED)
While the upper bound of the NDVI approaches 1, litver bound of the NDVI
approaches zero.

The NDVI value is determined by the absorption bé tred wavelengths through
chlorophyll (proportional to leaf chlorophyll detygi and by the reflectance in the near-
infrared wavelengths that is proportional to gréemf density (Tuckeet al, 1985). It
therefore is related to biophysical vegetation al@les such as fraction of absorbed
photosynthetically active radiation (Goward and Hwich, 1992) and Leaf Area Index
(Hatfield et al, 1985). It is a very widely used index for monitgr vegetation globally
and has been used through NOAA AVHRR data as itpumonitoring of drought
(Ramestet. al, 2003), estimation of global net primary producti®esselst al, 2004,
Awayaet al, 2004) and crop-growth modeling and yield predict{Dabrowska-Zielinska
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et al, 2002, Jianget al, 2004, Reynoldst al, 2000, Kalubarmet al, 2003, Masellet al,
2000).

Contamination of the NDVI occurs as a result ofkgmound color (Huete, 1988) as well
as through the influence of atmospheric constituéké water vapor (Justice et. al., 1991)
and view-target-sun geometries (Holben, 1986)omes studies it has been shown that the
NDVI does not respond to variations in Leaf Arealdr in densely forested areas,
indicating the tendency to saturate with high bissnand not being linear over these
regions (Huete and Justice, 1996).

2.2 Characteristics of NOAA AVHRR

The National Oceanic and Atmospheric Administratipf©AA) satellite series has been
developed for meteorological purposes. Sensorseairarological satellites generally have
a coarser spatial and spectral resolution than ¢aimhted satellite systems (Lillesand and
Kiefer, 2000). The NOAA satellites are sun-syncloas polar orbiting platforms with an

altitude of 850 km. The view angle of the AVHRR5.4°, with a resultant swath width of

2 400 km. A NOAA satellite has an orbit repeat pérof 4 to 5 days (Cracknell, 1997;

Lillesand and Kiefer, 2000).

Advanced Very High Resolution Radiometer (AVHRRhs&'s have been flown on a
series of NOAA satellite platforms, from NOAA-6 the current NOAA-17 and future

missions until the launch of the NPOESS platform2B99, which will carry the successor
to the AVHRR. While the NOAA-6, -8,-10,-12,-15,-Hhd —17 satellites have day-time
overpasses, the NOAA-7,-9,-11 and -14 have nighe tbverpasses. The AVHRR sensors
flown on the earlier NOAA satellites had four ovdichannels (AVHRR-2 and AVHRR-

3), but since NOAA-15, the satellites carry a 6rotel AVHRR sensor. However, all these
AVHRR sensors had both a red and a near-infrareghredl. The red and near infrared

channels are used to calculate the normalizedrdifte vegetation index (NDVI).

Apart from the two visible channels in the AVHRRstruments (red: 0.58 — 0.6&n and
near-infrared: 0.725 — 1.10m) remaining channels are in the window regionghefmid
infrared and thermal infrared region of the speutr(8.55 — 3.93um, 10.3 —11.um,
11.5 - 12.5um).

MODIS AND AVHRR VEGETATION INDICES
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2.3 Characteristics of MODIS.

The Moderate Resolution Imaging Spectroradiomets l@unched in December 1999 on
the TERRA platform (TERRA, 2004). TERRA is the nameaning Earth in Latin, of the
flagship satellite of the Earth Observing Syste®@8E The EOS, composed partially by a
series of satellites, is intended to improve thdanstanding of the Earth as an integrated
system. EOS is the centerpiece of NASA’'s (Natiorséronautics and Space
Administration) Earth Science Enterprise (ESE),iced to understanding the total Earth
system and the effects of natural and human-indebetiges on the global environment
(NASA, 2004). The MODIS sensor is flown on both TRERRA and AQUA (the second
satellite of EOS) missions and it is also envisatgetle on their follow-up missions. Its
design is rooted in various heritage instrumerike, the AVHRR (Lillesand and Kiefer,
2000). On the TERRA mission alone, it provides thay repeat coverage of the Earth,
however the repeat time for exact overpass for M®BI sixteen days. This means that
subsequent passes produce different views of tne saea on Earth. Figure 2.1 shows the
position of the MODIS TERRA swath for four conseeaetdays. The sensor passes at
10:30 am on TERRA and a second MODIS on the AQUétfpim (launched in May
2002) provides afternoon and night observatior&ss20 pm and 2.30 am

Figure 2.1  MODIS swaths for four consecutive dayswer southern African region.
(Modified from: MODLAND Browse, 2005).

The total field of view of MODIS is 55°, providing swath width of 2 330 km. MODIS
has the highest number of spectral bands of anipaylooverage moderate resolution
imager. It collects data in 36 carefully chosencsa bands (Table Al, Appendix 1) with
12-bit radiometric sensitivity. The bands were @m$o lie within atmospheric window
areas (Figure 2.2 and 2.3). The MODIS red and méered bands respectively have
much narrower bandwidths (0.620 to 0.@u® and 0.841 to 0.87@m) than their
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counterparts on the AVHRR (0.580-0.68® and 0.725 to 1.080m) (Vermote and
Vermeulen, 1999).

The availability of 7 bands in the 0.41 — 211 spectral interval enables the derivation of
aerosol loading for improved atmospheric correctidme 250-m bands (Channel 1 and 2 —
red and near-infrared) are used to develop clouskentnat are more accurate than possible
with 1km resolution bands. A mid-infrared chanri@id 26 — Table Al) is used to detect
thin cirrus, making it possible to correct for thedratospheric influences for the first time,
and another mid-infrared channel (Channel 20 — &&d) aids in algorithms to derive
aerosol optical thickness (Vermote and Vermeule®99) used during atmospheric

correction of the imagery.
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Figure 2.2  Gaseous absorption by ozone for MODIS emnels over the indicated

wavelengths. (Vermote and Vermeulen, 1999).
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Figure 2.3  Gaseous absorption by water vapor for MOIS channels over the

indicated wavelengths (Vermote and Vermeulen, 1999)

An important prerequisite for remote sensing datae used operationally to detect change
over time is that the pixels for a specific locatior different times should overlay each
other. Satellite data production systems operaliipmagister different orbits of data by
geometric correction of each orbit into a commonttizhased coordinate system. Getting
proper geo-location is more difficult as the resiolu of an image becomes coarser. The
TERRA satellite has on-board exterior orientatigosjtion and altitude) measurement
systems designed to enable geo-location of MODI& tta approximately 150-m, but a
global network of points (extracted within 24 kmuacge chips from 121 precision geo-
located terrain corrected Landsat 4 and 5 sceres)ben used to determine biases and
trends in the sensor orientation. The biases ha&en lvemoved by updating models of
spacecraft and sensor orientation in the MODISIgeation software, improving the geo-
location to approximately 50 m. This accuracy udfisient to allow the creation and
analysis of science products by users without iirstirring the delays and costs associated

with improving geo-location accuracy (Wok¢ al, 2002).

The on-orbit performance of the sensor has beésfaetbry. The signal-to-noise ratios for

the reflected solar bands, as well as the noiséesaigmt radiance for the thermal infrared
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bands, are meeting pre-launch expectations. Saotifects detected during the operation of
the sensor include (Guenthatral.,2002):

* Incomplete knowledge about the response versusatgle (RVS) for the TERRA
MODIS instrument — it was not determined prior ke faunch and other methods,
like AQUA RVS values, are used to characterize dffisct.

* Reduced response is present in the visible and stere infrared bands as the
result of scan mirror and solar diffuser degradatithese problems are resolved by
solar diffuser based calibration (at instrumentgerature).

* A fixed pattern noise of 1 — 2 resolution unitspiesent and is correlated to the

complete rotation of the scan mirror.

Reprocessing of MODIS data has been implementede sdata transfer started. As
improved algorithms are developed, these improvésnaare implemented through
reprocessing all prior images and derived produ@siputs from the first major
reprocessing are referred to as “Collection 3 ddtaFebruary 2003, Collection 4 images
became available. Collection 4 images are in sidasgrojection, which causes less
distortion when changing the projection of imagesptojections widely used by GIS
specialists than the integerized sinusoidal prmacthat was used for the Collection 3
data. Images in sinusoidal projection can also dmbgnized by a larger number of
commercially available image-processing softwardhe®©improvements in the Collection
4 data include better data filtering before comfiogj aerosol consideration in data
filtering and better spatial consistency after cosifing (features are more clearly
definable) — not previously available. Some knowsues remain: Compositing over
persistent clouds is still problematic due to thislabeling of cloudy pixels. There are
problems with aerosols due to poor performancehef @aerosol correction algorithm
(TERRA Readiness Document (2004)).

Comparison of preliminary MODIS surface reflectandata with point measurement
enhanced ETM imagery has indicated a less than t&f6élate error in reflectance values
(Lianget al, 2002).

Validation of MODIS products have been undertakemiumerous campaigns involving
international collaboration, like the South Afric&egional Science Initiative (SAFARI
2000) King et al, 2002). A core site network for validation, remestive of global

biomes and land cover characteristics, has beeaablested. Skukuza, in the Kruger

MODIS AND AVHRR VEGETATION INDICES



é 12

National Park, is one of the sites (Morisetteal., 2002). SAFARI 2000 was a regional

project investigating emissions, transformation degosition of trace gases and aerosols
over southern Africa. One of the specific aims lo¢ SAFARI 2000 initiative was to
validate and calibrate remotely sensed observatbrie bio-geophysical system of the
southern African subcontinent derived from NASA’'arta Observation System (EOS)
TERRA satellite (Swapt al, 2002). This was done by implementing the NASA-ER
aircraft flying at an altitude of 20 km and serviag a customized satellite with sensors
equivalent to those on the TERRA and AQUA spaceécraf

The MODIS products represent for the first timebglbterrestrial products, that have been
systematically atmospherically and bi-directionadlyrrected (corrected for differing sun

and view angles) available to a very wide commuaftysers. Products from MODIS also

include the most comprehensive Quality Assessmettdiaiata ever provided in the context
of terrestrial remote sensing. Being sensed froplaform with other instruments also

involved in terrestrial remote sensing, there exgeat opportunities for the use of multi-
sensor data for new products and for the enhandssh@noducts (Townshend and Justice,
2002).

