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“Come, let us sing of drought,

Drought — the hate of the Sun; ...”,

“Naked is the veld, scorched and naked,
Charred is its coat, once brave and green;
Naked to the Sun’s lash it quivers —

A victim defenceless.

Silent are the streams, sad and silent;
Drought has sucked their Shining souls away;
The stars have slipped from their fingers

The moon has escaped them...”

Extracts from the anthology “Drought: A South Afiit Parable” by Francis Carey Slates, a South Afmzet,
writing under the pseudodonym of Jan von Avond.
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Abstract

Drought is a recurrent climatic process that oceuith uneven temporal and spatial characteristiesr droad
areas and over an extended period of time. Thereftetecting drought onsets and ends as well &ssing
drought severity using satellite-derived informatis essential. This should be especially the @asan arid
country like Namibia where drought is part of Naiaib climatology. It is believed that proper plamgiand
research using near real-time data can curb thastkting environmental and socio-economic impaéts o
drought. Weather data used currently are oftemfeovery sparse meteorological network, incompdete/or
not always available in good time to enable delingaaccurately and timely, regional- and locallearoughts.
Consequently, the detection and monitoring effaress hampered to provide timely and unbiased inftiomao

decision makers for accurate drought relief allimcaand for land reform purposes.

Furthermore, even though, data obtained from d#atélased sensors such as the Advanced Very High
Resolution Radiometer (AVHRR) have been studiedaasol for drought monitoring for many years and
provides an extensive temporal record for compari$ts coarse spatial resolution limits its effeetiess at

detecting local scale variability where severe dtas might go undetected due to these data comistrai

The objective of this study was to evaluate sa¢éebased and meteorological drought indices forsgragial and
temporal detection, assessment and monitoring afught condition to accurately delineate drought

characteristics of drought prone areas.

The study computed the Vegetation Condition IndeClj and Normalized Difference Vegetation Index
(NDVI) from the 250m resolution NDVI data obtaineffom the Moderate Resolution Imaging
Spectroradiometer (MODIS) sensor and one- and im@eths Standardized Precipitation Index (SPI) datan

rainfall stations in the study area.

Detailed analyses of spatial and temporal droughtithics during three seasons (2005/6 - wet, 20066fmal
and 2007/8 - dry) have been carried out througlexnchaps generated in a Geographic Information Sste
(GIS) environment from the mentioned data. Analymisl interpretation of these maps, which give diffie
drought scenarios, reveal that remotely-sensedgtitoundices can accurately detect and map the landl
regional drought spatial occurrence. Moreoverjsttaal analysis found strong correlations betwdenregional
crop production data and the remotely-sensed dédavever, the results showed that the local andoredi
drought occurrences detected were not reflectathiional crop production data, confirming the scigmi that
important local spatial variations are only detddfehigher spatial resolution data are used. Thdysconcluded
that fine spatial resolution satellite data sholbéd used to aid decision makers in monitoring aniatieg

drought which will also aid the allocation of miltis of dollars in drought relief funds.
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Chapter 1: Introduction

1.1 General Background

Throughout southern Africa, drought frequency ampslesity has become a major climate
disaster (Unganai and Kogard998). Droughts affected the region during 1982419
1991/1992 and 1994/1995, with devastating impactagriculture, water resources, national
economies, industry and the environment.

In sub-Saharan Africa, for example, the droughtshef early to mid 1980’s are reported to
have adversely affected more than 40 million ped¢Pitice of Foreign Disaster Assistance,
1990). The 1991/2 drought which was by far the wdresught in southern Africa affected 20
million people and resulted in a deficit of cersabplies of more than 6.7 million tonnes
(SADC, 1992).

Up to 70% of Namibia’s population depends on subse farming which is compounded by
the fact that Namibia is the driest country in seuh Africa. Hence, the immediate impacts of
the most recent (EMU, 2007) and particularly thdl\decumented 1991/2 drought, namely
food shortage for people and scarcity of grazinglifestock and wildlife, affected at least

part of all 13 regions of the country and approxgha625 000 of Namibia’s population of

1.4 million (National Drought Policy and Strated®97; Sweet, 1999).

It is against this background that Wilhie al., (2000a) have concluded that vulnerability to
drought has increased globally and particularlyd@veloping countries where the primary
concerns are centred largely on issues of foodrgg@nd meeting the nutritional needs of the
population, environmental degradation, and a retayd of the development process. Hence,
greater attention must be directed to reducingsragsociated with its occurrence through the
introduction of planning to improve operational abiities and mitigation measures that are

aimed at reducing drought impacts.

Consequently, many governments have introducedgtitopolicies and preparedness plans
that aim to move societies away from the traditi@pgproach of crisis management, which is
reactive in nature, to a more pro-active, risk nggmaent approach. Hence, the goal of risk
analysis is to promote the adoption of preventativeisk-reducing measures and strategies
that will mitigate the impacts of future droughteets, thus reducing societal vulnerability.
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Drought policies are usually based on drought ais&lysis methodologies which comprise of
two components for this study; drought risk assesérand management and can further be

subdivided into hazard analysis and vulnerabilitglgsis (Figure 2.2; Hayez al.,2004).

Essentially drought risk analysis is centred onaaand which represents the probability of
occurrence or frequency of droughts and vulnetgbihich represents the broadest concept
of biophysical and social vulnerability in a regiorherefore, to reduce drought risk, there
must be an understanding of the hazard using abliogy, improved operational monitoring,

an analysis of vulnerability to understand whatpgte@nd sectors may be most affected by

drought, why these impacts occur, and if thesdioglships are changing over time.

This study primarily focused on the first stage [fought Risk Analysis methodology,
namely drought (drought is a natural hazard) amahhich apply spatially and temporally
consistent indices for the detection, assessmethtnnaonitoring of drought conditions at
different scales. These indices will give infornoation the spatial extent, frequency, intensity
and the duration of a drought period that will alltor an improved evaluation of the impact
of a drought on natural ecosystems and agriculflines will also enhance the prediction

capabilities of early warning systems for curremd &uture drought risk.

Ultimately, this study seeks to delineate areas d@h@ prone to vegetative (agricultural) and
meteorological droughts by using medium spatiabltgn satellite based indices that can

map local variability for the former and meteorotay based indices for the latter.

1.2 Importance of drought risk analysis

Drought risk analysis is important, in general, &mdNamibia in particular, firstly, because
drought seriously threatens poverty reduction &fon Namibia. Secondly, drought risk
analysis can help in reducing the risk to agrigalt@and rural development from droughts.
Thirdly, it can help to map, monitor and reduce ¢ém&ironmental degradation that droughts
are cause. Fourthly, it can improve water resouraeagement as well as enabling countries
achieve sustainable development and, sixthly,ntex@able decision makers to distribute and
allocate drought relief subsidies on the basisioploysical criteria and not on a subjective
and emotive manner. Lastly, in addition to crisssessment and mitigation, delineating
drought risk prone areas are also essential fordad efficient land reform when land is

distributed to the vulnerable and poor majorities.
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Therefore, decisions on how to identify and thedrasls drought risks need to be done by
managers of and other stakeholders in developnreht@do this effectively, they have to

understand the actual harm of past droughts ancpotential threats posed by imminent

droughts. This is done through drought risk analysethodology that emphasizes proactive
management of drought risk through reduction ohlwbspective and accumulated risks.

1.3 Traditional methods used to assess drought ankeir problems

Drought is a complex natural disaster that caueges environmental, social, and economic
consequences in arid, semi-arid, and other margireds (Wilhiteet al., 2000). Drought is
also difficult to detect and monitor. However, tbemplex drought phenomenon can be
simplified into a drought index, which is a singlember assimilating a large amount of data.
The index allows scientists to quantify climate @adies in terms of intensity, duration,
frequency and spatial extent, making it easieotamunicate the information to diverse users
(Wilhite et al, 2000a). These indices can also be used to destibypes of droughts such as

meteorological drought, agricultural drought, hydgical and socioeconomic drought.

Traditional methods that are predominantly basedneteorological data have rainfall-only
variables, they do not express much local spag#il] and they are only valid for a single

point location (Browret al.,2002).

The most popular traditional drought indices inelutthe Palmer Drought Severity Index
(PDSI), the Standard Precipitation Index (SPI), Bercent of Normal Rainfall (PNR), the
method of Deciles, and others (Hayes, 2004; Kegaindad Dracup, 2002).

The PDSI (Palmer, 1965; Alley, 1984) provides a snea of the departure from normal of
the moisture supply. Its strengths are that ithis first comprehensive drought index used
widely and it is very effective for agricultural alrght since it includes soil moisture.
Weaknesses include that it may lag emerging dreugtis less well suited for areas of
frequent climatic extremes, and have complex caiegthat are not necessarily consistent, in

terms of probability of occurrence, spatially amfgorally.

The Standard Precipitation Inde§SPI; McKeeet al.,1993 and 1995) is a simple calculation
solely based on rainfall with a temporal flexilyilithat is theoretically much better suited to
the quicker responses in vegetation detected ®jlismimagery. It is a statistical measure on
the surplus or lack of precipitation during a giveeriod as a function of the long-term

average precipitation.
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Its strengths, amongst others, are that it is lgecthany drought planners, and it computes
droughts for different time scales and hence pewidarly warning of drought. It also helps

assess drought severity. Its weaknesses are shadlites are based on preliminary data that
may change and that precipitation is the only patamused. It also cannot account for water

deficit caused by evapotranspiration, deep pericoland runoff.

The Percent of Normal Rainfalis one of the simplest indices of precipitation rmady. It is
calculated by dividing actual precipitation by n@irprecipitation, typically considered to be
a 30 year mean, and multiplied by 100% (Hayes, L988is can be calculated for a variety of
time scales ranging from a single month to an anouwavater year. Analysis using the
percentage of normal is very effective when usedafgingle region or a single season, but
can be easily misunderstood and can give diffarehtations of conditions, depending on the
location and season. Other weaknesses are thaipipgBon does not have a normal

distribution and values depend on location andseas

The ‘Percentile Methodindicates the severity of a given value of a metogical element

that can be drawn from the percentile value deteechirom the cumulative frequency of the
value. The ‘Deciles of Precipitation’ method whigioups monthly precipitation occurrences
into deciles, so ‘much lower than normal’ weathanmot occur more often than 20% of the
time (Hayes, 1999). Its strengths are accuratesstal measurement and simple calculation.
It also provides uniformity in drought classifiaats while its weakness is that accurate
calculations require a long climatic data recordt tis not usually available, as mentioned

earlier.

Other traditional indices include, the ‘Surface W&upply Index’, the ‘Poisson Process’, the
‘Palfai Drought Index’ (Tate and Gustard, 2000)e thFoley Drought Index’, the
Reconnaissance Drought Index (RDI) (Tsakiris, 2004)

Lastly, recent research have shown that the SPhiaas/ advantages over other indices in
that it is relatively simple, spatially consister#nd temporally flexible, thus allowing
observation of water deficits at different scal@uttman, 1998, 1999; Hayes al., 2000;
Hayeset al., 1999; Szalai and Szinell, 2000). Since the SRhdge reliable for detecting
emerging drought, it has become an increasinglyomapt tool for assessing moisture

condition and initiating mitigation and responséats (Wilhiteet al.,2000b).
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1.4 Remote Sensing in drought risk mapping

Existing drought monitoring and declaration progedu in Namibia lag behind the
development of methods that accurately detect ahidehte drought events, since most of
them are based on traditional methods of drougtgsasnent and monitoring that rely heavily
on rainfall data only (NEWFIU, 2004, 2005, 20060202008 and 2009). They are limited to
a region, often inaccurate and, most importantifficdlt to obtain in real-time. In contrast,
the satellite sensor data are consistently availaipld can be used to detect the onset of
drought, its duration and magnitude more effecyivaatd efficiently. Satellite-based data, in
combination with meteorological indices, are wideised in southern Africa for national,
regional and international drought and food earrming systems, hence inappropriate at a

district and/or local scale.

More than fifty vegetation indices are in use toqagnsen, 2000). Amongst them are the
Normalized Difference Vegetation Index (NDVI) aneédétation Condition Index (VCI).

The NDVI takes advantage of the reflective and glisee characteristics of plants in the red
and near-infrared portions of the electromagngigcsum and has been used in research on
vegetation yield and productivity, vegetation monitg and drought detection and mapping.
The ability to use satellite data in drought detectind mapping is based upon the fact that
moisture-stressed vegetation has a higher refleetathan green, healthy and
photosynthetically active vegetation in the red damd a lower reflectance in the near-
infrared band. Additionally, no other surface exsithigher NDVI values than vegetated
surfaces and when vegetation vigour changes dtieetoature of the vegetation growth and

development cycle or environmental induced strash as drought, the NDVI also changes.

Numerous studies (Table 1.1) have been carriefooseveral parts of the world that showed

the potential of satellite-based data in droughhitooing and risk assessment.

In Africa, the vegetation monitoring has been @arout for more than ten years (Tucleer
al., 1985; Justicest al., 1985; Townshend and Justice, 1986). Theoreticdligies showed,
NDVI can be considered as a climatic recorder, iarttie Tropics, mainly a rainfall recorder.
Also, NDVI can be used as a good proxy for the wtoidinter-annual climate variability, as
shown by its correlation with the Southern Osdiblatindex, over East Africa or Botswana
(Anyambaet al.,1998).
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Table 1.1: Summary of studies using drought indices to delineate drought prone areas.

Author’'s Name Year Year Studied | Method Region

Bayarjargakt al., 2006 1982 - 1999 NDVI/VCI/NDVIA/TCI/LST| Mongolia

Bhuiyanet al, 2006 1984 -2003 NDVI/VCI/TCI/ VHIIGIS India

du Pisanket al, 1998 - Met Drought South Africa

Filellaet al., 2004 1999 - 2002 NDVI and PRI Spain

Foxet al., 2005 1985 - 2001 NDVI South Africa

Guet al.,, 2007 NDVI and NDWI Central Great Plains, USA

Hartmanret al., 2003 2001 NDVI — Isd Argentina — South East
Buenos Aires

Hayes 2000 1885 - 1985 SPI USA

Ji and Peters 2003b 1989 - 200( NDVI and SPI Nonth Great Plains,
USA

Jury 1997 1981 - 1994 NDVI Southern Africa

Kassa 1999 1982 — 1993 NDVI integrated Sudan

Liu and Juarez 2001 1981 — 1993 NDVI (ENSO) Nordstérn Brazil

Liu and Kogan 1996 1985 - 1992 NDVI/VCI/Rainfall B8b America

McVicar and 2001 1997 Ts/ NDVI Papua New Guinea

Bierwirth

Peterset al., 1993 1988 — 1989 NDVI, PDSI and CMI New Mexico

Ramestet al, 2003 1985 - 1996 NDVI/VCI/TCI India

Seileret al., 1998 Jan — Feb VCI / TCI and corn yield Argentina

Songet al., 2004 1997 — 1999 NDVI (Isd) East South East Asia

Unganai and Kogan 1998 1985-1995  VCI/NDVI Botitrica / Zimbabwe

Viau and Beaudin 2000 1987 - 1993 NDVI/VCI/SPI Bpa

Washington-Allen et | 1998 1986 — 1987 TNDVI Bolivian Altiplano

al.,

Furthermore, several other studies have also shbemutility of satellite measurements for

observing and monitoring drought. For example, KofE091; 1995) have analyzed droughts

in the United States using AVHRR data. In this aesk, several derivations of the NDVI
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were developed, in order to improve the abilityetdract drought information from a time-
series of satellite composite data. One indexMibgetation Condition Index (VCI), which is
a ratio of the NDVI collected in a given period quemed to its historical range (maximum
minus minimum) derived over several years of rec8uilding on this research, Kogan and
others (Liu and Kogan, 1996; Kogan, 1997; Ungandilgogan, 1998) have demonstrated the
utility of the VCI in Africa, South America, and As(Table 1.1). Songt al., (2004) for
example used the changes of up-to-date and nor&ll N'om NOAA/AVHRR data, to

develop an early detection system for drought.

Although a number of previous studies have inddtate strong relationship between,
especially AVHRR — NDVI and precipitation, this agbnship is far more complex (Ji and
Peters, 2003b) than what can be represented bylesihmear correlation between two

variables. Studies have found that the relationghipfluenced, amongst other factors, by the

temporal and spatial scale of the data (EklundBg8)L9

1.5 Gaps in the utilization of Remote Sensing inrdught risk mapping

Figure 1.1 illustrates the spatial and temporalratiaristics of commonly used remote
sensing systems and their sensors (Jensen and Cb989). Spatial resolution refers to the
size of object that can be resolved and the mastluseasure is the pixel size while temporal
resolution, or repeat cycle, describes the frequevith which images are collected for the
same area (Longlegt al.,2005; Jensen and Cowen, 1999). These researckerdefined a
fine spatial resolution as pixel sizes between Ot@napproximately 100m (e.g. Quickbird,
SPOT 5, etc), medium spatial resolution as pixeésibetween 100m and approximately
500m (e.g. MODIS) while coarse/large spatial resotuas pixel sizes between 500m to
10km (e.g. AVHRR, SPOT 4 vegetation, METEOSAT, €Eyure 1.1).

The above mentioned studies (Table 1.1) have pradotly used coarse spatial resolution
data from the Advanced Very High Resolution RadienéAVHRR) aboard the National
Oceanic and Atmospheric Administration (NOAA) serief polar-orbiting meteorological
satellites. Many organisations and researchergcedly in the southern African region, also
use this sensor because of its extended time-s#rgsatially coarse NDVI data (Figure 1.1).
In Namibia, for example, a national study on raagdl resources assessment used
NOAA/AVHRR-derived satellite imagery (NDVI) as aperational tool for national planning
(Ganzinet al.,2005). This study used 17 years of AVHRR and SRAEBGETATION coarse

satellite data over Namibia to estimate seasonaiéss production using a simple but
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operational vegetation production model. The oytpatongst others, is the identification of
areas with very low biomass production that carefioee be classified as drought prone

areas.
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Figure 1.1: The spatial and temporal characteristics of commonly used remote
sensing systems and their sensors. Source: After Jensen and Cowen, (1999)

Although the AVHRR and other coarse spatial resmfutsensors provide an extensive
temporal record for comparison, the coarse spa#éablution of these data limits their
effectiveness at detecting local scale variabilitgt is needed for drought relief and land

allocation for the rural poor and other vulneraipleups.
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Therefore, in addition to the moderate spatial ltegmn, Justiceet al., (2002) in a review of
the new MODIS products (Figure 1.1) reported thatytallow the land research community
to move beyond dependence on the NOAA/AVHRR NDVI.

Hence, this study intends to delineate drought as&as facing vegetative as well as
meteorological drought by using temporal imagesmfreiODIS NDVI (250m) and

meteorological based Standardized PrecipitatioeXr(&P1).

1.6 Problem Statement

The Namibian National Drought Policy and StratepPS, 1997) emphasize the paradigm
shifts from crisis management to risk managementassisting with crisis (drought)
mitigation. This policy requires decisions that d@made at community level which can be
of great benefit to the vulnerable rural commusitées well as to the commercial farmers if
the decisions are based on scientific rational. dderthese decisions must be based on
unbiased and up-to-date information on the foragsources over the entire country.
Consequently, the Government is in need of bothr meal-time information on agro-
meteorological situation of the ongoing season dosis assessment and mitigation, and
general information on the drought prone areasrtbatl urgent attention in the different parts
of Namibia. This information is also needed for fand efficient land reform and drought

relief allocation.

The NDPS (1997) specifically indicates that oneitsf key objectives is to provide an
adequate definition of drought so that drought aiedion is determined by a more scientific
process rather than tlael hocmanner as is the case. However, the drought aseatsised
by the policy is based on a meteorological threshatsessment that have numerous
shortcomings amongst them: (i) drought is a compgeaenomenon whose impacts have
different time scales and for this reason, the adatpn of precipitation deficit alone is not
sufficient for the evaluation of possible droughdnditions, (ii) it is possible to record
agricultural droughts several times in a given seasven when neither meteorological nor
hydrological droughts can be said to have occuatethe end of the season (Usnetnal.,
2005), (ii) the assumption that the water rela@etlvities in a region should be in harmony
with the amount of water which would normally beadable (Zucchinni and Adamson, 1984)
and (iv) it further assumes that the vegetatioh dlcaurs naturally within a particular region is
adapted to the average climatic variability (duaRigt al.,1998).
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Drought is inherent to Namibia’s climate due to lgsation and other climatic conditions.
Therefore, despite the huge amount of money thap&nt recently and in the past (EMU,
2007) defining drought scientifically remains a lidrage. Consequently, this study designed a
methodology that will not only define drought apprately but will also address the spatial
resolution challenge, mentioned earlier. In fachhgnresearchers (du Pisatial., 1998) and
policy makers have also argued that these defigsrghould warrant that decisions relating
to drought assistance should not be based on noétgaral indices only, as in the case of the
NDPS (1997).

1.7 Research Questions

* Can vegetative and meteorological indices derivedhfmedium spatial resolution satellite

data detect local drought risk variability?
» Can the analysis of regional crop production dataat local drought risk variability?
* Can local variability in drought risk better be mxaded by combining satellite,

meteorological and crop production data?

1.8 Main Objectives of the study

To identify and delineate vegetative and meteonobigirought risk areas by using temporal
images from MODIS NDVI and SPI values based on oretegical point data.

Specific objectives:

To establish an accurate, scientific and operatidefinition for the different types of

droughts.

 To determine the local variability in vegetativeodght risk maps by analysing
vegetation indices derived from medium spatial lkggmn MODIS NDVI satellite
data.

* To determine the one and three month SPI for saderinfall stations that might
indicate meteorological drought risk.

 To produce vegetative drought risk maps from MOMNBVI satellite data that

delineate local variability for effective and targe interventions.

1.9 The hypotheses of the study

The hypothesis of this study is that local varigpih drought risk can be better evaluated by
combining and using medium spatial resolution §seind meteorological data.
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2.0 Structure of the dissertation

This thesis comprises of different chapters.

Chapter 1: It gives a general background, expléiesimportance of drought risk analysis,
examines traditional methods used to assess drosggheind their problems, investigates the
use of remote sensing in drought risk mapping dedtifies gaps on the utilization of remote
sensing in drought risk mapping. Lastly, it covdre problem statement, research question,
specific objectives and structure of the disseartati

In chapter 2: A detailed literature review has bdene on drought risk methodologies, GIS
methods used to study drought risk, drought indaras lastly, the potential of GIS, SPI and
NDVI for drought risk analysis.

Chapter 3: It describes the geographic settingtoflys area, landscapes and topography,
drainage and water supplies, growing and agro-gamb zones, climatic conditions, land
tenure, governance and farming, soils and vegetaéiod lastly, demography and household
economies.

Chapter 4: It gives an overview about the data dsedhe present study, which includes
satellite data preparation from EOS- data gatewagteorological and agricultural data
collection from various organisations during fieldrk. In addition to this it explained how
drought indices were calculated and the methodadlogthis study.

Chapter 5: This chapter presents the results sfstiidy, which gives a critical observation for
different drought indices and their relationshiftsgives a brief discussion based on the
results achieved and the analysis carried out.

Chapter 6: Conclusions and recommendations drave smmnclusions from the study results

obtained and proposing some recommendations arattopgies for further research.
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Chapter 2: Literature Review

2.1 Introduction

Due to its nature as a complex phenomenon, defidingght can be very difficult. There is
no universal definition of drought since its pertt@p depends on the impact of the water
deficit. However, drought definitions can be catiézgd as conceptual or operational (Wilhite
and Glantz,1985). Conceptual definitions are formulated in eyah terms, to identify the
boundaries of the concept of drought. They alswigeolittle guidance to those who wish to
apply them to current (for example, near real-tith®ught assessments. Common conceptual
drought definitions include, amongst otherssufficient water to meet neéddkedmond,
2002) and a period of abnormally dry weather whiagults in a change in vegetation cover, a
definition widely use by the remote sensing comny(Bayarjargakt al.,2006; Heim, 2002
and Tucker and Choudhury, 1987).

While operational definitions attempt to identifyetprecise characteristics and thresholds that
define the onset, severity, and termination of dhiuepisodes, they can also be used to
analyze drought frequency, severity, and duratmnaf given historical period. They are the

foundation of an effective drought early warningtsyn.

Conceptually operational drought definitions candbestered into four types (Figure 2.1;
Wilhite and Glantz, 1985):

Meteorological droughis expressed solely on the basis of the degredryofess (often in
comparison to some normal or average amount) aed diration of the dry period.
Agricultural drought according to Wilhite and Glantz, (1985) links ieais characteristics of
meteorological drought to agricultural impadts/drological droughtis associated with the
effects of periods of precipitation shortfall onrfsge or subsurface water supply (i.e stream
flow, reservoir and dam levels, and groundwatetherathan with precipitation shortfalls
(Dracup et al., 1980, Klemes, 1987)Socio-economic droughtassociate the supply and
demand of some economic goods or services withexiesTof meteorological, hydrological,
and agricultural droughts. Sanford (1979) suggestet drought could be defined as
occurring when the demand for goods exceeds swgspdyresult of a weather related shortfall.
Lastly, famine droughtis often regarded as an extreme form of agricaltdrought which
destroys food security to the point where large Ipers of people become unable to maintain
an active healthy life (Smith, 2001).
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Hence, from Fig. 2.1 precipitation deficiency des a meteorological drought, therefore
study will usedrainfall and SPI to anasze meteorological drought characteristics wt
agricultural (egetative) drought is defined by a reduced bior\asgetation cover) and yiel

The latter was analyzagsing vegetative drought indices such as NDVI, Npgy and VCI.

| Natural Climate Variability |

| |

Precipitation deficiency | |High tem p., high winds, low
(amount, intensity, timing)| | relative humidity, greater

: | sunshine, less cloud cover

Reduced infiltration, runoff | _
deep percolation, and Increased evaporation
ground water recharge and h'lansplratlon
| |

| Soil water deficiency |
1

Meteor ological \
Drought

|
Plant water stress, reduced
biomass and yield

Time (duration)

Reduced streamflow, inflow to
reservoirs, lakes, and ponds;
recluced wetl ands,

wildlife habitat
[

Hydrological , Agricultural
‘ y[)ruugqﬂ %ruught

| Economic Impacts| | Social Impacts || Environmental Impacts |

Figure 2.1: Relationship between various types of drought and duration of drought
events. Source:National Drought Mitigation Centre http://www.drought.unl.edu/)

The major causes of these types of droughts (Figute are anomalies in the weather
climate that leadto less precipitation than normal for meeting walemands. Amongst the
are ocearatmosphere system, sea surface temperature anenfal temperatus of the
soil during drought and the increase in fine p&tidn the air, high albedo in dry areand
solar-weather relationshigRédmoni, 2002; Sanford, 1977; Wilhite, 2000a and Wilhitel
Glantz, 1985).

Furthermore, Figure 2.1 shows that drought prodwcesomplex web of impacts. The
impacts might beeconomic impac that occur in agriculture and related sectors,uidicig
forestry and fisheries, because of the reliarf these sectors on surface and subsurface \
supplies orenvironmentaimpact: that are the result of damages to plant and arspeaties

wildlife habitat, air and water qual, forest and range firedegradation of landscape que,
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loss of biodiversity, and soil erosion. And lastbgcial impactsthat involve public safety,
health, conflicts between water users, reducedtguallife, and inequities in the distribution

of impacts and disaster relief.

Given the consequences and pervasiveness of draughtimportant to quantify droughts

using the major drought characteristics such asrggy frequency, intensity, duration, and
spatial extent. Therefore, the complex nature @& timought phenomenon asks for the
combined analysis of meteorological and satelldeda indices in order to adequately

characterize the event.

2.2 Drought Risk Analysis Methodologies

Many options exist to study drought. These incluideecasting the occurrence of drought
prior to the beginning of an agricultural produatior rainfall season and monitoring the
current season as it progresses, providing eartmingr of impending drought and assessing
drought impact.

This study followed the latter that formed partaofirought risk analysis methodology which
provided a holistic approach to drought studies #rat can also help countries develop
drought strategies (Hayes al.,2004). This Drought Risk Analysis (DRA) methodolddpyg.
2.2) balances many of the scientific concepts enribk literature and is consistent with the
interactions of drought specialists and other dtalders around the World (Hayes al.,
2004).

Figure 2.2 illustrates this methodology showing twve major components; risk assessment
and management. Risk assessment can further bevelgded into hazard (drought) and
vulnerability analyze. Risk assessment is the iceldbetween hazard, vulnerability and risk
(Mileti, 1999). Therefore, any effective strategyrhanage drought risk must begin with an
identification of the types of droughts and whatwslnerable to them. This requires
information on the nature and extent of risk tHadracterizes a particular location. It includes
information on the nature of the particular physideoughts that can be obtained through
hazard analysis, while vulnerability analysis gatkeinformation and data on the degree of
exposure of a population and its built environnterguch droughts.

Conceptually, drought is a complex concept, as essussed earlier, involving the supply
and demand of water resources, and therefore botsigal and social characteristics. Hence,
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a conceptual approach to risk assessment can lkerbaown into a combination of the

hazard and vulnerability.