MODIS vegetation indices are intended to serveragrgprovement on indices currently
available, enabling users to identify land coveargie more quickly (Huete and Justice,
1996). They have been designed to provide consjseatial and temporal comparisons of
global vegetation conditions that can be used taitnophotosynthetic activity (Justied
al., 1998). Two Vegetation Index products developedfidODIS data include the NDVI
(Normalized Difference Vegetation Index) and thelH¥#nhanced Vegetation Index).
While the NDVI is chlorophyll sensitive, the EVlprf which, in addition to the red and
near-infrared, the blue band is also used, is nresponsive to canopy type, plant
physiognomy and canopy structure (Getoal, 2000) and does not saturate over high
biomass as easily as the NDVI (Fensholt, 2004). Mi@&DIS NDVI is referred to as the
“continuity index” to the existing NOAA derived NO\(Hueteet al, 2002) and therefore
the relation between the EVI and NOAA NDVI is novéstigated in this report.

Sources of noise in the MODIS Vegetation IndicesgMnclude the 5% absolute sensor
calibration accuracy in bands 1 (red), 2 (nearairgfd) and 3 (blue), and an error associated

with a 10% band-to-band co-registration goabQ m) in the cross- and along-track
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directions. Of concern in the compositing of the MO VI's are the following: Geo-

location of images and accurate geometric registrapreferably to within 0.1 pixels; and

uncertainties present in cloud screening, atmosplearrections and BRDF products.

Environmental sources of error and uncertaintyudel atmospheric variations, sun and
view angle differences of different pixels and bgrdkund variations. (Huete and Justice,
1996, Hueteet al, 2002).

2.4 Sources of differences in NDVI values faifferent sensors

There are numerous causes of different NDVI vallersved for the same time and area
from different satellite sensors. Some of theseseauesult in constant differences, while
others result in differences that vary in time apdce. The difference in spectral response
of sensors to certain wavelengths due to diffespettral response functions or calibration
differences (Gutman, 1999), different spatial regoh, solar and satellite view geometry
and atmospheric effects in the form of water vaguual aerosol absorbance and scattering
are all factors influencing the derived reflectarvadues for each sensor, which in turn
influences the values of the derived NDVI valueslfi¢n and Fraser, 1984; Trischeréto
al., 2002).

2.4.1. Spectral resolution

Systematic differences in response of differentsees) occur because the channels in
certain spectral bands receive somewhat differemponents of the reflectance spectra of
vegetation and soil (Gallo and Daughtry, 1987). $hasitivity of spectral reflectance to
chlorophyll content varies widely in the visiblenge of the spectrum (Gitelson and
Merzlyak, 1996). Therefore, the exact positionte# ted band influences the value of the
NDVI. MODIS bandwidths in the red and near infrafgaits of the spectrum are much
narrower than the corresponding channels in the RRHThe red band of NOAA
AVHRR ranges from 0.58-0.68m, while the MODIS red channel ranges from 0.62 to
0.67um. In the case of the near infrared channel, th&lRR bandwidth is from 0.725 to
1.080um, while in the case of MODIS it spans 0.841 to/6.8m. The narrow bandwidth
of the MODIS channels is chosen to eliminate théewabsorption in the near-infrared
band and to make the red band more sensitive toagtiyll absorption. Figure 2.4 gives
an indication of the difference between AVHRR an®@MS bandwidths and the amount

of water vapor absorption within the bandwidths.
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Figure 2.4 MODIS and AVHRR bandwidths for the redand near-infrared
channels (Modified from Vermoteet al., 1997c).

In a study over forested and desert areas, MOD#SAAMHRR NDVI values were found to
mimic each other closely, but the seasonal varigldibr the MODIS NDVI values were
greater than for the AVHRR (Fensholt, 2004). A Stwdnducted in a laboratory have
concluded that because the AVHRR red band is witlen the MODIS red band a
combination of the MODIS red and green bands shbeldised to represent the AVHRR
red channel in order to avoid a step in the NDVIiupfto 0.05 (Gitelson and Kaufman,
1998). In another study conducted on plant matter laboratory, a linear relation between

the NDVI values of different sensors was found ¥8te et al, 2003) for agricultural
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vegetation. The following model was suggested étation between the NDVI values for
MODIS and AVHRR:

NDVI (MODIS) = 0.004 + 1.103 * NDVI (AVHRR).

However, the influence of spectral response ofllgateensors to Vegetation Indices from
different satellite sensors can not be compenstiedy linear adjustments between
sensors unless calibration, atmospheric correcéind correction for the bidirectional
response takes place beforehand (Coetz, 1997 .r5e¢ad, 2003). Studies conducted with
spectrometers in laboratories do not take the emite of atmospheric conditions or view

angle into account.

2.4.2. Atmospheric influences

Atmospheric effects limit the accurate estimatibsurface shortwave reflectance (Zheto
al., 2000). The effects of the atmosphere on AVHRRadabstly represent atmospheric
scattering and absorbing. This can either increaskecrease the NDVI depending on the
attenuation of the red and near-infrared chanriéddben, 1986).

Atmospheric water vapor influences mainly the nefmared channel of the AVHRR
(Rahman and Diedieu, 1994; Holben, 1986), while osfpheric scattering by aerosols
causes the difference in reflectance between theared the-near infrared bands to
decrease, lowering the vegetation index valuesti¢dust al, 1991). Furthermore, the
atmospheric path-length, which is a function of-sensor-target geometry can exacerbate
these influences which can be reduced by high sigtes, constrained view angles and
clear atmosphere (Holben and Fraser, 1984). Ojtitlaick Clouds Suppress the NDVI
value through reflecting equally in the red andrrieiared regions of the electromagnetic
spectrum (Moody and Strahler, 1994). Furthermoi®jcc shadow also causes a decrease
in the NDVI (Simpson and Stitt, 1998).

The Maximum Value Composite method was designedetiuce the effect of cloud,
atmosphere and variable illumination on the NDVawgver, tradeoffs are made between
compositng period and elimination of atmospherifea$ (Holben, 1986). It has been
noted from the dataset of the ISCW that 10-day asit@ NDVI values are lower during
certain wet seasons when atmospheric water vapureodration and cloud cover were

higher than normal.
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Between the MODIS and AVHRR NDVIs the influencetbé atmosphere, as described

above, has also been noted. Over humid areasgep@uies between the sensor NDVIs

have been found to be larger than over drier akarajor cause of the differences has
been established to be the influence of water vajpmtent in the atmosphere, which
strongly affected the AVHRR-NIR band and caused Nb&lues to decrease, especially

during the more humid, wetter part of the seasame(eet al, 2002).

For common ranges of precipitable water in the aphere, the NDVI can be lowered by
0.02 units (Holben, 1986) and for some recordedipitable water content values even up
to 0.08 units (Gowaret al, 1991, Justicet al, 1991). Absorption by other atmospheric
constituents like ozone, oxygen and other tracesagmsan also suppress NDVI values
(Holben, 1986). Oxygen lowers the NDVI by less thx% (0.01 units) under normal
atmospheric conditions as a result of suppressiaghear-infrared channel response. The
attenuation of the NDVI by ozone is also small #mel concentrations thereof well known.
Aerosols also, by increasing optical depth of thmasphere in times of heavy aerosol
loading, can suppress the NDVI by as much as G2 (ground 20%) (Huete and Justice,
1996).

Methods used to correct for atmospheric effectdude using bare sand pixels as a
reference over arid areas (Chi, 2003), pixels wéty dense vegetation for more vegetated
areas (Kaufman and Sendra, 1988) and using deep piaels to derive aerosol scattering
in the red channel (Salama and Monbaliu, 2004). ¢i@®s, the main method used to
correct for the influence of the atmosphere is ufto the application of atmospheric
radiative transfer models. These models are muche ndata intensive in terms of
atmospheric properties such as vertical profilesvafer vapor, temperature and aerosols
than the other methods referred to. Data regarthiege properties can be difficult to
obtain (Chi, 2003) or could be available on a vergrse resolution (Wessaltsal, 2004).
Simplifications of these models in the form of seampirical formulas describing

radiative transfer for specific sensors have beseldped (Rahman and Diedieu, 1994).

A widely used radiative transfer atmospheric cdioecmodel is the “6S” code (Vermote
et al, 1997a). This code is physically based and cardleaa wide range of satellite
sensors and optional wavelengths (Zketoal, 2000). It has been used to verify the

MODIS operational atmospheric correction algoritwermoteet al, 1997b) and has also
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been used in studies incorporating the atmosplveriection of AVHRR data (Hanast

al., 1995, Huet al, 2000). Input data to the model include cloudlesBectance,
geometrical conditions, temperature and water vapoofiles, aerosol type and
concentration (Vermotet al, 1997 c). Two limitations of the 6S code are tifeadlty in

acquiring atmospheric data as well as computaire.t

2.4.3. Effect of Bi-Directional Reflectance Distrilon Function (BRDF)

Spectral radiance measured in the shortwave visalle near infrared parts of the
electromagnetic spectrum by wide swath space-b@mete sensing instruments such as
the AVHRR retain a dependence on the sun-targetesegeometry of the observation (Wu
et al, 1995) as the result of the fact that many landeccclasses do not behave as
Lambertian surfaces. Bidirectional Reflectance iibstion (BRD) effects in 1.1 km
resolution AVHRR data vary with spectral band, lawer type and satellite zenith and
azimuth angles (Cihlaet al, 1994). Furthermore, apart from being land-coyexctic, the
BRD has also been shown to vary significantly vt NDVI (Wuet al, 1995). The wide
range of angles from which the AVHRR sensor recatdt& also is a major cause of

problems in this regard.

BRDF effects have been observed in single day dsasecomposite AVHRR data and
corrected with the use of midday pass data forland-cover types over the Boreal
ecosystem (Cihlaet al, 1994, Liet al, 1996) It has been shown that corrections shoeld b
applied to the red and near infrared channels féérént land-cover types separately The
BRD effect was also observed to be one of the meguses of noise in the MODIS

vegetation index composite images (Hustal, 2002).

In order to estimate the BRDF effect from remotsbnsed data, surface directional
behavior must be described by models that can \mrtad by sufficient multidirectional

data (Chopping, 2001). Kernel BRDF models are sampirical models that estimate
reflectance by using linear combinations of comporeflectance and kernels. These
kernels are functions that depend on sun and vieglea. The physical bases for the
kernels include geometric as well as volume (patigth and scatter) factors (Jupp, 2000).

These models are inverted with multi-directionabda

The semi-empirical Roujaen BRDF model is one sumimé model developed especially

for available remote sensing data from polar angisatellites in use today (Roujeginal,

MODIS AND AVHRR VEGETATION INDICES



é 18

1992). It has been shown to work with reasonabteir@acy over semi-arid grassland areas

when data from both morning and afternoon AVHRRsserpasses are used (Chopping,
2001). It can be implemented in the 6S atmosphewitection code for homogeneous

targets when the parameters for the model are ¢ed\(jVermoteet al, 1997c).

2.4.4. Compositing method

For the sake of obtaining spatially complete, clineg imagery over the Earth, composites
utilizing data from more than one overpass are n@d¥egetation Index products. In
order to attain cloud-free pixels close to nadspexially over areas that experience

frequent cloud cover, the compositing period shdaeddong (Huete and Justice, 1996).

One such compositing method is the Maximum Valuenfasite (MVC) method. This
method selects on a per pixel basis the highest INMue for the period. The MVC is
primarily formulated to reduce residual cloud eféemot accounted for in the cloud
masking procedure, as well as atmospheric soufoesntamination that lowers the NDVI
Through using the pixel with the maximum TOA refletce and hence assumed minimum
atmospheric interference, these influences areceztiHolben, 1986). However, it does
not eliminate these problems. Its major shortconménipat bi-directional influences of the

surface are not adequately accounted for.

As the result of the spectral dependence of thdirbitional reflectance distribution
function (BRDF) (where the near-infrared resporssenore anisotropic than the red), the
method favors the forward scattering direction tfnadir pixels (where more vegetation
and less background is effectively viewed by thesee). Cloud contamination is still a
problem since off-nadir, contaminated pixels calhgve higher NDVI values than nadir,
clear pixels. Selection of off-nadir pixels caubagher NDVI values to be selected than is
actually the case at a specific location on Eartth @an even contribute to the saturation
problem experienced with non-linear indices like NDVI (Huete and Justice, 1996). One
precaution that is taken for this effect is to make of only data that was sensed within a

certain view angle — the Constrained Angle MVC (GA/C).

Miss-registration of individual images can alsoluehce the maximum value composite
technique negatively in terms of choosing pixelshvhigher NDVI values shifted to a
specific point instead of the lower pixel value ttishiould overlay that point (Holben,
1986).
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The MODIS standard NDVI product is based on imagnning periods of 16 days. This

is partly based on attaining a symmetric view-astligtribution over the 16-day MODIS
repeat-cycle (Huete and Justice, 1996). The cortipgsmethodology for MODIS data
should rely on the cloud mask, atmospheric comacthnformation, view- zenith angle,
relative azimuth angle and on surface BRDF norratibn where more than five cloudless
scenes are available in a 16-day compositing pefibd algorithm utilizes the information
in the MODIS surface reflectance product qualiteahdata to preprocess Bands 1 and 2.
In this way it is assured that land pixels withuds, shadows and bad data integrity will be

excluded from the compositing process.

Three algorithms can be used to make compositedgl@DIS NDVI data (Huete and
Justice, 1996; Huetet al, 2002):

» The bi-directional reflectance distribution funaticompositelf five or more pixels
pass the initial screening for a specific locatitms method is used. The method
relies heavily on the correctness of the cloud maskadir equivalent radiometric
value is interpolated from five measurements and oantaminated pixel will
compromise the final computed nadir value. Vegetats most active when most
cloud cover occurs, and this causes this modubetlargely constrained to the part
of the season where the least vegetation activitys or dry periods or areas with
low vegetation activity, like deserts.

e The constrained angle maximum value compo3ikés method is used when less
than five pixels pass the initial screening. The pixels with the highest values are
selected and from them the one with the smallest éngle is selected. If only one
good observation is available, the data from tixelps used.

* The maximum value compostechnique is used when no pixel passes the initial

data screening.

It has been found that residual cloud and atmospledfiects still linger in the composite
MODIS data. The constrained angle maximum valuepmmiting technique is the main
method being used to composite MODIS vegetatioic@sas the result of the need of five
clear views in a compositing period for the BRDFtimoel. The view angle for composite

pixels has been constrained to about 30° off ntiieteet al, 2002).

It is intended to shorten the period for the vey@taindex composites also to 8 days with

the addition of the Aqua platform. However, suchadae yet to be made available.
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While the MODIS compositing method only utilizestalavithin 30 degrees, the method
used for compositing AVHRR NDVI data implementedts ISCW constrains the angle
only to 45 degrees. This MVC method and a cloudknaas used to make AVHRR NDVI

composites. At the ISCW any length can be chosem ftompositing period because the
data resides in raw format and composites are nmaldeuse. Methods will be described in
the following chapter.
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3. IMAGE PREPARATION AND EXTRACTION OF NDVIs

3.1 Area of Interest

The Umkhanyakude node is situated on the northeastener of Kwa-Zulu Natal (Figure
3.1). It borders on the Indian Ocean in the easrevimatural forests and forest plantations
are found. Sugar is also cultivated over the s@gteen areas (Figure 3.2). Further inland
the land-cover ranges between savanna and grassktid some areas cultivated
(subsistence dry-land agriculture and commercial-laind agriculture) while forests
prevail among mountainous areas. The St. Luciaagsin the southeast is surrounded by a
wetland that forms part of the greater St. Luciatlel Park. The lack of built-up

residential or commercial areas is an indicatiothefrural nature of the node.

Seventeen circular polygons with radii of 2 km wesed to extract data from AVHRR
and MODIS imagery. The national land cover map South Africa (Fairbank®t al,
2000) and photographs taken on a field trip in gelsiomes were used to identify areas
within the region where representative data coel@dbtained. The polygons are indicated
together with the land-cover of the node in fig8r2.

The extraction of data-per- polygon and not datappesl was done to attenuate the errors
due to possible minor miss-registration betweengesa The polygons were chosen over
areas representative of the range of vegetatiogstiygentified and most of them had been
visited in 2002.
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Figure 3.1  The Umkhanyakude node.
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3.2 NOAA AVHRR data products

NOAA AVHRR data are received at the Satellite Apation Center (SAC) at
Hartbeeshoek, from where it is downloaded via F@Ehé ISCW in Pretoria and archived
in a server at the National Department of AgrictlOne of the major advantages of the
AVHRR dataset is that it hosts data since Febrd##85 and therefore provides the
opportunity of working with current as well as listal data in environmental monitoring
programs. The geographical extent of the AVHRR diianloaded and stored by the
ISCW includes the entire Africa south of about &atkern latitude (Figure 3.3).

Figure 3.3 A NOAA AVHRR scene archived at the ISCW.
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Images are available at a 1.1 km resolution (L&®Local Area Coverage). A total of 9

channels are received per scene. These includémberisible channels, three thermal
channels as well as four channels with the Sun- S&wlsor azimuth- and zenith angle
information. The size of an entire levellB scen8ddVIB. At the ISCW, AVHRR data are

processed with software called CHIPS (Hansen, 1399)eloped especially for AVHRR.

Processing results in a separate image in CHIP§ format for each channel. From
CHIPS the various channels can be exported in laih @eoTiff format or as 32 bit data in

an ASCII file format. The size of the 8-bit GeoTiie is 17 MB while the size of a 32-bit

ASCII file is 160 MB per channel.

NOAA AVHRR instruments are calibrated before laurmh the determination of the
spectral response function of each spectral chamelell as the radiometric calibration of
all five channels. There is also in flight caliboat of the thermal infrared channels while
post launch calibration studies have been donehentwo visible channels (Tahnk and
Coakley, 2001Heidinger et al. 2003, Rao and Chen 1995, 1996).

Calibration of the imagery for all the channels dome at the Institute for Soil, Climate
and Water by combining the raw images with datéhenheader files of the images. The
header file contains the calibration coefficierdsagll as the calibration table. This results
in a top-of-the-atmosphere-reflectance image ferwuisible channels. Sensor degradation
of the visible channels is also addressed throbhghiethod that takes the amount of days
since the launch of a specific instrument into acto(RAO and Chen, 1995, 1996).
Another way of compensating for sensor degradaiiorthe visible channels of the
AVHRR data at the ISCW is to plot the visible chah(red and near-infrared) responses
for a specific area where no change is expectedafaa in the Namib Desert) and to

determine the slope of the graph over the long-femeach AVHRR sensor.

Geo-location of the AVHRR products at the ARC IS@Aone automatically. Two Line

Elements (TLE’s), which carries information on fhesition of the satellite relative to area
covered, are downloaded from the Internet (Celkst2005). These are used in
conjunction with 300 base images containing corpahts to which cloudless areas on a
scene are fitted. Geo-location can be negativelgctfd when a large amount of the

control points are covered by clouds. The accuiEcthe geo-location procedure varies
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between 1 and 2 pixels but when large areas arered\by cloud, the accuracy can be as

low as 3 pixels.

All the NOAA AVHRR data used for this report weskén from the NOAA archive at the
ISCW. Data used included daily NDVI images and ydaiisible red and near-infrared
reflectance (Channel 1 and 2) as well as solarttzersolar azimuth-, view zenith- and

view azimuth- angle channels.

NDVI images are derived automatically from AVHRRaavith an algorithm developed at
the ISCW utilizing CHIPS. The NDVI is derived froamannels 1 (0.58 — 0.68 pm) and 2
(0.73 — 1.3um) of the AVHRR. Cloud detection is handled througtprocedure that
combines the Top of Atmosphere (TOA) reflectancemfrchannel 1, the brightness
temperature from channel 4 (10.30-11uBf) and the difference in brightness
temperature between channels 4 and 5 (11.50 — uthpQAgbu and James, 1994).

After production, NDVI values are scaled to betwédeand 255, a data range that can be
stored as an 8-bit GeoTIFF image. Operationallyfine composites are made on a ten-
day basis using the Constrained Angle Maximum Vatempositing (CA-MVC)
technique that was developed to diminish the imitigeof atmospheric effects. No other

atmospheric corrections are applied.