Drought Risk Analysis

A 4

I. Risk Assessment Il. Risk Management

A. Short —and Long-
term Mitigation Action

A 4 A 4

A. Hazard Analysis B. Vulnerability Analysis
A 4
B. Responsible Agencies
Impact
Frequency Assessment:
Social v
- Socia
— Severity C. Action Time Table
— Casual
Temporal Assessment
Trends
Temporal
Trends

Figure 2.2: Drought Risk Analysis Framework. (After: Hayeset al.,2004)

Blaikie et al., (1994) originally represented risk as the sum ef hlazard plus vulnerability
(risk = hazard + vulnerability). More recently,kibas been represented as the product of the
hazard and vulnerability (risk = hazatdulnerability) (Knutsoret al.,1998; Downinget al.,
1999; Downing and Bakker 2000; Wilhite, 2000a).

Hazard in the study represents the probability ofuorence or frequency of droughts;
vulnerability (defined differently) represents theoadest concept of biophysical and social
vulnerability in a region. Therefore, to reducewdybt risk, there must be an understanding of
the risk using its climatology, improved operatibmenitoring, an analysis of vulnerability to
understand what people and sectors may be mosttedfdy drought, why these impacts

occur, and if these relationships are changing tues.
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This study will focused on drought analysis witk tim of defining drought precisely using a
combination of meteorological and satellite-baswtices.

2.3 Drought Analysis

2.3.1 Introduction
Numerous drought indices, using diverse varialdeslfought quantification, were developed

during the 28 century (du Pisaret al., 1998; Heim, 2000 and 2002; and WMO, 1975).

Meteorological and satellite-based drought indieee commonly used to identify and
guantify drought’s magnitude, duration, intensitpmdaspatial extent, and to improve
techniques for drought early warning and manageifwiihite et al.,2000b). Meteorological
drought risk analyses are predominantly based eaiftation using point data sets that are
site-specific or applicable to small areas. Theyehamany advantages such as that their
measurability and their extensive historic recomisable the application of numerous
statistical techniques (Oladipo, 1985; Guttman,83%yantash and Dracup, 2002). Hence,
the most robust and effective meteorological drougtiex is the Standardized Precipitation
Index (SPI), developed by McKe¢ al.,(1993).

Satellite-based drought indices are chosen abowve-pased indices because of their accurate
assessment of the occurrence, extent, and sevefitydrought and their excellent
vantage/synoptic/bird’s eye view of the droughuaiton. Combined with meteorological
data, satellite-based indices give a correct pectifrthe spatial and temporal distribution of a
number of meteorological and agricultural variabldBVI is amongst the most widely used
satellite based drought index, consequently, thuslysused NDVI data derived from the
MODIS sensor as opposed to the coarse resolutioHRR/NOAA sensors. The advantages
of MODIS compared to NOAA/AVHRR form the crux ofishstudy and will be discussed in
Section 2.5.

Lastly, the used of GIS for integrating these dadts that were from different sources was
used in this study and was found essential in nathgr drought studies (Lourens, 1995;
Changet al., 1997; De Jageet al., 1997; Ghosh, 1997; Reed, 1993; Thiruvengadacimaki a
Gopalkrishna, 1993; Mattheves al.,1994).
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2.3.2 GIS methods to study drought risk analysis

GIS has an important role to play in drought analy®cause of the following advantages
over traditional methods such as maps (Waegal., 1991): spatial modelling and map
creation can be done on the same computer; a yaoiketmodels can be created and
displayed to reflect different drought scenariosl am a format other than the traditional
map; and the implications of drought in terms o$kriand planning can be made

understandable to planners.

Two commonly used techniques in studying drougék analysis with GIS are deductive
(or deterministic) and inductive (or empirical) h@dques (Wadget al.,1991). In this study
the empirical approachwas used that is also widely used by many reseesdn drought
risk analysis. It used spatial and/or temporal abi@ristics of previous drought events to
infer the ambient hazardous states of a numbenaf@mental variables and forecast the
liability to drought in the future. In this apprdaafter the spatial locations of past drought
events are identified they are overlaid with a nemaf environmental variable coverages.
Values of the variables at the drought sites amyaed using some form of multivariate
statistical techniques to derive global functionkjch are then applied to produce a map of
the drought potential (Wadgg al.,1991).

Statistical techniques especially the empirical repph was used. It comprises linear
regression (Jibsoet al.,1989), logistic regression (Bernknogifal.,1988) and discriminant

analysis (Carrarat al., 199).

In addition to the above techniques that are basedhe physical environment, Rejeski
(1993) proposed a new paradigm that integratestdofinical rationality” of the scientists,
or the “cultural rationality” displayed by the publ This paradigm also echoes the concepts
advocated by the Drought Risk Analysis methodol@gyg 2.2) discussed earlier and calls
for models that integrate these subcultures sudhadinary (nominal) models, weighted

(ordinal) models and the quantitative (intervalGpmodels.
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2.3.3 Drought Indices

2.3.3.1 Meteorological Indices

The traditional methods used to assess droughideainost of the meteorological indices that
are based on the meteorological parameters asdeztat meteorological stations. Therefore,
they rely on the interpolation of rainfall and atheariables in order to give a spatially

distributed picture of the situation. Furthermdhey measure the climatic deviation from the
“normal” and do not necessarily give a clear petaf the impact of the water deficit

(Unganai and Kogan, 1998; Usmeinal.,2005).

Some of the well known meteorological drought iedicamongst others, are: Percent of
Normal also known as Precipitation and Accumuld&eetipitation Departure (Willeket al.,
1994), Deciles (Gibbs and Maher 1967), Palmer Dnbugeverity Index (PDSI; Palmer,
1965), Standardized Precipitation Index (SPI; MckKeal, 1993), statistical rainfall Z-Score
or standard score, Rainfall Anomaly Index (RAI; vRooy, 1965), Crop Moisture Index
(CMI; Palmer, 1965), Reconnaissance Drought In@RBxI( Tsakiris, 2004), National Rainfall
Index (RI; Gommes and Petrassi, 1994), Effectiveught Index (EDI; Byun and Wilhite,
1999) and the Bhalme and Mooly Drought Index (BMBitalme and Mooly, 1980).

The advantages and disadvantages of a few commeatyindices were discussed in Chapter
1. For comprehensive reviews of meteorological atiter drought indices see: Byun and
Wilhite, 1999; Hayes, 2004; Heim, 2002; Keyantathal., 2002; Smakhtin and Hughes,
2004; Tate and Gustara000, and Tsakirist al.,2004.

2.3.3.1() Standard Precipitation Index (SPI) asiadicator of meteorological drought

The SPI is based on the probability of precipitatior any desired time scale and spatially
invariant indicator of drought (Guttman, 1998, 1R98involves fitting a gamma probability

density function to a given frequency distributminprecipitation totals for a station (Edward
and McKee, 1997). The SPI is computed by dividing difference between the normalized

seasonal precipitation and its long-term seasoealmby the standard deviation.

Thus,

Equation 1: SPI = e
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where, X is the seasonal precipitation at tht@ raingauge station anpdh observation, X,
the long-term seasonal mean anid its standard deviation. McKe¢ al., (1993) proposed a
seven-category classification for the SPI, thislgtwill use the modified five drought

classification scheme by Bhuiyatal.,(2006):

Table 2.1: Drought classification scheme using drought indices.
(Modified after:Bhuiyanet al.,2006; McKeeet al.,1993 and Kogan, 1995, 1998, 2002; Liu and Kogan),
1996)

SPI VCI NDVI
No drought >0.0 >40 >04
Mild drought <0.0 <40 <04
Moderate drought <-1.0 <30 <0.3
Severe drought <-1.5 <20 <0.2
Extreme drought <-2.0 <10 <01

In this study, the SPI was calculated and analyzsidg a one- and three — month time
periods. It was calculated as follows, the preaimn total of the current month and previous
i months { =1, 2, 3,...) were used to compute the (1) - month scale of the SPI. For
example, the one-month SPI of May utilized only grecipitation of May; the three-month
SPI of May used the precipitation totals of May,ribpand March. Hence, the SPI required
different interpretations according to its timelscd&or example, the one-month SPI reflects
short-term conditions, and its application canddated closely to soil moisture and the three-
month SPI provides a seasonal estimation of piatipn. (National Drought Mitigation

Centre,http://www.enso.unl.edu/ndnjc/The one- and three-month periods was used fsr th

study.
2.3.3.2Satellite-based Vegetative Drought Indices

This study utilized the Normalized Difference Veag@n Index (NDVI) that uses the ratio of

the reflectance of one band to that of anotherr¢ddeand the near infrared. The use of NDVI-
based indices for monitoring and detecting droughtistified because vegetation vigour is
closely related to moisture condition and can gdsd recorded by satellite sensors in real

time.
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Furthermore, the mitigation of the effects of sevdroughts requires relevant information
regarding droughts in near real time and the ptesgikediction and monitoring of droughts

requires rapid and continuous data.

Moreover, satellite or remote sensing techniquesbeaused to monitor the current situation,
before, during or after the drought which is madeamtageous than conventional methods for
collecting data on such phenomena that varied Rugelterms of spatial and temporal
distribution. Hence, satellite sensors have thealsdipy to retrieve surface parameters with
various spatial and temporal resolutions over lagEas that can provide a comprehensive

view of the situation.

Numerous satellite based drought indices are ustdnwAfrica and world-wide. They can
generally be subdivided into three groups (Bayggbet al.,2006). The first group of the
drought-indices are based on vegetation state etbfrom the reflective channels. This group
includes the Normalized Difference Vegetation Ind&DVI; Tucker, 1979; Tucker and
Choudhury, 1987; Ji and Peters, 2003b), AnomalyNofmalized Difference Vegetation
Index (NDVIA; Anyambaet al., 2001), Standardized Vegetation Index (SVI; Liu and
Negron-Juarez, 2001; Petatsal., 2002), Vegetation Productivity Index (VPI; Sanngtral.,
1998), Enhanced Vegetation Index (EVI; Huete al., 1994; Huete,et al., 1997) and
Vegetation Condition Index (VCI; Kogan, 1990a,b9%91997, 2000). The second group is
based on surface brightness temperature derived tine thermal channel and includes the
Temperature Condition Index (TCIl; Kogan, 1997, 2000he third group is based on
combinations of the reflective and thermal chanreld includes the ratio between Land
Surface Temperature (LST) and NDVI (LST/NDVI; Lamiand Ehrlich, 1996; McVicar and
Bierwirth, 2001; Karnieli and Dall’Olmo, 2003), tAéegetation Health Index (VHI; Kogan,
1997, 2000; Kogaret al., 2004), and the Drought Severity Index (DSI; Bagayal et al.,
2000).

2.3.3.2 (i) Normalized Difference Vegetation In@gVI)
NDVI was first suggested by Tucker (1979) as arexdf vegetation health and density
(Thenkabailet al.,2004).

NIR — VIS)

(NIR + VIS)

Equation 2: NDVI
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whereNIR andVIS are the reflectance in the near infrared (NIR) @sible (VIS - red) bands
respectively. NDVI varies in a range of -1 to +1f in practice it is well within these limits
(Table 2.2). The healthy and dense vegetation daoye NDVI values. In contrast, clouds,
water and snow have larger visible reflectance thase of the near-infrared (NIR), hence,
these features yield negative index values. Becalube above properties, NDVI has become
a primary tool for mapping changes in vegetatioveco(see Section 2.1 for drought

definition) and is the most commonly used indexigés, 1996).

Table 2.2: Remote sensing data, indices and thresholds relevant to drought analysis.
(Modified after:Thenkabaikt al, 2004)

Drought Bands or index used to compute the index Range Noah Severe Healthy
Index AVHRR MODIS Condition drought | vegetation
1. NDVI Band 1 (0.58 - 0.68m) Band 1 (0.62 - 0.6¢m) -1to+1 Depends on -1 +1
the location

Band 2 (0.73 - 1.1Qm) Band 2 (0.84 - 0.8¢m)
2. Drought| NDVI NDVI -1to+1 0 -1 +1
Severity
Index NDVI long-term mean NDVI long-term mean
(NDVlpev)
3. VCI NDVI NDVI 0 50 % 0% 100%

to
NDVI long-term minimum NDVI long-term minimum 100%
NDVI long-term maximum | NDVI long-term maximum

Vegetation only shows signs of water stress afteravailable soil water have been depleted
to the level that the water supply is less thandbapotranspiration loss. Since NDVI is a
good indicator of vegetation greenness, a raisfabirtage can only be detected by NDVI after
the leaves show the signs of greenness loss. Thmerahe NDVI correlates well with the
rainfall amount required to maintain plant greesnasd consequently, it can be properly used
to infer drought as a result of rainfall shortagks@ see Fig 2.1). Since rainfall data collected
by surface observation stations often possess gpatial resolution, especially in remote
regions with difficult access, NDVI data may prowid valuable source of information for

drought monitoring.

The severity of a drought (or the extent of wetness the other end of the spectrum) can be

defined as NDVI deviation from its long-term me&D({/1pey). This deviation is calculated
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as the difference between the NDVI for the curtene step and a long-term mean NDVI for

that month for each pixel:

Equation 3: NDVIpgy = NDVI - NDVlneanm

whereNDVI; is the NDVI value for month and NDVlyeanm is the long-term mean NDVI
for the same montm. WhenNDVIpey (Table 2.2) is negative, it indicates the belownnal
vegetation condition/health and therefore pointstite prevailing drought situation. The
greater the negative departure, the greater isnthgnitude of a drought. In general, the
departure from the long-term mean NDVI is effedipumore than just a drought indicator, as
it would reflect the conditions of healthy vegeatatin normal and wet months/years. This
indicator iswidely used in drought studies (Someg al., 2004). Its limitation is that the
deviation from the mean does not take into accthmtstandard deviation and hence can be
misinterpreted when the variability in vegetati@mditions in a region is very high in any one
given year.

NDVI's role in drought monitoring and assessmens baen described by several authors
during the last decades (Kogan, 1991, 1995; Yetrg.,1998; McViar and Bierwirth, 2001,
Ji and Peters, 2003b; Wanal.,2004). Most of these efforts were based on NDVtwaled
from data collected by the Advanced Very High ReSoh Radiometer (AVHRR) sensor. In
contrast, this study used the successor to the ARId&hsor, the MODIS terra sensor. Many
studies (Guet al., 2007) have also used MODIS NDVI for vegetation coaralysis and

drought monitoring.