MODIS NDVI products are available from the EOS Dd&dateway only as 16-day
composites, while NOAA AVHRR data are availablelylaand composites of any length
can be made. For this report, to allow direct canspas between AVHRR and MODIS
NDVI images, 16-day AVHRR NDVI composites were madibe resulting CHIPS 16-
day composite images were processed into GeoTiffndd with a Plate Carree

(Geographic/Simple Cylindrical) projection.

Apart from NDVI data for the 16-day composites,lgdievel 1b AVHRR images were
also converted into the same format as the 16-deyposites, for selected days when both
NOAA-16 and AQUA passed over the area of interegh Wtitle or no cloud cover.
AVHRR channel 1 and channel 2 images were process8d-bit ASCII data to allow for

a finer radiometric resolution than what can beextan 8-bit GeoTiff imagery. The daily
AVHRR NDVI images and the Quick Browse website #ODIS (Global Browse
Website, 2005) were examined to establish whethmrdccover was absent or sparse

enough to justify the effort of obtaining imageoy both sensors on a given day.
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3.3  MODIS data products

All Earth Observing System (EOS) data productssémeed using an enhanced hierarchical
data format (HDF-EOS) that allows data access wilaF toolkit. In the case of MODIS
data, various tools have been made available teerbthe data into a format recognizable
by remote sensing and GIS software by the Landribiged Active Archive Center
(LDAAC). The Earth Observing Data System in Soutbk8ta is responsible for the
archive, production and distribution of MODIS laptbducts. Over 10,000 files, with a
total data volume in excess of 390 GB, are produoetthe processing of land products
only for TERRA MODIS daily (Justicet al.,2002).

The MODIS data are downloadable via File Transfestdtol (FTP) from the Earth
Observing System Data Gateway (EOS Data Gatew#®p)2Q can also be shipped on CD
or DVD. FTP and shipping both are free of charge.aBsist in the choice of dates for
specific data, coarse spatial resolution repretienta (5 km) of MODIS land products
have been developed on the Global Browse websitgyftoptic evaluation at reduced data
volume (MODLAND Browse, 2005).

MODIS images from the Earth Observing System arala@ve in tiles numbered both
longitudinal and latitudinal across the globe. $®oAfrica is covered by 4 tiles (Figure
3.4). For certain days, the swath of the sensomgcaentirely through a tile, on other days

the swath can go only through the peripheries etith.

Daily surface reflectance imagery is one of thedpmts available from the EOS Data
Gateway. The MODIS daily surface reflectance prodsidabeled: MOD09. A MODQ09

tile consists of:

. Channel 1 to Channel 7 surface reflectance images
. Surface reflectance quality image

. Orbital coverage

. Number of Observations

The MODO09 product is available in two spatial resioins:

. MODO09GQK (250 m resolution): 250 MB — Channel 3Gbannel 7 data is
excluded
. MODO9GHK (500 m resolution): 150 MB

In this report, MYDO9GHK imageries were used.
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The abbreviation “MYD” is used with reference to I3 products from the sensor on-
board the AQUA platform as opposed to “MOD” usedater to MODIS data from the

sensor on the TERRA platform.

The MODIS surface reflectance product is used tmpce the Vegetation Index product.
To eliminate the effects of clouds, aerosols angimg view- and sun angles, composites

are made of products. 16-Day composites are matleofegetation product.
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Figure 3.4  MODIS tiles covering South Africa.

The MODIS vegetation index 16-day composite prodisciabeled: MOD13. These
Vegetation Index products are available in thresiapresolutions. When downloaded, the

products per tile have the following sizes (in erakdecreasing resolution)

. MOD213Q1 (250 m, resolution): 495 MB
. MOD13A1 (500 m resolution): 123.9MB
. 3A2 (1 km resolution): 31MB.

A MOD13 tile consists of:
. NDVI image
. EVI (enhanced Vegetation Index) image
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. NDVI quality image

. EVI quality image

. 16-day average relative azimuth angle
. 16-day average sun zenith angle

. 16-day average view zenith angle

. 16-day average mid-infrared

. 16-day near infrared image

. 16-day red image

. 16-day blue image

When converted into GeoTiff format, each of theaoentioned in the case of the 1 km
resolution product is about 3.1 MB in size. The NI@Yid EVI values are scaled between 1
and 10,000 for 12-bit radiometric accuracy. Theepwalues in all the bands are in signed

16-bit integer format while the quality checks areinsigned 16-bit integer format.

Table A2 (Appendix I) shows the quality grid infaation for the MODIS vegetation

indices. The quality assessment grid values muselated to 16 bit binary values and
from that the quality information can be deductédr example, a value of 38981 means
that the following bits have been turned to 1 wtiile others are still zero: 15, 12, 11, 6, 2
and 0. The fact that bit O is turned to 1 indicatest there is cloud contamination. When

bits 11 and 12 are turned to 1, it means that itked povers a land surface.

Figure 3.5 shows an extract from a 1-km resoluli6rday composite NDVI and a 250 m
resolution 16-day composite NDVI for April 2002. 8 bloud contamination for this period
is clearly visible as the islands with differentlues. The quality mask (Figure 3.6)
indicates the entire area as being composited thghCA-MVC method. Over the areas
perceived contaminated by clouds, the mask doesoadkdge this fact. Therefore, the

first bit of the sixteen quality bits is turned1o
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Figure 3.5  Cloud contamination visible on 1 km reslution (left) and 250 m

resolution (right) NDVI image for the north eastern parts of South Africa.

Figure 3.6  Quality control image for the 250 m NDVIproduct indicating areas of

cloud contamination in yellow and blue.

Some known issues that have been reported at timel Dmta Operational Product
Evaluation (LDOPE, 2004) facilities are the follogi
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* Unreliable cloud information propagated into MODQA bits.
» Stripes due to mixed clouds found in some MOD13kkt
*  BRDF method not currently used in making NDVI and .E
* Blue (band 3) reflectance striping propagating iEél under high atmospheric
aerosol loading
» Speckles observed in 1 km 16-day EVI.
It is also acknowledged that the VI's under clouei)ain unreliable and that the quality

assessment bits should be examined (Didan and Hi@08).

Atmospheric data for use during Atmospheric coroectn this report were the MYDO7
(atmospheric water vapor profile) and MYDO4 (atnfusjc aerosol) products. The
MYDO7 product contains temperature, moisture and-g@ential height profiles at 20
standard pressure levels as well as total atmospivater vapor and total atmospheric
ozone (MYDO7 Product Description, 2005). The MYDgrbduct contains data for the
optical thickness at various wavelengths (MYDO4d®ici Description, 2005). Data that
were acquired from the Atmospheric Water Vapor ilr@roduct (MYDO7) were the daily
total precipitable water content of the atmosplreavell as total Ozone. Aerosol optical

thickness values were obtained from the Aerosalypco(MYDO04).

The reason MODIS atmospheric data were used ferdpiort is twofold.

Firstly, MODIS atmospheric data is used to applg #itmospheric correction to the
MODIS red and near-infrared bands to obtain surfeeffectance product, MODO09
(MODIS web, 2005). Secondly, on certain days, th©ODIS sensor on the AQUA
platform passes over the same area as the AVHRRBosesn NOAA-16during the
afternoon, making it possible to obtain atmosphelata for the area covered by the

AVHRR sensor within a short time of image acquusiti

The choice of total column precipitable water cant@zone and aerosol optical thickness
at 55um as input variables for atmospheric correctionmstivated by the reported

findings regarding the importance of the influerafethese constituents on the red and
near-infrared reflectance. Furthermore, the 6S coadle be used with these data as

atmospheric input variables.
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Historically, daily total ozone values are avaitalibr the entire globe, for the period of

AVHRR data availability in a 1°X1.5° resolution. iShdata have been recorded by the
Total Ozone Mapping Spectrometer (TOMS), a sensouding on ozone retrieval. This
sensor have been flown by NASA on three differéatfprms since 1979 (TOMS, 2005)

Total precipitable water content data is availallem the National Center for
Environmentel Prediction (NCEP) on a six-hourlyibamd a spatial resolution of 2.5° by
2.5°. This data is available since 1948 (NCEP Rlgaisa 2005).

Aerosol optical thickness at 3%n is more difficult to obtain. The MODIS aerosobguct
used for this report is available since 2000. Prthat, TOMS data is available since
1979. However, the AOT values are only availabtettie 380um wavelength. The Global
Aerosol Climatology Project (GACP, 2005), which rfe part of the NASA Radiation
Sciences Program and the Global Energy and Watele @xperiment (GEWEX) is in the
process of developing a 20-year aerosol climatologgr land surfaces. This data is,
however, not yet available.

Two tools available for MODIS data were utilizedtiandle the MODIS HDF data and
deduce information thereof. These are:

« The MODIS Re-Projection Tool — used for the surfaeflectance and NDVI
products (MODO09 and MOD13). It is implemented tojpct, resample and export
land surface product data.

 HDF-Look software — used to view, project and expbBfODIS atmosphere
products data (MYD04 and MYDOQ7). HDF-Look softwangerates on CYGWIN, a
UNIX simulator for WINDOWS.

All data for MODIS used in this report were coliect 4 products. These data were
obtained from the EOS data gateway. Three typeM©ODIS data were downloaded.
These included the 500 m resolution MODIS NDVI casies for 2002 (MOD13A1),
500 m resolution surface reflectance data (MYDO9GH specific days during which
AQUA and NOAA-16 overpasses coincided with litthlerm cloud cover over the area of
interest, and also 5 km resolution atmospheric yeted (MYD 04 and MYDO7) for
MODIS during the days for which the surface refiecie data was acquired. Data were
downloaded for the tile that covers the area aregt (H20V11 — figure 3.4).
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The 500 m resolution MODIS land surface producadaere resampled through bilinear

interpolation to an AVHRR-equivalent resolutionlokm using the MODIS Re-projection
Tool before any values were extracted. It was tgoorted into GeoTiff format with a
Plate Carree projection. The HDF-Look software wssd to obtain the atmospheric data
values for each of the 17 points to be used duitiegatmospheric correction algorithm.

The atmospheric data products cannot be handlddtintMODIS Re-Projection Tool.