However, despite the potential application of theM numerous shortcomings have also
been revealed: (a) uses only two bands and is apt sensitive to influences of soil
background reflectance at low vegetation coverh@ds a lagged response to drought (Reed,
1993; Rundquist and Harrington, 2000; Waep al., 2001) due to a lagged vegetation
response to developing rainfall deficits, and (@) lieterogeneous land cover, the NDVI is
normally higher in areas with more favourable clienand soil and more productive
ecosystems (forest) than in areas with less fawbeir&nvironmental conditions. The
development of the VCI provides an answer to thevalrhallenges by primarily assessing
the changes in NDVI (stratified vegetation typeynsil through time due to weather
conditions, by reducing the influence of geogragtieco-systems and by not using NDVI as

the primary tool to detect drought.
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2.3.3.2 (i)  Vegetation Condition Index (VCI) (Tald.2)

Except, for its shortcomings NDVI generally prowdda broad overview of the vegetation
condition and spatial vegetation distribution irstady area. Vegetative drought is closely
related with weather impacts. In NDVI, the weatltemponent gets subdued by strong
ecological component. VCI separates the short-tgeather-related NDVI fluctuations from
the long-term ecosystem changes (Kogan, 1990b, )199%erefore, while NDVI shows
seasonal vegetation dynamics, VCI rescales vegetadinamics in between 0 and 100% to
reflect relative changes in the vegetation conditimm extremely bad to optimal (Kogan,
1995). Therefore, the VCI is an indicator of thatss of the vegetation cover as a function of

the NDVI minima and maxima encountered for a gigeasystem over many years.

(NDVI — NDVir)

Equation 4: VCI
(NDVhax— NDV i)

where NDVhx and NDVi, are calculated from the long-term record for tinainth (or 16-
day period) index of the current month. NDVI valse calculated using Equation 4 above.
The condition/health of the ground vegetation pnese by VCI is measured in percent. The
VCI values around 50% reflect a fair vegetationdibons. The VCI values between 50 to
100 % indicate optimal or above-normal conditioAs.the VCI value of 100% the NDVI
value for this month (or week) is equal to NI\l Different degrees of a drought severity
are indicated by VCI values below 50% dependinghenstudy area, however 36% were used
for this study (Kogan 1998). The VCI value closezero percent reflects an extremely dry
month, when NDVI value is close to its long-termnimum. Consistently low VCI values

over several consecutive time intervals may pardrought development/presence.

2.4 Potential of GIS, SPI and NDVI for drought rik mapping

Studies on drought delineation using the differdnbught indices span many regions,
continents and decades and are summarized in Tableelow. It illustrates the extensive
nature of the usage and potential of, especiallywWNiased, drought indices in studying
drought risk mapping. These studies are predonindrased on coarse spatial resolution
(Figure 1.1) AVHRR NDVI except Get al., 007) which used MODIS NDVI.

The utilization and potential of satellite-basedioes for drought delineation are particularly
highlighted by the following studies; Bhuiyaat al., (2006) monitored drought dynamics in
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the Aravalli region of India using NDVI, VCI, SPhd other drought indices. Their study
produced numerous vegetative and meteorologicaligiito maps which were analyzed,
correlated and compared. The study concluded tlukfigient rainfall as per the SPI index
does not always correspond to vegetative drougayagargalet al., (2006) compared the
spatial occurrences of droughts detected by remathsed drought indices amongst them
NDVI, VCI and DSI. The study concluded that it idfidult to point out the most reliable
drought index but that the combination of satelliezgived drought indices can identify wider
drought-occurred areas. Viat al.,(2000) used VCI and SPI at different scales forghatial
and temporal detection, assessment and monitofimgooight conditions in Spain. Soreg
al., (2004) designed an early detection system forghbmapping in East Asia using NDVI
from NOAA/AVHRR. They calculated standard NDVI angp-to-date NDVI to derive
difference NDVI (DVly) image, which enabled them to detect drought sitgnand

agricultural damaged areas.

Gu et al., (2007) analyzed a five year history of MODIS NDWdaNormalized Difference
Water Index (NDWI) data for grassland drought assemnt within central USA. The results
showed strong relationships among NDVI, NDWI andudht conditions. They also
produced a new drought index, the normalized diffee drought index (NDDI) that showed
a stronger response to drought conditions than Ni@kile others combined the drought
indices with GIS and other data to create modelsngkolsawatet al., (2001) in Northeast
Thailand modelled drought risk areas by using thdigerent types of droughts i.e.
meteorological, hydrological and physical droughtich were calculated using an overlay
matrix operation to yield the areas which facedudhd risk. Prathumchaat al., (2001) used

weighted linear combination to identify droughkrereas.

Lastly, Nawa (2000) used Meteosat and NDVI dataémitor drought in Zambia and Rabab
(2002) used NDVI for delineating drought vulnerabteas in Pakistan.

Many studies used the binary and weighted modelglfought risk analysis in GIS. They
include Reed (1993), Thiruvengadachari and Gopsllka (1993), Matthewst al., (1994),
Wilhelmi and Wilhite (2002), Mongkolsawat al.,(2001) and Prathumchaet al.,(2001).

GIS also has the capability to generate an impraggretultural drought monitoring system
that integrates various factors that contributedtought impacts, and that will present the
results in a timely and appropriate manner forqgyomakers (Lourenet al.,1995, de Jagest
al., 1998).
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Even though several researchers have attemptedntbice as many variables (Figure 2.1,
rainfall, temperature, evaporation, soil type, eds) possible, some studies (Alley, 1984,
Oladipo, 1985) have found that multivariable indbca do not do any better than measures
based entirely on rainfall. Furthermore, timely @®nal availability of information on all
these variables may also be an important hindrancsing multivariable indices (Usmaat

al., 2005).

As indicated earlier, SPI is more reliable for déteg emerging drought than other
meteorological indices. It has become an increfgimgportant tool for assessing moisture

condition and initiating mitigation and responséats (Wilhiteet al.,2000).

Although, SPI is a recent index, it was used inkéyr(Komuscu, 1999), Argentina (Seiketr
al., 2002), Canada (Anctet al.,2002), Spain (Lanat al.,2002), Korea (Miret al.,,2003),
Hungary (Domonkos, 2003), China (Wet al., 2001) and Europe (Lloyd-Hughes and
Saunders2002) for near real-time monitoring or respectivalgsis of droughts. SPI have
also been used extensively in the USA to monitspeeially, the 1996 drought and for

continuous drought monitoring (Hayesal.,1999; Brownret al.,2002).

Numerous studies in southern Africa (Rouault anch&id 2003; Smakhtiret al.,2006;
South African Weather Service (2009); Monnik, 2008manret al.,2005) have used SPI at
national scale to determine and monitor the intgrasid spatial extension of droughts at

different time scales.

Furthermore, many studies have used SPI to moaitdrdelineate drought area such ast Ji
al., (2003b) who undertook a study to assess vegeteggponse in the northern Great Plains
using NDVI (vegetation) and SPI (drought index)c&fite — Serranet al.,(2007) determined
the spatial differences in the effects of droughttee natural vegetation and agricultural crops
by means of the joint use of NDVI, SPI, and GISukas and Vasiliade$2004) used SPI to
investigate the temporal and spatial charactesistic meteorological drought to provide a
framework for sustainable water resources manageriveshra and Desai(2005) used SPI
to forecast droughts in the planning and manageroentater resource systems in India.
Agnew (2000) and Komuscu (1999) used SPI to idgmtiéteorological droughts. Bhuiya

al., (2004) used various drought indices (SPI, NDVI avithers) to monitor drought
conditions in India. Smakhtiet al.,(2004) reviewed existing drought indices to analyseir
applicability for drought detection/prediction anthnagement in south Asia. Keyantash and
Dracup (2002) evaluate drought indices for the quantiftsa of drought. Lastly, Edwards
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and McKee (1997) used SPI to provide the means to analymagit and wet periods at
different time scales to characterize drought enWsA.

2.5 Gaps in mapping drought risk areas using Remot8ensing

When choosing a data source in remote sensingéoigtit risk analysis, sensor resolution is
an important issue. The coarse spatial resolutiogu(e 1.1) of the satellite data used in the
above mentioned studies (Table 1.1), limits thdfeativeness at detecting local scale
variability. High spatial resolution satellites,vinever, have relatively long revisit times, and,
given inevitable weather or technical problemgait be difficult to obtain sufficient images

to incorporate adequate phenology information ftarge area. Hence, the 16-day revisit time
of the Landsat 4, 5 and 7 satellites (Figure lahy the high likelihood that clouds would

obscure parts of one or more scenes, make it likelyyimages could not be acquired during
the desired times. In contrast, medium spatiallotiem sensors such as MODIS provide daily

coverage of the earth, and so weather events ath less of an obstacle.

Much of the research in the southern Africa redias focused on using the extended time-
series of NDVI derived from the Advanced Very Higesolution Radiometer (AVHRR)
aboard the National Oceanic and Atmospheric Adrretion (NOAA) series of polar-
orbiting meteorological satellites. As the AVHRRnser was not originally designed to
monitor vegetation, studies have revealed somealdisdaages in the payload of the AVHRR

platforms regarding the design of the channel 12anthen formulating NDVI (King, 1999).

Furthermore, the low spatial resolution of the NOAXHRR data and the large errors
inherent in the NDVI time series data sets (poorsee calibration, poor pixel location,
insufficient cloud screening and variable acquositigeometry) seriously impede their
utilization for vegetation cover studies (Ferretaal., 2007, Gowarcet al.,1991, Moody and
Strahler 1994).

Built on this knowledge, new and improved generatmf Earth Observing data have
emerged, including the polar orbiting Moderate Resmn Imaging Spectroradiometre
(MODIS) sensor aboard the National Aeronautics &mhce Administration’s (NASA)
TERRA and AQUA platforms.

King (1999) stated that the MODIS vegetation indiege envisioned as improvements over
the current NOAA-AVHRR NDVI as a result of both ingped instrument design and

characterization and the significant amount of v&ig@n indices research conducted over the
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last decade. The new indices are based on imprkwedledge of atmospheric effects, soill
effects, sun- and view-angle effects, surface arpy, and canopy radiant transfer models.
Improved vegetation sensitivity was achieved witipioved MODIS sensor characteristics
and from the optimal utilization of MODIS sensorwghands (King 1999). The new MODIS
VI will: 1) increase sensitivity to vegetation; 2)rther normalize internal and external noise
influences, thus improving the vegetation signahtase ratio (external-, internal-, and sensor
caused); and 3) provide new, unique informationviegetation analysis. External variations
was minimized through atmospheric correction athoms, an atmospherically- resistant
NDVI equation, and a level 3 compositing algorithvalich incorporates the anisotropic
reflectance behaviour of vegetated surfaces utdizilirectional MISR data. Furthermore,
MODIS’ attractiveness is also from a data contyyierspective, as a follow-on to AVHRR
and its record of acquisition from 2000 to presenbecoming long enough to provide
homogeneous time-series information. Moreover, M®MData continuity from Terra and
Aqua satellites is guaranteed over time with susmesatellite and sensor systems already
planned and assured, at least, until 2018, withioNat Polar-Orbiting Operational
Environmental Satellite System (NPOESS) seriesatdlites (Justice and Townshend 2002).
Lastly, its 2,000-km swath is easily applied tolgglobal coverage needs, and MODIS data

specifications ensure improved accuracy over prevgatellite sensors.

Even though MODIS NDVI data are the most suitabletifie current study, other operational
users have identified barriers that must be oveectonassimilate MODIS products in their
work. Standard MODIS products have been designeattommodate the needs of science
investigators, but several elements of the prodpetifications limit their relevance and use
in decision support systems. First, the standardDMBOVI products are composited on a 16-
day interval, reducing the temporal sensitivity eoft needed in vegetation monitoring
applications. Second, the standard product tilesast on a Sinusoidal mapping grid and are
available as HDF-EOS format, both of which predentiers to the ready assimilation of data
into modelling and monitoring frameworks. Third dgmerhaps most importantly, the standard
products are not generated, delivered, and maddalalea quickly enough to support
monitoring requirements in near-real time. While thositive characteristics of MODIS
represent a valuable extension of the global AVHRBE&brd, many operational users continue
to find difficulty overcoming the aforementionedrbers to effectively detect, monitor, and
model change on an abbreviated time sdslest of the aforementioned challenges were

overcome as was explained in Chapter 4 — MateaiadsMethods.
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It is against this background that MODIS NDVI igely used to delineate drought prone
areas. Those that use it, for example, Richter65p0used 1 km x 1 km spatial resolution
data and did not attempt to map drought areasdiber develop a vulnerability model for
the evaluation of environmental changes in northWesnibia. This model mapped biomass
changes and degradation areas while other studas as Klintenberg and Seelg2004)
developed a degradation risk model using AVHRR NR¥I1km x 1km data with other
data. Their results include land degradation maps&onal scale for two selected locations
in Namibia. A study by Sanniet al., (1998) creates a new vegetation index that is kighl
correlated to rainfall hence enabling the idengifion of drought affected areas. The study
used coarse resolution AVHRR NDVI to produce thgetation production index (VPI).

A study by du Plessis (1999) established a linegrassion relationship between NDVI,
vegetation cover and rainfall in Etosha NationalkP&lamibia. The current study is located
next to Etosha National Park, hence the resultkisfstudy can help to confirm the positive
correlation between rainfall vs NDVI and MVC, evémough the sensor used was AVHRR.
Another study using NDVI was by Sannietral., (2002) estimated biomass production for
the assessment of fire risk. Lastly, a comprehensiudy on the 1992/3 drought in Namibia
was done by Moorsoret al., (1995) who analyzed meteorological drought indie¢sa

national scale.

2.6 Conclusion

In the first part of this chapter drought was déwet as an insidious hazard of nature. Even
though it has scores of definitions and it origegzatrom a deficiency of precipitation over an
extended period of time, usually a season or mibrean be classified as conceptual or
operational. Four types of operational drought rdefins were discussed:. meteorological,
agricultural, socio-economic and famine. Figuresufinmarized these drought types and their
impacts.

Drought is one (others might include floods andd)rof the many natural hazards of nature.
Hence, the chapter also discussed the Drought Ris&lysis (Hayeset al., 2004)
methodology which provided a holistic approach tought studies. The study specifically
focused on hazard analysis and since the hazaddedtbere is drought, the term hazard was

replaced with drought.
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Two types of drought indices were discussed nanmedgeorological and satellite-based.

Table 2.1 classified the SPI, VCI and NDVI intofdrent drought categories while Table 2.2
gave a summary of the different bands these indises and their characteristics pertaining
to thresholds relevant to drought analysis. Tdblesummarized the studies that used these

drought indices and their potential for this study.