3.4  Spatial and temporal differentiation in tre NDVI for the two sensors

The 16-day composite AVHRR and MODIS NDVI values foe entire year 2002 were
extracted for each of the 17 polygons distributecerothe Umkhanyakude node
(Figure 4.2). For the MODIS NDVI composite produttte accompanying quality
assessment images were evaluated for each 16-daydgpaluring 2002. The quality
assessment values indicated throughout 2002 fdahelll6-day composites used over the
area of interest that the quality of the NDVI comip@s was acceptable and that the CA-
MVC method was applied to make composites of th&a.d&urthermore, no cloud

contamination was indicated.

The MODIS and AVHRR 16-day composite NDVI valuegavplotted together on a time-
series graph for each polygon to investigate tifferéince throughout 2002 between these
values. The Mean NDVI values for both sensors vedse plotted against each other for

every point.

Firstly, for all the 17 points together and secgnétr every point separately, a regression
analysis was done between the AVHRR and MODIS A6atamposite NDVI for 2002

yielding linear models in the following format:

(NDVImopis) = A + B * (NDVlavhrr)

A linear relation was noticed between the slope thredintercept of the equation at each
point and the mean NDVI value at the point. In ortiederive a more robust method to
express the relation between the MODIS NDVI and AMHRR NDVI at all the points

separately, a new equation for each point was estinthrough the relationship between
the mean of the AVHRR 16-day composite NDVI valuehe point and the slope and

intercept for the linear model equation at that#epoint.
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Daily imageries for specific dates throughout 200&e used to test the accuracy of the

methods for the 17 polygons. Six entirely cloudlessnes were identified to test the
methods over the entire Umkhanyakude node in terfnadl cells separated according to
the mean AVHRR NDVI.

3.5  Effect of atmosphere and BRDF on relatiohetween AVHRR and MODIS

NDVI
For 26 days during 2003 when near simultaneouspagses of AQUA and NOAA-16
coincided with little or no cloud cover over thesarof interest, the red and near infrared
channel values for both sensors were extractedh®rpolygons at each of the points.
These comprised the surface reflectance valuehencase of MODIS and the TOA

reflectance values in the case of AVHRR.

It was decided not to do corrections for the BRDF daily NOAA imagery based on the
following facts:

 The daily MODIS 16-day composite NDVI products areflectance imagery
obtained had not been corrected for sun-sensoettgepmetry.

* Corrections for the BRDF within 6S and in generak anot advised for
heterogeneous targets.

* The influence of the change in solar zenith angisvben summer and winter is the
same for both sensors.

* BRDF is land-cover specific and over a period afgioy 20 years land-cover will
change over some areas, necessitating the redaoutd parameters for the model
being used for correction of it.

The Atmospheric Correction Code 6S was used to doection for atmospheric
influences. It was compiled on a FORTRAN 77 compdalled MinGW (MinGW 3.1.0
for WIN32). The resulting executable and inputdileere called from DOS command line
on a Personal Computer with a WINDOWS XP operasygfem. Figure 3.7 is an example
of an input file for the near-infrared channel loé AVHRR.
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(sun-sensor_Target geometry and date follows)

0
23.6 302.0 50.0 147.0 2 12
3 (USER'S MODEL)

2 0.251 CUHZO(G,/CM2D) , U03 (CM-ATM]D

4 (AEROSOLS MODEL)

0.25 0.25 0.25 0.25 (% OF :DUST-LIKE,WATER-50L, OCEANIC, SO0T)

0 (NEXT WALUE IS THE AERO. OFT. THICK. @550rm)
0,043 (AERG. OPT. THICK. @550mm)

-0.2 (TARGET ALTITUDE IN KM)

1000 (SATELLITE CASE)

(USER'S WLINF-WLSUP, followed by spectral response function in 0.0025 micron steps)
L668 1.008

L00001 0,000045 0.00008 0.00008 0,00012 0.00016

L000205 0.000455 0.00066 0,00182 0.00365 0,00548

010475 0.01547 0.026465 0,037645 0,03783 0,094665

1515
4112
7050
B406
9588
G848
8548
G754

1871 0,2227 0.2015 0.3232 00,3548
45175 0.4923 0.553425 0.681535 0.7468
2440 0, 8808 0.86285 0.8608 0.84325
85355 0.8575 0.880935 0.9044 0,.9316
97515 1 0.995 0.99 0,9874

G881 0,98285 0.09626 0.9626 0,0587
9569 0,959 0,9641 0.96592 0,9723
G780 0.09705 0.97885 0,0782 0.97605
G730 0.9717 0.97025 0.9688 0.9669 0,065
9541 0.9476 0.9411 0.93463 0.9219 00,9156
G002 0,90005 0.9082 0.90005 0.09147 0,9242
LB3075 0.9373 0.9427 0.54135 0.94 0.9337
L8274 0.011 0,904 0,897 0,8008 0,80355
LBO62 0.0022 0,9082 0.9218 0.92565 0,9205
9247 0,91635 0,908 0.85751 0.8871 0.8623
85165 0.841 0.8278 0.8146 0.7988 0,7041
L7894 0.7872 0,785 0.7863 0.78) 0.7837
L76415 0.76415 0.7446 0.6898 0.6898 0,5751
L4604 0.4604 0,31075 0,31075 0.1791 0.1791
L10753 0.10753 0,10753 0.03596 0,03596

(oo o o o ol ol o N o o)

1 0.5 (non homogeneaos case for wegetation and lkm radius)
124 tnegative Apparent reflectance input at satellite for atmospheric correction)

SRR ID D DD O D O D D D D D D D D D O D D D T

Figure 3.7  Example of input file for 6S.

The input data for the code consist of the sun-sergor zenith and azimuth angles, date,
water vapor content (in g.cfjy subdivision of aerosol into different types (tlise,
water-soluble, soot, oceanic), aerosol opticalkimess at 55m, target altitude, lower and
upper spectral bounds of the satellite sensor eédanonrmalized spectral response of the
specific satellite sensor channel in steps of (@08, target reflectance characteristics,
type of surroundings (for example vegetation ordjamadius of target and the TOA
reflectance for the specific channel. For each nbhra separate input file was created per

site per day and results were also given in sep#eat files.

Various sources were utilized to obtain the inpatadneeded for the 6S atmospheric
correction code. The normalized spectral responsetibn for each of the AVHRR
channels was interpolated from data available Via tnternational Satellite Cloud
Climatology Project (ISCCP, 2005). The atmosphdata was obtained from the MODIS
atmospheric products (MYD04 and MYDO7) while the-l82 AVHRR data from the
ISCW was used for the TOA reflectance. The defaeitbsol composition model was used
as only the optical thickness at pf was available as input data and no further
information was available from the atmospheric piid. Because no profile data was

available for ozone, the total column precipitabigter and the total column ozone were

MODIS AND AVHRR VEGETATION INDICES



é 36

provided as inputs while the model utilizes a staddatmospheric profile to establish the

influence of these constituents together. A furtbensideration in this regard was that
surrogate data should be available since 1985 lzatdtlie method and data gathering and

input process should not be exhaustive.

The uncorrected and corrected NOAA AVHRR red andrefrared channel responses
and NDVI values were compared to the MODIS red aedr-infrared responses and
NDVI to establish whether a more stable relatiopsban be obtained between the
corrected AVHRR data and the MODIS data than with tincorrected AVHRR and
MODIS data.

3.6  Effect of image miss-registration

To formulate an idea of the influence of miss regiton of pixels on the values extracted
per polygon for all the sites over this specifiearan NDVI image was created from
NOAA-16 AVHRR data. The image was shifted one piaela time and values were
extracted for the points used with the compositése differences in the NDVI values
between the various images for all of the pointsewesed to formulate an idea of an

increase in error with increasing miss-registration
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4. CRITICAL COMPARISON OF AVHRR- AND MODIS-DERIVED
NDVI

4.1  Temporal and spatial characteristics of threlation between NDVI for MODIS
and AVHRR

The mean AVHRR and MODIS NDVI calculated at eacinpwas used as an indication
for the relation of the mean NDVI with land-cov&oth the AVHRR and MODIS NDVI

increased from the Subsistence Dry-land Agricultiaed-cover class through the
Grassland and Bushland classes to the Forest aret-class (Figure 4.1). This is an

indication of the land-cover dependence of the ni¢ak/| from both sensors.
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Figure 4.1  MODIS and AVHRR for the 17 points indicdaed per land-cover classes,
in order of increasing mean MODIS NDVI.

Time-series graphs for the 17 points of the 16-N#3NI composites for both sensors
throughout 2002 were compared. The similar respoos¢he NDVI composite values of
both sensors in reaction to the temporal distrdsubf rainfall were evident. Both sensor
NDVI composite values indicated decreased actiditying autumn and winter, while the
values increased early in spring after good ramiriyy October, when it was dry, values
decreased, to increase again at the end of theageaormal rain returned to the area. The
AVHRR NDVI values were always lower than the MODNB®VI values (Figures 4.2 to

4.4) throughout the year, for each point overtadl tand-cover classes.
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Figure 4.2  Time series for AVHRR and MODIS NDVI fa a grassland site in
Node 4 during 2002.
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Figure 4.3  Time series for AVHRR and MODIS NDVI for a forest site in Node 4
during 2002.
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Figure 4.4  Time series for AVHRR and MODIS NDVI for an area under

temporary subsistence cultivation in Node 4 durin@002.

A linear relation between the AVHRR and MODIS ND¥lues is supported by figure 4.1
to figure 4.4. The sites with higher mean MODIS NDXalues also had higher mean
AVHRR NDVI values. Furthermore, sites where the MGINDVI had a higher standard
deviation also exhibited a higher AVHRR NDVI stardideviation (Figure 4.5).
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Figure 4.5 Mean and standard deviation of AVHRR- ad MODIS NDVI 16-day

composite values for all the points for 2002.
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Overall, an R-squared value of 0.95 was found betvtee mean NDVI composite values
of AVHRR and MODIS for all sites (Figure 4.6).
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Figure 4.6  The linear relationship between the anrmal mean AVHRR and MODIS
16-day composite values at every point.

The characteristics of the difference between tl@DNE and AVHRR composite values
throughout 2002 at all the sites are indicatedguare 4.7 which is a box plot based on the
difference between the NDVI values for MODIS andARR for each point. As for figure
4.1, the points were sorted from left to right adaog to increasing average MODIS
NDVI values. The median difference ranged betwe&d @nd 0.3. The inter quartile range
(IQR) was never larger than 0.08, but the adjagahie ranges could be as large as 0.2.
Furthermore, larger differences were observed aveas with higher NDVI values than

over areas with lower NDVI values.
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Figure 4.7  Box plot of difference between the comgde NDVI values of MODIS
and AVHRR for all points during 2002 (Dots indicatemild outliers).

For all the periods, at each of the seventeers,sttee regression model between the
AVHRR and MODIS were calculated and given in thiéofwing format:

(AVHRR NDVI) = A + B * (MODIS NDVI)

The value of the intercept (A) ranged between @id 0.64 and the value for the slope (B)
ranged between 0.4 and 1.4 (Figure 4.8)
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Figure 4.8  Box plot indicating the variation in theslope and intercept for the

separate linear regression models for all the poist
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Furthermore, the R-squared value between the AVIHRIRMODIS NDVI per site varied
between 0.29 and 0.87 (Figure 4.9). The lowestevalas for a forested area (with a high

mean NDVI), 0.29, while the highest value of 0.8&swfor an area under dry-land

subsistence cultivation (with a low mean NDVI).
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Figure 4.9  Range in R-squared values for the lineanodels used to describe the
relation between the AVHRR and MODIS at each site.

The possibility of different linear models descnidpithe relationship between the AVHRR
NDVI values and MODIS NDVI values could be impliég the varying nature of the
slope, intercept and R-squared values (Figure AdB49) obtained over the 17 points

covering various land-cover types

The stratification of the data into different ND¥lasses became an option. However,
stratifying data and merging it together again ddehd to visible spatial discrepancies in
NDVI imagery. A robust method to estimate the val@er the slope and the intercept of
each site, without separating the data, was inya®d. It was found that the intercept (A)
and slope (B) of the model calculated for each fpoiare correlated to the mean NDVI

value calculated for that point from the compo$ieVl values for the entire year 2002

(Figure 4.10 and Figure 4.11).
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Figure 4.10 Linear relation between the interceptA) of the regression model
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between AVHRR and MODIS NDVI and the mean AVHRR-deived NDVI at each
site.
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A linear model for the relation between AVHRR an®BIS NDVI values, for each site,
related to the average AVHRR NDVI value, was pregbsThe intercept (A) of the model

at each point was related to the mean AVHRR ND\thmfollowing manner:
A =-0.081+(0.887*(NDV{iean AVHRR

While the slope (B) of the model at each point welated to the mean AVHRR NDVI in

the following manner:

B = 1.621+(-1.649*(NDViean AVHRR)

Alternatively, the linear model derived from alktdata was still an option.

The two methods so far were:
NDVIuopis = A + B * NDVIavHrr w1
where A =0.087 and B = 1.307

and
NDVlwyopis = A + B * NDVIavurr w2
where A and B are functions of the mean AVHRR NRYthe specific point.

In order to test the two methods, days during 20608n little or no clouds were detected
over the area of interest were identified. Givem ¢imate of the area of interest as well as
the standard set to consider a specific sceneryasmaall fraction of days were considered
allegeable for daily data. The period considered ¥vam January to December 2003.
Special emphasis was placed on the retrieval air glexel values and as a result only days
with more than 80% clear pixels over the area tdrast were considered. Furthermore,
before data were extracted for a specific polygan,visual inspection was also
implemented to verify that the pixels are cleafaasas can be ascertained. The cloud mask
was examined for AVHRR data and the quality assessnmage was considered for
MODIS data. Initially, data were collected for atan angles from 0° to 65°. However, it
became clear that the response of the red chahnleé AVHRR was impacted on when
scan angles were high. Independent of the relatriimuth angle between the sun and the
satellite, the red channel response soared at gl zenith angles (Figure 4.12).
Furthermore, the geometric distortion at high vieanith angles is the reason that the
automated processing at the ISCW ignores data fh@®se angles. This is a reason why
data for AVHRR or MODIS view-angles larger than 4b&re omitted. Only 26 days

proved satisfactory for inclusion into the dailyt@analysis.
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Figure 4.12 Red channel response as influenced batallite view zenith angle.

For each point, MODIS-equivalent NDVI values wertireated from the selected daily
AVHRR NDVI values by means of method W2 and W3. Tiéerence in terms of the

root-mean-square error of each method is indicatéidure 4.13
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Figure 4.13 Difference in RMSE for the two method$v1 and W2 for all 17 points
situated at various land-cover classes, sorted inmaer of increasing mean MODIS
NDVI.
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The root-mean-square error over all the points/f@ was 0.032 NDVI units smaller than

for W1. What is encouraging is that this method JWan be applied with only the mean
AVHRR NDVI value at a point as input to estimate slope and intercept of the model
for each point. It can however be seen that W2operéd slightly worse than W1 over the
areas with a lower mean NDVI and vice versa oveasuwith a high mean NDVI value.
The reason for this is that a trend in the rootimsguare error with the application of W1

was removed (Figure 4.14).
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Figure 4.14 Root-mean-square error resulting whenstimating a MODIS-
equivalvent NDVI from the daily AVHRR NDVI as a function of the mean MODIS
NDVI at all 17 points.

For six cloudless scenes representative of all fmasons through 2003, the MODIS-
equivalent NDVI values were estimated through mesh@/1 and W2. Figure 4.15 shows
the MODIS and the MODIS-equivalent NDVI images atcalated through the W1 and
W2 methods. To get an indication of how applicahke two methods were over the range
of NDVI values and hence the range of land-covess#s, the root-mean-square error
values were calculated for areas with different m@&HRR NDVI values separately
(Figure 4.16). Imageries for all six dates wereduaad all pixels in the Umkhanyakude

node were used to derive the statistics. Whilertdm-mean-square error over the entire
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node for both methods respectively were just belo®b NDVI units, it can be seen that
the root-mean-square error values for W1 rangeddsst 0.027 and 0.07 with increasing
mean AVHRR NDVI, while the root-mean-square error W2 over the entire range of
NDVI classes was stable around 0.05. It followd thathod W2 is equally suitable over
the range of mean AVHRR NDVI values and hence leoxkr classes, while method W1
becomes less reliable towards the land-cover dasgh the higher mean AVHRR NDVI.

For this reason it was decided that method W2, toteast any other method that

incorporates the stratification of imagery intofeient mean long-term NDVI classes or

land-cover classes, will yield more consistent itssaver a large area.

NDVI for 10 July 2003
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Figure 4.15 MODIS NDVI and MODIS-equivalent NDVI image as calculated with

the W1 and W2 methods.
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Figure 4.16 Root-mean-square error calculated ovehe entire Node 4 resulting
from the use of methods W1 and W2 when estimating MODIS-Equivalent NDVI
from AVHRR NDVI for cloudless scenes.

4.2 Effects of atmospheric corrections and BDRconstraints on AVHRR data

Data were collected for all points for the 26 choslays during 2003 as input to the 6S
atmospheric correction code. These included the Tél&ctance from both channel 1 and
channel 2 of the AVHRR, sun-view geometry variabdesl atmospheric data from the
MODIS atmospheric products. Because some of thasaveere covered by cloud on
certain days, the mean amount of days for which degre collected per point were 22.5.

For a specific point, these input data are indit@tetable 4.1.
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Table 41 AVHRR TOA reflectance and geometric datand MODIS atmospheric
data for specific days in 2003.

IAVHRR  AVHRR

CH 1 CH2 Solar Solar View View Preci-

Reflec- Reflec- [Zenith Azimuth Zenith Azimuth pitable  Total AOT

tance tance Angle Angle Angle Angle \Water Ozone (55
DATE (unitless) (unitless) |(Degrees) (Degrees) (Degrees) (Degrees) (G.cm'z) (Db)  um)
2003/01/02 0.125 0.225 34 268 40 283 2 255 0.2
2003/01/13 0.103 0.164 29 274 6 280 3.3 260 0.21
2003/02/12 0.071 0.143 24 300 47 2 2 262 0.19
2003/02/28 0.070 0.156 32 301 17 81 41 260 0.18
2003/03/18 0.076 0.151 37 309 18 81 3.1 256 0.17
2003/04/03 0.088 0.171 47 309 20 281 28 258 0.21
2003/04/06 0.067 0.157 42 318 37 83] 2.1 256 0.2
2003/04/29 0.102 0.172 56 313 34 282 1.9 256 0.18
2003/05/08 0.091 0.167 58 315 33 282 2.5 256 0.08
2003/07/10 0.088 0.168 60 322 23 282 1.3 268 0.09
2003/07/17 0.113 0.207 62 316 50 284 1.1 282 0.1
2003/07/18 0.104 0.186 61 319 38 283 0.7 274 0.18
2003/07/26 0.119 0.196 61 315 49 284 1.9 272 0.22
2003/07/27 0.102 0.181 59 318 36 283] 1.3 270 0.14
2003/08/14 0.100 0.184 56 313 33 282 2.2 305 0.13
2003/08/23 0.105 0.184 53 311 31 282 1.7 274 0.14
2003/09/03 0.088 0.145 47 313 9 81 1.3 276  0.36
2003/09/04 0.088 0.140 45 315 28 82 1.6 277 034
2003/09/12 0.090 0.135 45 309 12 81 2.2 284 0.31
2003/10/10 0.095 0.136 37 298 36 82 2.7 284 0.51
2003/10/24 0.125 0.181 44 282 35 282 3 278 0.28
2003/11/04 0.083 0.141 37 280 7 80 3.5 287 0.24
2003/12/01 0.082 0.158 33 271 16 81 3.2 272 0.5
2003/12/11 0.079 0.144 29 271 36 82 3.2 273 0.18
2003/12/29 0.086 0.151] 26 272 41 83 43 277 0.29

Precipitable water content revealed a seasonarpaittith high values during summer and

low values in winter (Figure 4.17). In the 6S atpiuaric correction code, the total

precipitable water used for a tropical atmospheres pj.crif. AOT at 55um was the

highest during spring and relatively lower durihg test of the year.
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Figure 4.17 Total precipitable water content (g.crif) of the atmosphere and aerosol
optical thickness at 55wm at a specific point during 2003.