Lastly, the last part of this chapter discussed ghps in mapping drought risk areas and
highlighted the coarse spatial resolution of theseies in Table 1.1 had used compare to the

medium spatial resolution this study used.
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Chapter 3: Study Area

3.1 Introduction

Namibia is situated in the south west of the caminof Africa, bordered by the Atlantic
Ocean on the west, Angola and Zambia to the nBalswana to the east and the Republic of
South Africa to the south (Fig. 3.1). The totaldarea is 824, 269 Kimwhich can be divided
into three main topographic regions. The first he western coastal plain of the Namib
Desert, occupying 12% of the total, and the sedsrnlle central plateau stretching from the
southern to the northern border and covering moae half the country, and the third is the
semi-arid Kalahari zone lying along most of theteasportion of the country (Isaacson,
1995).
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Figure 3.1: Location and extent of the Study Area

The mean annual rainfall of Namibia is approximatgfO mm, consequently it is rated to
have the driest climate in sub-Saharan Africa (NDI®97a). Furthermore, there is a wide
regional variation in annual rainfall, from lesath20 mm in the western Namib and coastal

zones to more than 700 mm at the eastern end &@dpevi Strip. Namibia has a medium to

Page 38



low potential for rain-fed and irrigated crop pretian, partly because some 97% of the
country’s soils have a clay content of less than B%a result, this potential represent only
about 1% of the land surface, or 820 000 hectaoesidering soils and rainfall (NDTF,
1997a).
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Figure 3.2: The Study Area.
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3.2 Location and Extent of study area

The Oshikoto region is part of thirteen politicagrons of Namibia (Figure 3.1). The region is
also located within the Northern Communal Areast tbansist, amongst others, of the
Omusati, Oshana, Ohangwena and Oshikoto regiorsNoithern Communal Area (NCA) is

predominantly for subsistence farming purposes iantharacterized by very low and even
declining productivity due to a combination of loand uneven rainfall and poor soails.
Furthermore, the NCA, in general are also burdewét conditions of extreme income

inequality and poverty, under-nutrition, out-migoat of labour and high population growth
rates (Sweet, 1999).

The northern part (Fig 3.2 and 3.3 - north of teu@amba Owambo) of the study area forms

part of the NCA, while the rest forms part of commone@ and resettlement farms.
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Namibia’s NCAs occupy an area of about 170,000 gkdometres to the north of the
country’s only active Veterinary Cordon Fence (VCHg. 3.2 and 3.3), which runs
approximately along the f9parallel. The VCF restricts the movement of lioet and
livestock products from the north to south. Moreovine VCF has been successful in
preventing the introduction of diseases into themercial farming areas from where the bulk
of the country’s meat exports emanate. Accordinyigne and Whiteside (1997) nearly 50
percent of the country’s population lives heremiost farming communities that is mainly for
subsistence and is based on agro-pastoral farnystgres. These systems are characterized
by strong crop-livestock production linkages andswmme regions, pastoralism based on
seasonal grazing areas. Land in the NCAs is ownedhb State and administered by
traditional authorities in a variety of ways, inding in some areas the de facto sale of land to

wealthy individuals.

The administrative capital of the Oshikoto regienTisumeb and it is also the only urban
centre as well as one of the constituencies thaidgart of the study area (Fig 3.2). Regions
are divided into constituencies, the study areaenazlof two; Tsumeb and Guinas. Tsumeb
also forms part of Namibia’'s maize triangle thatlugdes towns such as Otavi and
Grootfontein, where commercial maize productiorpiiacticed under irrigation. Maize can

either be planted in August/September or Decemdmaungky. It can then be harvested in
February/March or June/July, respectively.

The study area, therefore, also comprise of comaldiarms which are located to the south
of the VCF and communal areas to the north, makiag interesting and appropriate area to
study due to its diversity in land use, land tenuratural resources and other biophysical

features.

3.3 Landscapes and Topography

Generally, the study area is flat except for thetlsern part which forms part of the Otavi
Highlands (Fig. 3.3 - Tsumeb hills). The altitudettte study area ranges from over 1500m at
Guab to less than 1095m at Namutoni and Ongumaewhiks between 1160 — 1170m at
Choantsas. Hence, the Namutoni area is the lowelsit & also the extreme eastern extension
of Etosha and the other salts pans (Fig. 3.3). diaénage direction is towards the world
famous Etosha Pan located to the east of Namutoni.
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The flat landscape has been produced by varioussitems that have filled the Owambo
Basin. Furthermore, the study area has four distismadscapes that were created by the
erosional and depositonal processes and the resuliferences in elevation, soil and

vegetation.

These landscapes include, amongst others the Hdyssat pans and surrounding plain and

the Eastern Kalahari Woodlands.

The Karsveld is located to the south of the Omui@r@wambo and Namutoni. It lies on
massive deposits of calcrete deposits and dolontitee the dolomites represent the remnants
of the rim of the Owambo Basin folded upwards dytime formation of Gondwanaland. The
saltpans and surrounding plains are located asguéoextending west-ward from Onguma to
Namutoni (Fig. 3.3). It forms a distinct landscappresented by the well-known Etosha Pan.
The pans are dry for most of the year and surradifidetreeless plains. Lastly, the Eastern
Kalahari Woodlands is located north of the Omura®@ambo (Fig. 3.3). It is dominated by
a huge expanse of deep Kalahari sands and sonlkepadges of dunes running east to west.
The pans, drainage lines and inter-dune valleystlaeonly places in this landscape type
where crops can be grown because their soils are iwlayey. The southern boundary is
marked by the Omuramba Owambo, which appears teptehe spread of Kalahari sands to
the south of the study area (Mendelsehal, 2000).

3.4 Drainage and Water supplies

The most prominent river that drains the study éd¢he Omuramba Owambo that forms part
of the Cuvelai system. The river provides wateEtosha Pan through Fischer’'s Pan (Figure
3.3) when good rains are received in the easteringbdahe study area. This river originates
from the east unlike the Cuvelai system that oatgs in Angola. This system brings both
water and fish into the northern part of the stadga when it flows. This usually only
happens when a medium or high flowesundjaoccurs, which is in about four out of every
ten years on average according to Mendelsathal., (2000). Surface water is heavily relied
upon in this part of the study area (north of tmu@amba Owambo) which forms as a result
of local rainfall and is also found in the many paAdditionally, people depend entirely on
water drawn from shallow wells during dry periodsthis part of the study area. Many lakes
and pans occur within the study area, such as #ke IOshikoto and Guinas and the other
small ones near Okapya (Fig. 3.2).
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Throughout the study area boreholes are reliableces of water since water is supplied by
underground aquifers that hold water that has aotated over a long time. These boreholes
can yield groundwater at 1 — 5 cubic metres perwdaigh is enough to supply a village and

can be found almost everywhere in the region (Msateet al, 2000).

One of such aquifers in the study area is the Malomite Aquifer, which is associated with
karstveld reserves in the Tsumeb area. It typicadlds fresh water, often in large quantities,
and is used to supply the town of Tsumeb and tbp ¢maize) irrigation schemes in the
surrounding areas. Huge dams are rare in the stiedyand their absence can be attributed to
the study area’s gently sloping landscape and leigdiporation rates (Mendelsolet al,
2000).

3.5 Climate

The study area can be classified as semi-arid maitrs falling in the summer months when
temperatures are highest. The annual average ltaudgges from 600mm at Guab and
Toggenburg to 450mm in the Namutoni (Fig. 3.2). réehis a general decrease in rainfall
towards the west and north-west and an increasarttsithe south and north-east. Most of the
moist, rain-carrying air blows in from the northse&n and north, so these areas not only
receive rain first, they receive more of it, theauving less moisture available to fall further
south and west. The zone of higher rainfall arolisdmeb is the result of the hills forcing
incoming air upwards where it cools, condensingwheer vapour and producing greater falls
of rain in that area (Mendelsoknal.,2000).

On average, 96% of all rain falls during the sixntte from November to April. In fact, most
rain is concentrated in January, February and Mastten an average of two-thirds of the
year’s rain falls. These are usually the only paithe months with enough rain for crop and
pasture growth (Mendelsola al.,2000).

The average daily temperatures rise from aboldtCéisius in June and July to abouf’ 25
Celsius in October, November and December. Thase tmonths and September also have
the highest maximum temperatures for the year tfden 36 and 35 Celsius. The summer
months that follow are generally cooler due to éffiects of cooling rain and greater cloud
cover. Average minimum winter temperatures dromltout ? or 8 Celsius and very few
days with temperatures close to zero are encouhtém@st may occur very occasionally
further south in the study area (Mendelsehal.,2002).
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On average, about 2500 millimetres of water evaperaach year, against an average amount
of rain of 400 — 500 mm per year, five to six tinmsre water evaporates than falls. Hence, it
is this difference between low rainfall and highaperation rate that produces the region’s

arid environment (Mendelsolet al.,2002).

3.6 Vegetation and Soils

Nine major types of soils are found in the studgaaand are largely dominated by sands and
clays, which have been reworked and mixed by thieraof water and wind. They are silts,
sodic sands, deep Kalahari sands, loams and diagmss, clayey sodic sands, sands and
loams, clayey sands and dolomite sands. Their patdor crop cultivation is low in most
areas for several reasons: poor water holding dgp#émw nutrient content, high salt content

and hard layers of clay below the surface (Mendeist al.,2000).

Most plants characteristically grow on certaingymf soils, so those in the eastern Kalahari

sands are quite different from those in other laadss (Section 3.3).

In areas north of the Omuramba-Owambo, Mopane andus older trees provide important

sources of wood. Fruit and many other productshareested, which are of greatest value to
the poorest people. Grasses and shrubs feed langwens of domestic stock and have
resulted in a reduction in the availability and lgyaof pastures. More farmers are changing
land use, especially in the Tsumeb area, as manysfhave become badly encroached by
dense thickets, making the farms much less progeidtr cattle ranching than they were

before (Mendelsohat al.,2000).

3.7 Demography and Household economics

The estimated number of people in the Oshikotooregs about 151, 900 for the year 2000
(Mendelsohret al., 2000) whereas the total population enumeratecheyNamibian Central
Bureau of Statistics (CBS) in 2001 is 161,007 (NR@Q4). The growth rate is 2.2% lower
than the national average (NPC, 2004). The studg & predominantly rural based while
only the Tsumeb area is urban. The literacy ratgifrom 78% in 1991 to 84% in 2001. The
housing conditions particularly safe water accesseased from 19% in 1991 to 88% in 2001
while the main source of household income is fagnwith 56%, followed by wages and
salaries with 21% and pension with 11% (NPC, 2004).
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The structure of the population is skewed by higfalrto-urban migration rates, particularly
of working-age people to towns elsewhere in Namibextility rates have decreased in recent
years and death rates are expected to increasatfitalty because about one in four people
now carry HIV, the virus that causes AIDS (Mendalset al.,2002).

A vibrant economy based on mining collapsed dughéclosing and now downscaling of
mining activities in Tsumeb a few years ago. In tloethern part of the study area, there are
large disparities in wealth between households:hamgseholds with many family members
are much wealthier than small ones. Large housshbll/e also a greater diversity of
incomes, more labour, more livestock, bigger fieddd more access to cash than poor homes.
Hence, they are exposed to less risk in the eemishap or disaster, nevertheless they also
consume far more natural resources than anyoneleése(Mendelsohet al.,2000).

3.8 Land tenure, governance and farming

Agriculture represents most of the region’s lane.u$¥he agricultural land use can be
subdivided into small scale farming, communal grgziarge farms in the Tsumeb area, the

Mangetti farmers and people that were relocatedgettlement farms.

The cultivation of rain fed crops in Namibia areinfa confined to the northern communal
areas apart from a small but significant area ofiro@rcial maize production in the so-called
maize triangle between Grootfontein, Tsumeb and/i(iweet, 1998b). Pearl millet is the
most widely grown cereal in the northern part & gtudy area, and maize (some irrigated —
Maize triangle) in the commercial areas. Wheatnky grown in the commercial areas and
under irrigation. Maize is widely preferred as ttaple food in the communal areas, but
millet and sorghum are more reliable crops exaephe highest rainfall zones (Sweet, 1998a;
Vigne and Whiteside, 1997) with the study area.

Except for the commercial farming area, farmingtabates very little to the cash incomes of
the majority of households because few farm pradact sold. However, farm products are a
vital source of food for poor households, whilenfarg serves only as an investment for

wealthier households.

Low levels of agricultural productivity and aggrégaproduction, particularly in the
communal areas, north of the Omuramba-Owambo, {@smajor constraints to agricultural
and rural development (Isaacson, 1995).
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3.9 Agro-ecological Zoning

Agro-ecological zones (AEZ) are considered to Ine lantities that are sufficiently uniform in
terms of climatic, landform and soil features foodd planning objectives and are unique by
the specific combinations of these land attribs Pauwet al.,1998). Figure 3.4 shows the

nine AEZs that are present in the study area.

17 18

20 0 20 40 60 Kilometers
= Study sites N
Agro-Ecoloegical Zones
[ CPL16-2
CJETO
[ KAL3-2
[ KAL3-3
[ KALS
[ KALK-2
[ |KALK-3
] KALK-4 - ;
R Figure 3.4: Agro-ecological Zones.

Figure 3.4: Agro-ecological Zones.

Table 3.1 shows a summary of the evaluation optitential per agro-ecological zones in the
study area. The growing period refers to the timeing a growing season when air
temperature, soil temperature and soil moisturenfiearop growth. A Growing Period Zone
(GP2) defines climatically comparable zones, whildhe same time incorporating temporal
variability (Coetzee, 2000). According to De Pagtal.,(1998), Namibia can be divided into

11 GPZs. Zone 1 represents all year humid periddewone 11 represents all year very dry
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periods. The study area has a relative sub-hurmtht® according to the GPZ ranking of 2, 3,
and 3 (Table 3.1), although it is not suitabledmp farming due to shallow soils.

Table 3.1: Summary evaluation of potential per agro-ecological zone.
(Source: de Pauet al, 1998).
Growing Suitability AEZ's
Period Zone
ranking
2 Large stock grazing CPL16-2, KAL3-2, KAL8, KALK-2
3 Large stock grazing KAL3-3, KAL4, KAL9-3, KAL5
4 ETO, KALK-4
N.A. R

Table 3.2 evaluates the cropping potential forvithlial agro-ecological zones and indicate
that most AEZs are not suitable for crop farming déxcellent for grazing. The only zone that
is suitable for crop farming is CPL16-2 (Figure)3.4

In general, the growing period analysis confirmieat tonly a small part of Namibia receives
sufficient rainfall to make crop production feasiblEven where feasible, cropping remains
risky and often unproductive, owing to variablenfall and low moisture retention capacity of

the predominantly sandy soils (Coetzee, 2000).

Table 3.2: Evaluation of cropping potential for individual agro-ecological zones.
(Sourcede Pauvet al, 1998).

Rank | AEZ Evaluation of cropping potential

2 CPL16-2 Mainly sandy and loamy soils, often ghajl usually underlain by calcret
Dependable growing period can be adequate for growing, provided soils are deep
and have a good moisture retention capacity.

1%

KAL3-2 Mainly deep sandy soils; dependable growiperiod marginal even for drought
resistant crops, owing to the low moisture retentiad fertility status of the soils.