The parameters shown in table 4.1 were used is&hatmospheric correction model. It
can be seen that the model responded correctharious amounts of precipitable water
and aerosol optical thickness (AOT) in the atmospli€igure 4.18 to figure 4.20)
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Figure 4.18 Adjustment of red (Ch 1) and near-infraed (Ch 2) AVHRR estimated
surface reflectance and resultant change in NDVI,dr constant input top of the

atmosphere reflectance values, with increasing totatmospheric precipitable water

content.
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Figure 4.19 Adjustment of red (Ch 1) and near-infraed (Ch 2) AVHRR estimated
surface reflectance and resultant change in NDVIdr constant input top of the
atmosphere reflectance values, with increasing atnspheric optical thickness at

55pum.
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Figure 4.20 Adjustment of red (Ch 1) and near-infraed (Ch 2) AVHRR estimated
surface reflectance and resultant change in NDVIdr constant input top of the

atmosphere reflectance values, with different inpuaerosol type.

The change in AVHRR NDVI through the modelled chahyg the 6S model for the range
of precipitable water amounts found on cloudlessd&igure 4.17) were 0.1 NDVI units
(Figure 4.18). The same magnitude of change wasildesfor AOT at 55um variations
found over the area on cloudless days (Figure d@nti74.19). Uncertainty about the aerosol
type can however also lead to errors in the samgeras the corrections made (Figure
4.20).

Overall, from figures 4.18 and 4.19, it can be sémat the 6S model, with inputs as given
in this report, handled the influence of the atnnesp in terms of direction of adjustment
of the AVHRR NDVI correctly. However, in accordante what has been reported in
literature through spectrometer studies in labar@dp a linear model still has to describe
the relation between AVHRR and MODIS NDVI valueseafatmospheric correction had
been applied.

A linear regression analysis was done betweenhall daily atmospherically corrected
AVHRR NDVI values and MODIS NDVI values. The resultfor the mean
atmospherically corrected AVHRR value at each aitd the mean MODIS NDVI for the
site are indicated in figure 4.21. The R-squarddevavas 0.98 compared to 0.95 between

the composite datasets of uncorrected data.
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Figure 4.21 The linear relation between the mean atospherically corrected
AVHRR NDVI and MODIS NDVI values at every point.

The linear equation for all daily atmosphericallgrrected AVHRR NDVI and MODIS

NDVI values had the following form:

NDVIwvopis = 0.047 + 1.018 * NDVAvnrr
compared to the

NDVIwuopis = 0.004 + 1.103 * NDVhyHrr

found in literature for agricultural vegetation é8¢net al, 2003).

The same method as described earlier for the cadtepdsta was used to relate the mean
AVHRR NDVI value at each site to the slope andricept values of a site-specific linear
model:

NDVImopis = A + B * NDVIavHRR_corrected for atmosphere W3

where A and B are related to the mean AVHRR ND\Mhatspecific point.

This method was used instead of using a singleatinequation between the
atmospherically corrected AVHRR NDVI values and M&®DIS NDVI values. Apart
from it being the method proposed for the uncoe@alata, the root-mean-square error
involved in using this method was 0.015 NDVI ungmaller than using a constant

relationship.
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The adjustment of the AVHRR NDVI for daily valuesirthg 2003 when using W3 is
indicated for points situated in three land-coygees in figure 4.22 and figure 4.23.
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Fgure 4.22  Time-series of NDVI data for uncorrectedand corrected AVHRR data
and for MODIS data for a point situated in a Bushland land-cover class.
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Figure 4.23 Time-series of NDVI data for uncorrectd and corrected AVHRR data

and for MODIS data for a point situated in a Natural Forest land-cover class.
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The MODIS NDVI and the MODIS-equivalent NDVI thrdugpplication of methods W2
and W3 to AVHRR data for daily data during 2003 iadicated in figure 4.24.
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Figure 4.24 Time-series of NDVI data for uncorrectd and corrected AVHRR data

and for MODIS data for a point situated in a Subsitance-Dryland land-cover class

The three methods (W1, W2 and W3) to estimate a M2&juivalent NDVI from
AVHRR data were compared. Figure 4.25 indicategdlé-mean-square error made when
estimating a MODIS-equivalent NDVI for all the ptanand all 26 days by all three
methods. These root-mean-square errors vary betheéand two standard deviations of
the MODIS 16-daycomposite NDVI values as calculdtedn the data for the year 2002
(figure 4.26). When the root-mean-square errooissiered, each method from W1 to W3

respectively slightly outperformed the previous.one

The importance of atmospheric correction becomights} clearer when the data are
classed according to the total precipitable watettent of the atmosphere (Figure 4.27).
The root-mean-square error of the methods for wthenatmospheric precipitable water
content is lower than 3 g ¢hand when it is higher than 3 g.éis portrayed. From the
375 instances comprising the daily data, 87 weredfys when the precipitable water
content of the atmosphere exceeded 3 §.dm the 6S code, 3 g ¢fnis used for the

default precipitable water content of a tropetmhosphere.
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It must be taken into account that only cloudlesgsdand days with very little cloud cover

were considered for extraction of data for dailjuea, hence minimizing the occurrence of

high precipitable water amounts in the data. Orother hand, multi-day composites made
of the historical NDVI will also compensate for atspheric effects by selecting the days

with relatively less atmospheric contamination.
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Figure 4.25 Box plot indicating the characteristicof the root-mean-square error
when using different methods to estimate a MODIS-aqvalent NDVI from daily
AVHRR data during 2003.
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Figure 4.26 Box plot of root-mean-square errors oMODIS-equivalent NDVI
estimation from daily AVHRR data during 2003, expressed as multiple of the
standard of MODIS composite NDVI values deviation seach point throughout 2002.
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Figure 4.27 Root-mean-square errors of the models different total precipitable
water contents of the atmosphere.

To formulate an idea of the significance of any iayement resulting from atmospheric
correction to the AVHRR data, the paired-wise Shidet-test was performed on the
absolute errors that resulted from estimating MOBdfaivalent daily NDVI values as by

means of method W2 and W3. With a P (T<=t) valu8.8#, no significant difference was
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indicated between the accuracy of the respectivthads. The results from the t-test are
indicated in Table 4.2.

Table 4.2 Result of paired t-test performed on metbds W2 and W3

Mean (W2) 0.0531
Variance (W2) 0.0018
Mean (W3) 0.0506
Variance (W3) 0.0017
Observations 375
Pearson Correlation 0.4892
Hypothesized Mean Difference 0
Degrees of freedom 374
t Stat 1.1727
P(T<=t) two-tail 0.2416
t Critical two-tail 2.5891

4.3  Effect of miss-registration of AVHRR data

The geo-location procedure applied during the meiog of AVHRR data produces
images that are correct to within two pixels. Hoe tomposites made, visual inspection
and manual adjustments were used to keep the nagst within one pixel. Cloudless
images over the area of interest from the archoxecng a 45-day period were inspected.

The geo-locations for three of the images werebgutvo pixels (Table 4.3).

Table 4.3 Miss-registration of AVHRR pixels over a45-day period.

Miss-registration

Total Imageg O pixel 1 pixels 1.5 pixels 2 pixels

15 4 5 3 3

The image-to-image registration of the MODIS datswnore stable and a shift in excess
of half a pixel was not observed.

For different errors in geo-location of images, thesultant decline in regression

correlation was investigated. The R-squared vaktevéen two images for all the points
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when various shifts in the relative position of anegage to the other were considered

differed with respect to direction of pixel-shift.

Between the two identical AVHRR images, the R-sqdaralue decreased by only 0.02 to
0.05 with a one-pixel shift, but with a shift ofpels it decreased by between 0.07 and
0.43. The R-squared values between AVHRR and MOBISn a similar fashion and it
can be seen that the decline in R-Squared val@esiach larger beyond 1 pixel shift than
between no shift and one pixel shift. The contidoutf miss-registration of the AVHRR
data within a pixel on the decrease in the R-squaadue is less than 0.07, but for a two-
pixel shift it dropped by about 0.45 (Figure 4.2@ldigure 4.29).
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Figure 4.28 Miss-registration and coupled declineniR-Squared values.
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Figure 4.29 Miss-registration and coupled declineniR-squared values.

The difference between the NDVI values of the sa#RR image for all the points

could be seen to increase in magnitude and vaitiahiiith increased miss-registration

(Figure 4.30). For a two-pixel miss-registratiohe tmagnitude of change in the NDVI

value for the points, within the inter-quartile gan could be as high as 0.06, which is the

same as the standard deviation for most of the gfegure 4.5) and also of the same

magnitude as the errors made by applying the threthods of estimating a MODIS-

equivalent NDVI from AVHRR NDVI values. For a shif three pixels, as is possible on

days with extensive cloud cover, the error is e@eger and outside the range of the errors
made when estimating the MODIS-equivalent NDVI frita AVHRR NDVI.
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Figure 4.30 Miss-registration in an easterly and sdgherly direction respectively

and coupled increase in absolute difference betwedwo AVHRR NDVI images of the
same day.

It can be seen that because of the north-southtatien of the coastline, the north-south
alignment of mountain ranges and the resultanthrsotith orientation of land-cover

classes in the area an east-west shift createerldifferences and can lead to larger errors
than north-south shift.
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5. CONCLUSIONS AND RECOMMENDATIONS

A strong linear relationship was found between tiean AVHRR- and mean MODIS
NDVI. The mean value referred to is the seasoraigraged NDVI as derived from NDVI
composite data. However, between specific poinggiificant variation in the relationship
was detected. This variation was partially compgtsdor by incorporating the mean
AVHRR NDVI value into the relationship. This resdtin a location-specific method that
relates the slope and intercept of the linear imrlabetween MODIS NDVI values and
AVHRR NDVI values to the mean AVHRR value. This med slightly outperformed the
use of a singular constant linear relationship dthrthe areas. The performance of the
method was more consistent over the whole rang&Y¥I values and is therefore
applicable over a wider range of land-cover typesause the mean AVHRR and MODIS

NDVI were shown to be land-cover related.

The preferred method can estimate a MODIS-equivai®VI| with a root-mean-square
error that ranges between 0.03 and 0.1 NDVI ufitee mean root-mean-square error
resulting from using the method to estimate a MOBdBivalent NDVI from the AVHRR
NDVI is 0.05 NDVI units. Out of 17 points, the methestimated the MODIS-equivalent
NDVI to within one standard deviation of the MODNBDVI for 11 of the points. Only for
one point, the root-mean-square error exceededstanodard deviations of the MODIS

NDVI determined over an entire year.