KALK-2 Not suitable for cropping due to predomiranof shallow soils on calcrete. Gopd
grazing areas.

KALS-3, Unsuitable for crop production due to low dependaiyowing period, combined with
KAL4 sandy soils.
3 KALK-3 Unsuitable for crop production due to lalependable growing period, combined with

shallow soils.
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Chapter 4. Materials and Methods

In this chapter the different data sets and theurses that were used in a systematic
methodology, comprising of phases, such as pravietk, fieldwork and post-fieldwork and

their sources are presented.

4.1 Data characteristics and acquisition

This study used four sets of data to achieve ijgabives. These include MODIS NDVI,

meteorological data, agricultural data and datkectdd through fieldwork.

4.1.1 Satellite data
The satellite based data that was used is derinad the MODIS sensor, a successor of

AVHRR. MODIS is the primary sensor for monitoringet terrestrial ecosystems for the
NASA Earth Observing Systems (EOS) program (Justicd.,2002). According to Heutet
al., (2002) the MODIS is more sensitive to changes igetaion dynamics and was found to
be more accurate and versatile instrument to mothitoglobal vegetation conditions than the
AVHRR (Gitelson and Kaufman, 1998 — see also Se@i6).

The MODIS sensor acquires data in 36 spectral handsriable spatial resolution of 250-
1000 meters, in narrow bandwidths and in 12-bitee 36 MODIS bands are a compromise of
atmospheric, land and ocean studies of which séeamads are considered optimal for land
applications (Justicet al.,2002). MODIS data have a temporal resolution db§s and are
available since 2000 till 2009 (present). The 8;dapand data are made available by USGS
EROS DAAC (similar to the pre-processed AVHRR retifmce data by NOAA GSFC), after
corrections for molecular scattering, ozone absompdnd aerosols. The data are also adjusted
to nadir and standard sun angles with the use -dirbctional reflectance (BRDF) models
(Vermoteet al., 2002, Justiceet al., 2002). The seven bands have waveband centresBat 64
nm, 858 nm, 470 nm, 555 nm, 1240 nm, 1640 nm, d&0 2xim respectively. All MODIS
data are directly downloadable free of charge fréme USGS EROS data centre
(http://edcdaac.usgs.gpv

Many products are available from the Moderate Regwl Imaging Spectroradiometer
(MODIS), amongst them the vegetation indices (Mhducts. They are designed to provide
consistent, spatial, and temporal comparisonsaiajlvegetation conditions that can be used
to monitor photosynthetic activity according to ltriet al.,(2002), Justicet al.,(1998) and

Running et al., (1994). Two MODIS vegetation indices are availabllee normalized
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difference vegetation index (NDVI) and enhancedetagon index (EVI), the study used the
former. These VIs are produced globally over land5® m, 500 m and 1 km resolutions and

16 and 32 — day composing periods.

Most of the standard MODIS data use the Sinus@dédltiling system, tiled at 10 degrees by
10 degrees (Fig. 4.1) at the equator and the ptedare processed at different processing

levels from Level 2 to 4.

fi'= »
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Figure 4.1: MODIS Sinusoidal Tiling System. (Source: Ipdaac.usgs.gov/Ipdaac/products/modis_overview)

Tile h19v10 (Fig 4.1) was downloaded for the per®ebtember 2005 to 22 March 2008.
Season 2005/6, 2006/7 and 2007/8 were used intdly fence one season’s data set will
contain data of two years (2006 and 2007 for tlas@e 2006/7). For each season fourteen 16-
day composites were downloaded, except for sea@06/2 where only eleven images were
available from the MODIS server. The tiles were ssibfor the study area that cover a
geographic area of 17.98, 18.29 S and 18.26E and 19.58S.

4.1.2 Meteorological Data
Numerous shortcomings of meteorological data weéseudsed earlier in Chapter 1 and 2.

These shortcomings included, amongst others, ulaéiéy and incompleteness of rainfall
data for selected rainfall stations (Table 4.1}eAlpts were made by numerous researchers to
update the data sets that are incomplete, as ixdbe in a study by Namibia Resource
Consultants (1999) in collaboration with the Naraibi Ministry of Agriculture. They
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interpolated and analyzed vast sets of meteora@bgiata nationally to increase the quality
and completeness of data sets for a period fronedhnly 1960s to late 1990s. This attempted

did not completely solve the problem since datastilemissing for a few stations.

Hence, this study had used three datasets for noddgecal data analysis, (1) four (the fifth
one, Namutoni, is outside the study area) rairgadtions that have data sets for the years
2005 to 2007, since no data is available for 2008ure 3.2 and Table 4.1); (2) nine rainfall
stations (Choantsas, Gaub, Namutoni, Okapya, Ong@shivelo, Toggenburg, Tsintsabis
and Tsumeb; Figure 3.2) that have monthly average% years and (3) averaged seasonal
rainfall data for seasons 2004/5 and 2007/8 (Fig dnd 4.3) from the Agriculture
Development Centres within the Ministry of Agriauik.

Table 4.1: Available monthly rainfall data per station.
2005 2006 2007 2008

JFMA OND |JFMA OND |JFMA OND |JFMA
Choantsas OND |JFMA OND |JFMA OND
Gaub J FM JEFMA ©)
Namutoni| J FMA JEFEMA OND (JFM OND
Tsumeb JEFEMA OND |JFMA ND
Tsintsabis] FMA OND | JFMA OND |[JFMA OND

2005/6 2006/7 2007/8

Oshikoto region: 2007/08 season rainfall performance compared to

normal averages.
160.00

140.00
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E
¥ 100.00
B \
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Figure 4.2: Oshikoto Region: 2007/08 season rainfall performance compared to normal averages.
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Figure 4.3: Oshikoto Region: 2004/05 seasonal rainfall performance compared to normal means.

4.1.3 Agricultural Data and Ancillary data
The National Early Warning and Food Information UMNEWFIU) of the Directorate c

Planning within the Ministry of Agriculturprovide biannual reports on the crop and fc
security situation in Namibia. Reports 12005, 2006, 2007 and 28Qvere used to extra
data yields ofagricultural cros. These graphs were used to identify dry, normal aet
seasons using the annual crop production data.uBecthe time periods for the cr
production figures, NDVI and rainfall do not ma, no stéistical analysis could be perfoed

for example crop production vs ND

4.2 Software Used

The study used software packages such as ILWI (2007), ESRIArcView 3.Z (1996),
ESRI ArcGIS 9.2 (2008)and ENVI 3.: (2008) which werghe main image processing &
analyzing software used@he Standardized Precipitation Ind(SPI) programto calculate the
SPI index from rainfall data were downloaded frome 1JS National Drought Mitigatio

Centre http://www.drought.unl.edu/monitor/spi/program/gmiogram.htr).

4.3 Methodology

The section will systematically explain the anadyssed in this study. MODIS ND data
were downloaded, and thesubset,and geo-referenced. Thereafter €l and NDVbgy
were computedFurthermore,ainfall stations were used to extract NDVI and W@&lues for

the appropriate rainfall stations (poit. The SPI was calculated from the point data then
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statistically compared with the extracted NDVI andl data. Lastly, maps indicating drought

risk were created from the NDVI and VCI.

MODIS NDVI

A 4

Meteorological

A 4

NDVI VCI:
NDVI = NDVlax/

NDVImax—NDVlmin * 100

NDVlDEV:
NDVI - NDVlhean

Rainfall stations data sets:
(1) 2005-2007
(2) 35 year averages
(All data were monthly rainfall data)

A 4 A 4 A
Decision Tree Drought Decision Tree Drought Create MS Excel
Classification using Classification using Tables and
Table 2.1 (NDVI) Table 2.1 (VCI) Graphs

4 \ 4
Create MS Excel Create MS Excel
Tables and Tables and
Graphs Graphs
dl
l
A 4

Maps of seasonal Drought risk for:

A

NDVI and VCI

A

SPI
calculations

l

Drought Classification
using
Table 2.1

A\ 4

Statistical Analysis:
Correlation and regression
analysis

Visual interpretation of images and statistical
graphs

A 4

Vegetative
Drought:
- VCl maps
- NDVI maps

Using correlation and
regression analysis to verify

Figure 4.4: A schematic presentation of the methodology.

4.3.1 Conceptual Framework for the research approdc
This framework (Figure 4.5) consists of three peasamely: pre-field work, field work and

post-field work.
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Figure 4.5: Conceptual Framework for the research approach
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4.3.2 Pre — Fieldwork(Figure 4.5)

The pre-fieldwork mostly entailed the following:i@mtate and locate the study area and the
data collection process in the field and to mapuies with a GPS for geo-referencing and
image reference information (“ground truth”) purpssThe following resources were used

aerial photography, orthophotos and topographicsnaiza.

Furthermore, these resources were also used tordat®aa buffer of approximately 2 km

round the rainfall stations or study sites to adlland use land cover data.

Most of the pre-processing for the MODIS sateliiteage data was done such as sub-setting

and geo-referencing were performed on the downkb&t®DIS granules.

4.3.3 Fieldwork (Figure 4.5)

The fieldwork comprised of two phases; primary a&stondary data collection. The first
phase was conducted through field trips to theysarda during December 2006 for 2 weeks
and in August 2008 to verify the processed sageliitages, for one week. The first trip was
during a wet period while the second trip was dyiandry period. These field trips help will
the interpretation of the satellite images for thiéerent seasons but did not influenced the

results.

The national (tar) and district (gravel) road sgstenvere used to create transects that crosses
most of the study sites (Figure 3.2 and SectiorR}. At each study site data was collected at
an interval of 1 km along the road-transect. Hereach study site had at least three
guestionnaires filled detailing the land cover ¢ as that location. The modified land use land
cover mapping questionnaire used as a tool, waslojged by the Ministry of Agriculture,
Water and Rural Development — Agro-ecological Zomé& (MAWRD - AEZ) (Appendix A).

Secondary data collection phase mostly entailedctiikection of meteorological data to
identify rainfall stations. Stations were chosepeataling on whether complete data sets were
available and whether they were continuous tem|yondb rainfall stations are situated in the
north section of the study area (north of the Orar@wambo River — Figure 3.2) because it
is communal area. Interpolation could not be pemtd due to the sparsely distributed

stations in that part to supplement rainfall datatiie study area.
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Rangeland is the most suited land-use for the stwdg, as can be deducted from the agro-
ecological zones (Tables 3.1 and 3.2), although-fied crops are also possible but at great

risk.

4.3.4 Post Field work(Figure 4.5)

During this phase data processing for this studg @sgplained in detail such as analysis to
produce the SPI data for the four and nine rairgi@tions. Also analysis on NDVI images to
produce drought risk maps of the study area wese @rformed (Fig. 4.2 and 4.3).

The SPI Index (rainfall data) was computed sepbréde each rain station located within and
around the study area. Since drought is a regiphahomenon, SPI values of the rainfall
stations should have been interpolated uSiplineinterpretation techniques in ESRI Arcview
3.3 (2006) and/or ESRI ArcGIS 9.2 (2008) to demi@rats spatial extent. But due to the
incompleteness and unavailability of the data wagossible.

4.3.4.1 Calculation of vegetation Indices (Figdtd)

One advantage of the MODIS images were that vagetatdices calculations are already
calculated and a quality assurance is given on oaistsets downloaded. The MODIS Vls
are at 250 m resolution and 16 — day compositimgp@e, which minimize cloud
contamination, hence most images downloaded hadhas 10% cloud cover, hence the data
is cloud free.

The following were calculated:

Firstly, average NDVI for each season (2005/6) was conddueusing the following

expression:
Equation 5: Average NDVIy = (NDVI;+ NDVI, + NDVI3)/ 3

Where, averageNDVly is NDVI across a season thi/IN (30/09/05 — 2005/6),
NDVI,...(30/09/06 — 2006/7) + ND¥I(30/09/07 — 2007/8) equal to the averageNDVI af th

particular 16-day composite.
Secondly seasonal NDVI was then computed by using thewoilg expression:

Equation 6: Seasonal NDVI = (NDVE+ NDVIgt................. + NDVIy)/7
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Where, NDV|(30/09) + NDVb(16/10) + NDVE(01/11)........ NDVY} (22/04) stands for the
16-day composite NDVI values for 7 images (16-cosmas) for that season.

Thirdly, to derive NDVI maximum NDVI for each season; 2@)2006/7 and 2007/8 have

been computed using the following formula:
Equation 7:  NDVI max i = (NDVI 1, NDVI 5 ....... NDVI )

Where, NDVI max is maximum NDVI inith 16-day composite and ND)}80/09/05 —
2005/6) ... NDV}(30/09/06 — 2006/7)... NDY(30/09/07 — 2007/8) = NDVhx for that
month / 16-day composite.

Fourthly, to derive NDVI minimum for each season; 2005@)&7 and 2007/8 have been

computed using the following formula:
Equation 8: NDVI min i = (NDVI 3, NDVI 5 ....... NDVI,)

Where, NDVI max is maximum NDVI inith 16-day composite and ND)}80/09/05 —
2005/6) ... NDV4(30/09/06 — 2006/7)... NDVY(30/09/07 — 2007/8) = NDVi, for that month
/ 16-day composite.

Fifthly, after computing NDVI max and NDVI min across 16¢td¢@amposites, the VCI was
computed as:

Equation 9: VCI ; = (NDVIi, — NDVI min)/ (NDVI max - NDVI min)*100

Where, VClis VCI fori th year and 16-day composite, Nl is long-term maximum

NDVI (over three seasons) and NRQWlis the long-term NDVI minimum.
Sixthly, after calculating the average NDVI, the N} was calculated now as follows:
Equation 10: NDVIpey = (NDVI ; - averageNDV})

Where, NDV| is the NDVI value for the month month/16-day casipe and averageNDVI

is the long-term NDVI for the three seasons.
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Chapter 5: Results and Discussion

The main objective of this study is to identify adelineate the temporal and spatial
characteristics (frequency, duration, extend, isitgnand severity) of drought using finer
spatial resolution satellite data (Figure 1.1) e study area, located within the Oshikoto
region of Namibia. Numerous studies have indic#itetl drought can be detected, tracked and
mapped using a combination of satellite and metegral based drought indices.
Furthermore, studies also indicate that once gatelta is calibrated with ground truth, using
climatic and crop data, it can be used to monite onset of drought, the vegetation’s

response to the drought and its recovery fromékalting stress.

However, most of these studies (see Table 2.2) ueatse spatial resolution satellite data
from the NOAA AVHRR sensor which failed to detettetlocal variability of drought

essential for drought relief and land reform pugsodHence, this study opted for a medium
spatial and new generation MODIS data to delinaatas that might experience drought that

are not adequately detected by coarse spatialtesodata.

A common trend among these studies on drought idetatify a dry, wet or normal season
usingin situ data such as crop production and/or rainfall d@tsequently, this study used
national and regional crop production data to dpadke three seasons (2005/6, 2006/7 and
2007/8).

Most of the image pre-processing was already donthe 39 NDVI MODIS images hence
images were only geo-referenced and subseted. IND3/| images were used to calculate:
(a) the long-term minimum, maximum and average NBalues across the 16-day composite
(eg. images 09/09/2005, 09/09/2006 and 09/09/®7)the VCI and DEVppy, and lastly, (c)
the average for the early and main seasons (e®6096/07 and 07/08) for all 16-day
composites of that season for the NDVI, VCI and REY. Tree classification analyses were
performed on NDVI and VCI.

5.1 Crop production analysis

Figure 5.1 (NEWFIU, 2006) shows the national analg$ cereal production data which was
used to classify the seasons as dry, normal or lvelassified season 2005/6 as a vesmst
(productive) season because the yield exceededdd®Qonnes, season 2006/7 can be
classified aglry since it has the lowest yield figure of below I¥@ tonnes, while season

2007/8 has yields just above 120,000 tonnes whidlggical of an averagenbrmal season,
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nationally. Hence, the threshold value for a drgse® was 114,135 tons, for a normal season
was 121,3009 tons and for a wet season 188,74 2ftortkis study.

Furthermore, the 12 year crop production yield tseees (Figure 5.1) clearly illustrate that
season 2001/2 and 2002/3 had the lowest yieldsvielll by 1997/8 and 1999/2000 while the
season with the highest is the season 2005/6 vetnecpart of this study.
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Figure 5.1: Cereal production (tonnes) in Namibia from 1996 to 2008.

Figure 5.2 shows the regional analysis for the Kighi region and clearly illustrate that
2007/8 has the lowest yields (dry season), follole®006/7 (normal) while season 2005/6
(wet) has the highest. Hence, there is a good latioe for the wet season 2005/6 both
regionally and nationally, while seasons 2006/7 2007/8 were different on a regional and

national scale. Reasons for this apparent contradiwill follow shortly.

As indicated earlier season 2005/6 (Fig 5.1, 5.8 &able 5.1) was generally very wet
(bumper harvest) with most parts of Namibia recgj\vébove average rainfall, nationally and
regionally (NEWFIU, 2006).
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| Figure 5.2: Oshikoto Region: coarse production trends. |

During the 2006/7 season the country received gaots rduring the first half of the rair
season (October to December 2+ Table 5.1), but experienced long dry spells, floadd &
persistence of swarms of rédled quellea birds during the second |of the season (Janue
to March 2007 — Table B) which has subsequently lead to poor harvestomelty, ever
though a good harvest was expected (NEWFIU, 20007.national cereal production figut
(Fig 5.1) indicate that nationally this season whe driest (yields) season amongst the tl
seasons for this study. However, on a regionall lthe aforementioned factors were not

prominent hence the harvest represents a normsbis€gig. 5.2 and Table 5.:

The NEWFIU (2008) crop report attribis the poor harvest for the 2007/8 season t
unfavourablerainy season characterized by heavy and flood .r&mghermore, it also poin
to the fact that the rainfall ended prematurelthatend of March 2008 (Figu4.2 and Table
5.1) and hence, a combinationthe said factors were experienced during critical stagk
crop development and consequently led to depregsdds for the 2007/8 crop seasi
nationally and regionally. Even though Figi5.1 illustrates a higheproduction yield fou
2007/8 comparedo season 2006/7, the NEWFIU (2007) report attabthis highe!
production yields to the merging of commercial ammmmunal crop yield data to get t
national data. Commercial farmers enjoy irrigatiarming througout the year and are n

influenced much by the variability in rainf:
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Table 5.1 summarizes the NEWFIU crop reports fa ylears from 2005 to 2008. The

NEWFIU crop production reports has utilized raihi@ta collected from their agricultural

extension services at the Agricultural Developm@entres (ADC). These data are used in

their reports to classify the season as dry, noonalet. However, these rainfall data are not

available for all reports especially for season3526 and 2006/7 for the study area.

Table 5.1 (row 1) indicates the normal calendars/éa explain how the months are divided

into the three seasons for this study. Table 5.5l{@ws the early and main rainy seasons that

consist of October, November and December and dgnidabruary March and April

respectively while Table 5.1 (3) explains the sumnpea classification of the NEWIU

reports. Lastly, Table 5.1 (4 and 5) gives thelfseasons and their drought classes, based on

the ADC's rainfall data and the regional crop prctthn data (Fig 5.2) while (6) gives the

supporting figures for the drought classes.

Table 5.1: Classify the three seasons into different types of seasons.

(1) 2005 2006 2007 2008
(2) Jan Feb Mar Apr | Oct Nov Dec | Jan Feb Mar Apr | Oct Nov Dec | Jan Feb Mar Apr| Oct Nov Dec | Jan Feb/ Mar Apr
(3) | Wet/ Dry (Fig. 4) | Wet Wet Wet Dry Dry (Fig 3) | Wet/ Dry

(4) 2005/6 2006/7 2007/8

(5) Wet Normal Dry

(6) Fig 4.3 Fig.5.2,5.3,5.4,5.3 Fig. 5.3 (NDVI) Fig 5.2, 5.3 (NDVI)

Legend: (1) calendar years; (2) months used for the ssag8phseasons as summarized after NEWFIU; (4)ossahis study will use; (5) seaso
classified for comparison in this study; (6) figsiupporting classifications.

ns

It is against this background that the next seatidihdiscuss the results of the satellite-based

indices namely NDVI, VCI andDVIye, using Table 5.1 (5) for comparison.

5.2 Satellite based indices

Figure 5.3 shows the averages for all months/16edayposites for the three seasons for both
the NDVI and VCI. The NDVI values (Fig. 5.3 — linaje in agreement with the findings in

Table 5.1 that classify season 2005/6 as wet, se2806/7 as normal and season 2007/8 as
dry. The VCI values indicate 2006/7 as dry and aed)07/8 as normal. All the methods

indicate 2005/6 as the wettest season. The VCétbtwr correlate well with the national crop
production figures while the NDVI with the regiorfajures. Thresholds of 36% for VCI and

0.26 for NDVI based on research (Liu and Kogan,6)96 delineate drought areas was used

for this study.
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It is clear that neither these seasons can beifetaisas drought stricken since their values
above the critical average values for all threesgea usd in this study. Only season 200¢
represent a dry season with an average VCI valu% (Figure 5.4) The next section wi

take an indepth look at each season using th-day composites as a temporal time sc
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Figure 5.3: Seasonal averages for NDVI and VCI. |

The NDVI plots (Fig 5.% for the three seasons from 30 September 20033 tail 2008
(excluding the biweekly (1¢-day composite) images identified by their startofgtes O
November, 17 November and 03 December 2006 for &#é-day composite of a yeaeason
are shown in Figure 5.4 'he mult-year minimum and maximum NDVI is also plotted, tl
represent the highest and lowest NDVI values dutimg three seasons for each-day
composite average across each season and for igathlpe maximum and mimum NDVI
have been used as the criteria for estimating gpemu(favourable weather) and the lo
(unfavourable weather) limits of ecosystem resaif®ganet al.,1998and Liu and Kogar
1996).

The plots in Figure 5.4enerally represent the seas: fluctuation between the early rai
season (October, November and Decen- OND) and the main rainy season (Janu
February, March and April 3FMA). They clearly show that the first half of treeny seaso
(early season -OND) is generally dry whilethe second half (JFMA) is usually w
(Olszewshi andMoorsom, 1995)

The 2005/6 season classified as wet using the production figures, started with ve
unfavourable conditions during the period 30 Sepnto 17 November 2005, this may
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due to thepreceding dry 2004/5 season especially the secalid(JFMA). It represents

moderate drought (Fig. 5ahd5.6a) using the NDVI (0.2 6.3) drought categories (Chap
2). This category is within the lo-term threshold (average) NDVI value of 0.(Fig. 5.4 -
threshold) for the whole study area over the tlaegsons. Figur5.6a illustrates the spati
distribution of this drought category and othertud&s (Kogaret al., 1998 and Liu and
Kogan, 1995 suggest that values below the threshold ate relatively bad condition
although the conditions for the study area do natrant drought warning due to the w
good preceding seasons. Furthermore, the NDVI gabfi¢his season (2005/6) corresponi

the crop production figures for the natic and regional data, especially in the latter pal

this season.
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Figure 5.4: Multi-year NDVI mean with minimum and maximum values for all three seasons.

In Figure 5.4 season 2006/7 started with very favourable canditduring the early seas
and overlap with the maximum line but ends withyvenfavourable conditions on tl
minimum plot during the main rainy season. Fic5.4shows that the early a main season
for 2006/7 is above the threshold line, especitiiy main season, even though it repres

unfavourable conditions. This concurs with Ta5.1 which indicate that season 2006/7 he¢
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wet early season (OND) and a dry main season (JFdé Fig. 5.5), therefore contradicting
the national crop production figures (Fig. 5.1)ttimalicate that the 2006/7 season represent a

normal season.

The plot for season 2007/8 (Fig. 5.4) started vawlerage minimal conditions in the early
season (Fig. 5.5 and 5.6e), but responded welid@bod rains (Fig 5.3) after January 2008.
This season is classified as a dry season butatedgood and favourable conditions between
January and March as indicated by the rainfall .(bi§) and NDVI (Fig 5.4, 5.5 and 5.6f).
Reasons for the poor yield might be because thegamson (OND — Fig. 5.3) was very dry
due to below average rainfall that were receivedking the planting of crops difficult to

almost impossible and also delaying the eventualtpig and later harvesting.

Figure 5.5 shows the mean for the three seasorthddvCl values for the study area. Many
studies have shown that vegetative drought is floséated with weather impacts. In NDVI,
strong ecological component (soils, vegetation sypc) subdues the weather component
(rainfall, temperature, etc). Hence, the utilizatiof Vegetation Condition Index (VCI) will
separate the short-term weather-related NDVI flattuins from the long-term ecosystem
changes (Kogan, 1990 and 1995). Therefore, whileVNBhows seasonal vegetation
dynamics, VCI varies in the range 0 and 100% réfigcrelative changes in the vegetation
condition from extremely bad to optimal (Kogan, 29%oganet al., 2003 and Liu and
Kogan, 1996). Consequently, VCI will accentuate ftihectuation that NDVI showed
concentrating on the changes in the local weatbeditons. Liu and Kogan, (1996) further
suggested that the value of 36% which is almosttlean one third of its historical maximum
VCI should be used as a threshold for VCI, indizgtirought.
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Figure 5.5: Multi-year VCI mean.
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Figure 5.6: NDVI drought risk maps for the early and main season of all three seasons.
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Figure 5.7: VCI drought risk maps for the early and main seasons of all three seasons.

Page 66




Figure 5.5 shows the VCI plots for the three sesswmhich show heightened drought

conditions compared to the NDVI plots (Fig 5.4)ingsthe threshold average of 36%, Figure
5.5 shows severe drought conditions for the follmyyperiods: 30 September to 01 November
for season 2005/6 (Fig. 5.7a); 17 January to tlte adrthe main rainy season 22 April for

season 2006/7(Fig. 5.7d); and two periods for se&8®7/8 namely, 30 September to 01
November and 03 December to 17 January 2008 (Fig@).5The first period can be seen on
Figure 5.7a in the south eastern corner and théheror part. The second dry period is
detected and spatially shown in Figure 5.7d andumgcpredominantly the middle and

northern part of the study area while the last pleyiod is shown in patches across Figure
5.7e-f.

During season 2006/7, both the NDVI and VCI aragneement, although the VCI amplify

both the first half and second part of the seasealsies. Extreme dry conditions were
experienced after the 17 January 2007 as explam@able 5.1 despite a very wet season
with floods preceding the 2006/7 season. The dnditions from the 2006/7 season continue
into season 2007/8. This is illustrated by the W@ values of around 30% at the start of the
2007/8 season. An unexpected sharp increase ievalom 25% (30 September) to 88% (01
November) occurs which is followed by a sharp dtop45% (17 November). This is

exceptional since the rainfall for that period eddw the average (Fig 5.3). Thereafter, VCI
values drops to a low of 5% (19 December) and aswedrastically due to good rains in

January to 71%, where it continues as expected.

Figure 5.5 as well as Figure 5.8 illustrates VGEmsitivity to detect severe drought across all
seasons. The severe drought areas (Fig 5.8) detbgte/Cl cover; 31% for the 2005/6
season, 57% for the 2006/7 season and 38% for Qff7the study area while the NDVI
areas classified as severe drought areas are Heirodemonstrates VCI excellent ability to

detect and map droughts.

Figure 5.8 illustrate that NDVI predominantly ddsedavourable conditions of more than
50% of the study area for all three seasons whid®Nndicate moderate drought conditions
for season 2007/8 (28%) and 2005/6 (22%) of thdysaurea. Furthermore, NDVI (Fig 5.8)
also indicate areas covering a mild drought of ketwl13 — 18% for the combined three

seasons. Only 3% of the area is mild and moderategtit according to VCI.
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Figure 5.8: The total drought areas identified by NDVI and VCI.
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Figure 5.9: Multi-year NDVIg, from the Mean.

Another popular satellitbased drought index this regularly used in literature is the ND
difference / deviation indefNDVIpgy). Songet al.,(2004) suggested that with the devia
of NDVI, it is also possible to detect the area and intgnsit drought damage. Ty
suggested that the negatid®VI image’s (NDVipgy) pixels (< -0.1)are listed as droug!
areas and théigger the negativivalues (< -0.25) of ND\Wey image’s pixels, the moil

Page 68



intense the drought will be. They produced drouggk maps using the NDYE, image’s
pixels values, especially where the negative vahresthe biggest, to indicate the highest
drought risk. This study will use this index to and validate the accuracy of the
preceding drought indices (NDVI and VCI).

When comparing the general patterns of Figuresaf® 5.9, a clear match can be seen. It
therefore confirmed the findings of the VCI droughtlex that emphasized the seasonal
fluctuations and also for detecting the differemoutyht categories more accurately. The
NDVIpey (Fig. 5.9) also detects the most intense droughihd the main rainy 2006/7 season

where the negative pixel values reach values sm#ilen -0.1 while the 2007/8 season

recorded a drought intensity of -0.09 (19/12). Tihidex again illustrates that the last half of

the 2006/7 season (JFMA) had an intense droughéewtie 2007/8 season had a drought only
for periods from 03 December to 17 January 2008.