Even if the preferred method is not the methodhaiice for implementation at the ISCW,
it still highlights the fact that there is a landver related influence on the relation between
the AVHRR and MODIS NDVI. The reason why the meaviHRR NDVI was proposed
as a surrogate for land-cover class differences tvas land-cover is fragmented and
variation occurs on scales smaller than what isresgmted by AVHRR pixels.
Furthermore, using the mean AVHRR NDVI image in togrection procedure will not

result in spatial inconsistencies as the use a-@ver type-specific models could.

Atmospheric correction through the 6S code onlghdly improved on the method,
specifically when precipitable water amounts weighhThe increase in accuracy when

atmospheric correction was applied to the data g®osed to when no atmospheric
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correction was applied was not statistically sigaifit. Furthermore, the atmospheric data

used was of a finer spatial resolution than whaauailable historically. Uncertainties

introduced by historical atmospheric data inclute ¢oarse spatial resolution and the fact
that for most variables, only total column dengista is available, not profile data. The
computationally exhaustive nature of implementigh@spheric correction is another

factor discouraging the use of radiative transfedets throughout a long dataset. The
creation of composites through the CA-MVC methaeady compensates for some of the
atmospheric influences. In the light of the abovetio@ed facts, atmospheric correction is

not recommended for the historical dataset.

Compensating for the BRDF was not implemented ¢imeeiof the datasets (MODIS or
AVHRR). Analysis was constrained to within a 458wiangle for both sensors in order to
compensate for some of the effects of BRDF. Caomstfor BRDF in the 6S code are
land-cover specific and not recommended for inhognegus areas, as is frequently
covered by an AVHRR pixel.

The geo-location accuracy of the automatic proogssiocedures at the ISCW needs to be
improved. Currently accuracy to within two AVHRRxpIs is achieved when cloud cover
is low. However, if cloud cover is substantial aigriimage acquisition, the geo-location
can be out by three pixels. Over the area of istetbis could double or even triple the
error when estimating a MODIS-equivalent NDVI fré&sHRR NDVI imagery.

Based on the results reported, the following recemuiations are made regarding a
method to estimate a MODIS-equivalent NDVI from ARR data:

* The historical AVHRR dataset needs to be assessezgims of inter-calibration of
the various AVHRR sensors in use during the devetaqt of the historical dataset.
Updated versions of post-launch calibration paramsefor the two visible channels
(Tahnk and Coakley, 2001; Heidinget al, 2003, Rao and Chen 1995, 1996)
should be implemented.

» The geo-location precision of the automatic imagecessing procedures at the
ISCW should be improved to one pixel. Manual inggon as one of the final
processing steps in the geo-location procedurecsmmended.

» All composites of NDVI data should be made withimamgle of 45°.

Following these preliminary steps, the rest ofgihecedure is indicated in figure 5.1.
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The length of a historical compositng period is diotated by this procedure. However, if
atmospheric correction is not applied, a compagitiariod of 16 days instead of 10 days is

recommended in order to increase the effectivemesgerms of compensating for the

effects of the atmosphere. The mean AVHRR NDVI imagn be updated at intervals
during the period of the historical AVHRR NDVI racbto update the slope and intercept
of the relationship between the AVHRR and MODIS ND&f use with earlier imagery.
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Develop 16-day composites Acquire all AQUA MODIS 1 km
from NOAA-16 AVHRR NDVI| resolution MOD13 products for
Key imagery for 2002 — 2003 2002 and 2003
rou - echnique rom ata Gatewa
through CA-MVC techniq F EOS Data Gateway

Process \
AVHRR- and MODIS ND
Prgitljaci ! 16-day composite imagery

Use land-cover as guide to extract NDVI data representative of
all land-cover types

AVHRR- and MODIS NDVI 16-day composite values extracted
for various polygons for all land-cover types

Linear regression between AVHRR and MODIS 16-day NDVI composite values

Mean AVHRR
NDVI value for
each point

W }

Possible stratification of extracted data according to broad climatic zones

+

Linear regression between Slope and intercept to mean AVHRR
MDY for linear equation relating AVHRR NDVI to MODIS NDVI for
each homogeneous region

Linear regression equation between
AVHRR- and MODIS 16-day NDVI composites
Separately for each point and all periods

Linear equation relating
slope and intercept
separately to mean AVHRR
NDWI for all points

Mean AVHRR NDVI

Image

Use mean AVHRR NDVI image to create a slope and an intercept image for each
homogeneous region separately.

.

Region-specific images for slope and intercept for linear equation between
AVHRR and MODIS NDVI

.

Merge images for all regions together

eparate images for slope and
intercept of linear equation between
AVHRR and MODIS NDV|

Use slope and intercept image to relate NOAA AVHRR NDVI images from all composites in the
historical dataset to MODIS-equivalent NDVI images

Figure 5.1  Flowchart indicating processes and datavolved in the proposed
method to estimate a MODIS—equivalent NDVI from theAVHRR NDVI.
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APPENDIX |

Table Al MODIS bands and their applications

Pixel Resolution Reflected Emitted
Band # (m) Bandwidth Range | Bandwidth Range Potential Applications
(nm) (um)
1 250 620-670 Absolute Land Cover
Transformation, Vegetation
Chlorophyll
2 250 841-876 Cloud Amount, Vegetation Larjd
Cover Transformation
3 500 459-479 Soil/Vegetation Differences
4 500 545-565 Green Vegetation
5 500 1230-1250 Leaf/Canopy Differences
6 500 1628-1652 Snow/Cloud Differences
7 500 2105-2155 Cloud Properties, Land Properties
8 1000 405-420 Chlorophyll
9 1000 438-448 Chlorophyll
10 1000 483-493 Chlorophyll
11 1000 526-536 Chlorophyll
12 1000 546-556 Sediments
13h 1000 662-672 Atmosphere, Sediments
13l 1000 662-672 Atmosphere, Sediments
14h 1000 673-683 Chlorophyll Fluorescence
141 1000 673-683 Chlorophyll Fluorescence
15 1000 743-753 Aerosol Properties
16 1000 862-877 Aerosol Properties, Atmospheyic
Properties
17 1000 890-920 Atmospheric Properties, Cloud
Properties
18 1000 931-941 Atmospheric Properties, Cloud
Properties
19 1000 915-965 Atmospheric Properties, Cloud
Properties
20 1000 3.660-3.840 Sea Surface Temperature
21 1000 3.929-3.989 Forest Fires and Volcanoes
22 1000 3.929-3.989 Cloud Temperature, Surface
Temperature
23 1000 4.020-4.080 Cloud Temperature, Surface
Temperature
24 1000 4.433-4.498 Cloud Fraction, Tropospherg¢
Temperature

MODIS AND AVHRR VEGETATION INDICES



74

1%

[¢)

Pixel Resolution Reflected Emitted
Band # m) Bandwidth Range | Bandwidth Range Potential Applications
(nm) (Hm)
25 1000 4.482-4.549 Cloud Fraction, Tropospher
Temperature

26 1000 1360-1390 Cloud Fraction (Thin Cirrus)
Troposphere Temperature

27 1000 6.535-6.895 Mid Troposphere Humidity

28 1000 7.175-7.475 Upper Troposphere Humidit

29 1000 8.400-8.700 Surface Temperature

30 1000 9.580-9.880 Total Ozone

31 1000 10.780-11.280 |Cloud Temperature, Forest Fires
Volcanoes, Surface Temp.

32 1000 11.770-12.270 Cloud Height, Forest Fares

Volcanoes, Surface Temperatur

33 1000 13.185-13.485 Cloud Fraction, Cloud Heig

34 1000 13.485-13.785 Cloud Fraction, Cloud Heig

35 1000 13.785-14.085 Cloud Fraction, Cloud Heig

36 1000 14.085-14.385 Cloud Fraction, Cloud Heig

(Data sourcehttp://synergyl.csr.utexas.edu/DataUsersGuide/M @Bi8s. htnjl

Table A 2 Quality assurance data description.
Bit No. Parameter Bit Description
Name Comb.
0-1 VI Quality 00 | VI produced with good quality
(MODLAND
Mandatory QA | 01 |VI produced but with unreliable quality and thusemnation of other QA
Bits) bits recommended
10 | VI produced but contaminated with clouds
11 | VI not produced due to bad quality
2-5 VI Usefulness | 0000 | Perfect quality (equal to VI quality = 00: VI prozcied with good quality)
index 0001 | High quality
0010 | Good quality
0011 | Acceptable quality
0100 | Fair quality
0101 | Intermediate quality
0110 | Below intermediate quality
0111 | Average quality
1000 |Below average quality
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1001 | Questionable quality
1010 | Above marginal quality
1011 | Marginal quality
1100 | Low quality
1101 | No atmospheric correction performed
1110 | Quality too low to be useful
1111 | Not useful for other reasons
(equal to VI quality = 11: VI not produced due tadquality)
6-7 | Aerosol Quantity 00 | Climatology used for atmospheric correction
01 |Low
10 |Intermediate
11 |High
8 Atmosphere 0 (No) No adjacency correction performed
Adjacency 1 | (Yes) Adjacency correction performed
Correction
9 Atmosphere 0 (No) No atmosphere-surface BRDF coupled corregtenfiormed
BRDF Correctionl 1 (Yes) Atmosphere-surface BRDF coupled correctiafiopeed
10 Mixed Clouds 0 (No) No mixed clouds
1 (Yes) Possible existence of mixed clouds
11-12|Land/Water Mask 00 | Ocean/inland water
Shallow ocean
Moderate and continental ocean
Deep ocean
Deep inland water
o1 |Coastal region
Ocean coastlines and lake shorelines
Shallow inland water
10 |Wetland
Ephemeral water
11 |Land
13 Snow/Ice 0 (No) No snow/ice
1 (Yes) Possible existence of snowl/ice
14 Shadow 0 (No) No shadow
1 | (Yes) Possible existence of shadow
15 Compositing 0 BRDF composite method used for compositing
Method
1 Constraint view angle MVC (CV-MVC) method used émmpositing

(Data Source: MODIS User Guide, 20004p://tbrs.arizona.edu/project/MOD)S/
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