5.3 Standardized Precipitation Index (SPI)

Standardized Precipitation Index (SPI) is a retatnew index (McKeeet al., 1993) and is

used to quantify the precipitation deficit for mplé time scales (one-month and three-
months) for this study. These time scales refleetimpact of drought on the availability of
different water resources. The one-month SPI refleshort-term conditions and its
application can be closely related to soil moistwtele the three-month SPI, on the other
hand, provides a seasonal estimation of precipiatvhich can be used to detect different

categories of drought as explained in Chapter 2.

Table 4.1 highlighted some of the disadvantages bt data have. These disadvantages
include very sparse meteorological network, incatgland/or unavailable data which later
on influence the accuracy and timeliness to deteatk and map droughts efficiently and
effectively. Moreover, these methods do not expraash local spatial detail, and they are

only valid for a single point location.

It is against this background that the study ititisdentified 34 study sites (9 study sites
located outside study area for interpolation puegpsto minimize incompleteness and
unavailability of data. However, Table 4.1 alsowhdhat from the initial study sites (rainfall
stations) only five sites have sufficient data nalde analysis to be performed. From the five
rainfall stations one falls outside the study (@sachosen for interpolation purposes — Fig 3.2)

and hence only four sites could be used to do fleaBalysis. The blank gaps in Table 5.2
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indicate the months fowhich monthly data is unavailable. ne stationsencompassed
monthly longterm rainfall for 35 yearwere used separately from fatudysites. These four
study sites were useb extract data from the satel-based drought indices and also

perform statistical analysis.

Figure 5.10 sumarize the mean yearly SPI values for the five stsigs (including
Namutoni is not within the study arefor the one-month and the threeenthSPI from 2004
to 2007. As expected the SPI tr-month results detect drought morccurately (Lei and
Peters, 2003). It indicatedild droughts in 2006 for stations Tsumeb, Gaub ldachutoni. It
also detects a mild drought in 2005 at station Gtszes while the or-month SPI detect mil
droughts at Guab in 2007 and Tsumeb in 2006. A mhittlghtalso occuis when the SPI

values are less than -1.0.

1m = one- month
3m = three- month

1.4
1.2

0.8

0.6

; S - lflr S

-0.4
-0.6

SPlvalues

04105 |06 |07|04 05|06 07|04 |05|06|07|04|05|06|04 05|06 07

Choantsas Tsumeb Gaub Namutoni Tsintsahis

Figure 5.10: SPI values for 5 study sites.

In Figure 5.11, SPI thremonth for Gaub detects a mild drought for the merdanuary
March and March 2005 and Namutoni fcebruary 2005 which coincides with the dry see
preceding the 2005/6 seascSPI atNamutoni also detect a mild drought in Februarys, at
two stations mild droughtaere also identifiein 2006, Gaub and Choantsas for May
April, respectively. In 2007, SPI detects mild tamderate droughts for stations Tsum
Choantsas, and Namutoni. The most intense drooglthé whole study area across all tr
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seasons was detected by the one-month SPI fromu&ghrMarch and April 2007 for
Choantsas while a moderate drought was also diete®dovember 2007 for Namutoni at -
1.62. Most of these droughts are in agreement théhdry period (Table 5.1 — JFMA 2007).

SPI did not detect drought as well as expected,tduke data constraints mentioned earlier,
limited datasets, the lack of appropriate and ugéte long-term monthly data sets (Lei and
Peters, 2003).

5.4 Statistical Analysis

Due to the many constrains with the study sitemf@h stations) interpolation of the study
sites using the SPI values could not be perforriiée. intention was to interpolate the SPI
values for the different study sites and produceasierized map of SPI one — and three

months values.

However, statistical analysis was performed onfthe study sites. Firstly, NDVI and VCI
values were extracted from the early and main seesages. These data were then tabulated
and used in conjunction with the SPI one — andetimenth data to perform correlation and
regression analysis. Correlation analyses was snéiased on NDVI vs rainfall, SPI one--

month and three-month and VCI vs rainfall, SPI amanth and three-month.

As expected the strongest correlation was betwe@WINs SPI three-month, followed by
NDVI vs rainfall and rainfall vs SPI. The other pelation combination gives correlation
values ranging from 0.01 to 0.2. The regressioryaisawas also performed on the same
combinations mentioned above and reveal that afanstrong correlation is between
NDVI/SPI three-month with a value of = 0.94 while the other regression analysis values
range from 0.01 to 0.62 (rainfall vs SPI three rhpnt

Namibia Resource Consultants (1999) compiled mgn#herages for 35 years for 275
rainfall stations in Namibia. From this data satenrainfall stations monthly average data
were used. Seasonal averages were compiled feathyeand main season and the correlation
and regression analysis were performed. Figure $hbfvs the mean NDVI and VCI values

for the early and main season versus the long-teerage monthly rainfall.

Generally, the results show poor correlation betwtee NDVI and VCI vs the seasonal
rainfall for the rainfall stations. Figure 5.12 (sflows that an increase in rainfall slightly

increases the VCI during the average main seasde #ig 5.12 (b) shows an increase in the
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correlation between rainfall and VCI where the @ioefnt of determination is 0.51 and the
seasonal mean VCI increase as the long-term rhintakase. For the NDVI, Figure 5.12 (c)
and (d) show that the correlation is better tham MCI even though it is still weak. An

increase in rainfall causes a slight increase inVND'he regression analysis shows that
rainfall does not result in an increase in NDVI af@dl, hence with a regression coefficient of
between 0.01 and 0.22 rainfall cannot strongly isteddDVI and VCI. The weak correlation

can be attributed to data averaging and also becapgropriate monthly data for the

corresponding months were not used.
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Figure 5.11: Monthly SPI 1-month and 3-months values.
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Figure 5.12: Linear correlation and regression analysis of the NDVI and VCl indices with long-term

rainfall averages
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Chapter 6: Conclusions and Scope for Future

Research

6.1 Introduction

In recent decades, the impacts of drought havdagedan response to increasing population
growth, misdirected or non-sustainable governmesilicies and programs, environmental

degradation, new technologies and fragmented gowemh authority in water and natural

resources management (Wilhite, 2000b).

These escalating impacts have increasingly drawnattention of both the scientific and

policy community, not only because of the frequeang severity of recent droughts in both
developing and developed countries, but also becalithe complexity of economic impacts

associated with the phenomenon and their far ragdocial costs and environment damages.

In response to the above, this study had contrbotedestly in designing a methodology to
detect risk areas by using temporal images from NBONDVI and meteorological-based

SPI. Eklundh (1998) has found that, amongst othibestemporal and spatial scale influence
the NDVI values, especially at the coarse spaséisblution of the AVHRR sensor, hence the
study opted for the MODIS sensor. Hence, the gafiinthe remote sensing community to
use finer spatial resolution data, such as the MBB&nsor, to detect drought's complex
characteristics formed the essence of the studgalg® drought by its nature is localized in
small pockets and so is the distribution of rainfakence averaging them to arrive at a
generalized assumption, create more problems teemirce-less poor majority who depends
absolutely on rainfall to curve out a living. Hendke usage of coarse spatial resolution
and/or generalized crop production data, for examgbes not help to identify those people
who suffer due to climatic phenomena. Consequeritlsther research in refining this

operational methodology to identify and delineatgudht prone areas should be encouraged.
This methodology also solved the problems/challsrigpe Namibia National Drought Policy

posed in terms of defining drought scientificaltyarder to guide other policies that depend

on it such as the Land Distribution and Droughti&gdolicies.
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6.2 Conclusions

Even though only part of the objectives of thisdstwere achieved, the results presented
earlier, are consistent with findings elsewhere. &@mple, Jet al.,(2003b) most important
finding was that NDVI and its derivative (VCI) agffective indicators of vegetation-moisture
condition since the three-month SPI is highly dated with NDVI. Furthermore, Kogan
(1998, 2000) found that VClI is a better vegetatweught index than others including NDVI,
due to the fact that NDVI's weather component isdsied by strong ecological components

while VCI separate short-term and long-term ec@systhanges (see Fig. 5.4 and 5.5).

Furthermore, Bhuiyaet al.,(2006) found that the SPI one-month data is weakthere is no

correlation with NDVI and VCI (Section 5.4). Theypained that it is due to the fact that SPI
one-month reflects short-term conditions and itpliaption can be related closely to soll
moisture while the three-month SPI provides a sealsestimation of precipitation as explain
in Section 2.3.3.1. Hence, the impact of precigtaton vegetation does not occur

instantaneously but is cumulative.

It is against this background that the first reskaguestion asks whether vegetative and
meteorological indices derived from medium spatslolution satellite data can detect local
drought risk variability better. Figures 5.6 and Glearly indicate the extent, intensity and
spatial distribution of drought throughout the threeasons. The NDVI drought maps
consistently identified the northern part of thedst area as the most drought prone areas that
need to be investigated further. These areas masihyprise of communal farmers that
needed drought relief aid urgently. The VCI (Figbré) further identified distinct patches of
intense drought occurrences which could help plamaigencies to target their drought relief

funds and aid more appropriately.

The second research question asks whether regioopl production data can detect local
drought risk variability more efficiently than shite based data. As expected these data sets
failed to indicate neither the spatial distributioor the local variability that exist where

drought occurred.

The last question asks whether a combinationnositu and satellite data can delineate

drought risk better and show local variability. Teembination of the above clearly helps
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with delineating drought risk. Especially since wybt is scientifically defined using the
mentioned methods (indices) and thesitudata were used to verify and confirm the accuracy

and reliability of the methodology to delineate ulybt risk prone areas.

The functional and user-friendly maps produced, kalp decision makers to make more
informed decisions concerning challenging issuetapeng to drought relief, land reform and

land use planning.

Lastly, from the drought risk maps it is also ewidehat the north-western corner has
consistent NDVI values of less than 0.2. Theseaslaodicate the tongue extension of the salt
pans from the Etosha Pan which also forms parhefriorthern section of the Omuramba-

Owambo.

The VCI clearly indicate the 2006/7 main seasondes the worst drought condition for the

three seasons in the study area.

The overall outcome is that this methodology wast effective and achieved its objective in
defining vegetative and meteorological drought whising a finer spatial resolution MODIS

sensor opposed to the coarse AVHRR sensor, usewblystudies.

6.3 Problems and limitations
The following limitations were experienced:

* The unavailability, incompleteness and inconsistemhats of rainfall data

» MODIS HDF format created unique challenges sincly anfew image processing
software programs (eg. ENVI) can properly handie fibrmat.

» Time constraints since it would have been intemgsto see how other seasons as
defined by the national and regional crop produrctiata would correlate with NDVI
and VCI

» Insufficient rainfall data to interpolate SPI an@gipitation data properly

* Unavailability of agricultural data on a monthly s and also at a
district/constituency level to create excellent digeries analysis on a more finer

temporal scale
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* Three seasons were inadequately short. This sh@aud been extended to at least 5
years to get more significant correlations.
* The non-inclusion of the socio-economic and vulbiityg data prevented the full

application of the Drought Risk Methodology.

6.4 Future work

The conceptual framework used a drought risk amalygethodology to show the holistic
approach demanded to study drought. Hence futgeareh should include the following:

» Socio-economic aspects of drought since risk asss®swithout it are not significant
enough. This will also enable vulnerability anaty$o be performed (Fig. 2.2) and
finally Risk management where policies are ameradeticreated. This study however
is the first phase of the said methodology.

» Other variables such as vegetation type, soilspé&sature, evaporation rate, water
availability and other biophysical variables thatlghto more accurately define a
drought.

* To include an extended historic satellite datatdéast 5 to 10 years.
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Appendix A

Appendix A: Land use Land cover Data Sheet

DATA

SHEET 1

LAND COVER FIELD SURVEY

Date: _|

| [6PS waypoint (road): | s] [GPS waypaint (site): | s] [siteiD: |

Surveyors Name: | Frans Persendt | [ ¢ [ E| [Photote: T

Land cover code: | | [Description:

Road D

_ |

Physical

| Attributes:

(i) Topography {surrounding landscape): flat _ undulating E nselerg D z_:.D mauntainous D (i) Postion of sample; ﬁuD bottom siope D midslape D crest

(i) Substrate characteristics (rock exposure): mE_am..;D EanaD absent Dig.; D

Vegetation Attributes:

frees
shrubs

gass

(I) % Canopy Cover (i) Height ({1} % Canopy Cover (i) Height

so<t0 [ | w0eao[_Jwno[ ] e[ Jrne[ J|eess <zm [ ] >z<sm ] »sm[_]| o0 »0<t0[ ] 10-s0[ Jeo-70 [_Jo70 [ Joone [ Jierss <osm[_] »os<t[_|
so<t0 [ | weso[ | w0 ] 5w D:snD snbs <2m [ ] >2<5m [ ]| ssm[_ ]| whenso<to[ | _o.ng.s _uv,a D;S»Dx:na Ao,musD
ch_cD _u‘aoD B‘an V.ED_..ESD gass <im D >1<2m U

Farming Attributes:

("Present”

(i) Farm Animals: Present <MD fYes: cow Dqu D unknown D (i) Game: Present fmﬂ_ If Yes: springbok Doa; D_EE D hartebees D:ﬁm_m D&_! ﬂ

viible) BD sheep Da?ﬁ (“Present” visible) :oD If No: vmnmuD nEﬁD fences Doﬁn mH_._onn

ifNo:  acks DEGDQ« other signs D {If fences, please Indicate which below:)

browseline Dnuﬁ. jackalproof {mesh) D ?SnD electrical D height

(ili) Fire:
("Present’

Recently bumt u.nuD Previously bumt yes D No sign of fire D (iv) Vegetation: de-bushing _‘RD bush encroash ﬁmD diens .\SD
visible) SD no D Presently burning _H_ ("Present” visible) BD :oD SD

(this season, ash deposits) {previous, blackened trunks) not sure D net sure D not sure D

(v) Water:
(‘Present®

Present EuD If Yes, what type: wingmill <RD if Yes, does it work ﬁmD Survounding veld impact S:aD mederate D severe D unknown —H

visible) ED ED :oD
unknown D waterpump <ED if Yes, does it work (nwD Surrounding veld impact nane D moderate D severe D unknown H

BD .5D
dam zED It Yes, what type: ground _H_ Surrounding veld impact none D moderate D severe D unknown H

ED buaft-up D

(i) Cultivation: Present «ﬂD If Yes , which: rainfed Dqﬁﬁ. Dﬁmn_&am Dnmﬂ.ﬁ Dnam_ﬁn:& evidence Dﬁnn.:n D
("Present” visible) SD unknown D imigated Dma"o._:a Dmﬂvnm Dnann: Do?u D dates D..&:. other crop not indicated here:
(vil Erosion: Present ys[ ] 1t Yes, wnattype: Al eng[ ] uonsoisatedsend [ | | (vili) Land uses:  Fnotculivation, pease indicate whch oterfand use hpe can be
(*Present” visible) BD sheet D other observed.
unknown D desert pavement D
General Comments [

Interesting Observations
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