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ABSTRACT

ABSTRACT

Increasingly frequent extreme weather and climate events, such as droughts or floods,
represent one of the greatest global risks of the future. They have already led to acute
food insecurity and water shortages. While droughts occur more frequently and als
expand in area, strong intennual fluctuations in precipitation and more frequent
extreme precipitatiowan occur. Africa isseverelyaffected by the impacts of climate
changebothon its environment and population. Examples range from lower agraultu
yields livestock healthto malnutrition among thenost vuherablepopulation. In this
regard, rural households are more vulnerable and thus more affected by the impacts of
climate change. They are heavily dependent on natural resources such as water and land.
Most rural African communitiesdepend on yields from raii@d agriculture, wiie
agriculture is one of Africa’'s most important economic sectors, accounting for more than
half of the continent's gross domestic product. Not only have negative impacts of climate
change already been identified in the past, but theycprallg projected into the future.
Communities in arid and serarid areas in suBaharan Africa are particularly
vulnerable, where lower yields reflect one of the main causes of food shortages and
malnutrition. Similarly, transhumaneeéth its seasonally rgratingpastoralistés directly
affected by théncreasing climatic variabilityHerders with theilivestockare dependent

on natural resources such as water and paatuté¢hushighly vulnerable to droughts. A
correlation between droughts and livegtaeaths has been noted in the pAstned
conflictsbetween local smallholder farmers and pastoralists over natural resources, which
are further exacerbated by droughtluced water scarcityrepresent amalready
increasingisk.

These climate change mkdrisks andtheir impacs highlight the need for largscale
monitoring of theenvironmentabspectsn supportof local communities. In this regard,
remote sensing with its recetg@chnologicaladvancesmainly throughhigh-resolution

data withshorterrevisit cyclesof satellitesand globaldataavailability, plays a crucial

role.

This thesisinvestigates how Earth Observation can be usedssessisks to food
security, healthand livelihoods from different perspectives. Droughts, surface water
avdlability, and analysesf transhumance and smallholder farmers are discusseuy

first paper a spatially transferable drought model to detect regional drought conditions
for rangelands and croplands presented reflecting local drought probability,
vulnerability, and risk. Water is one of the most important natural resources for
agriculture and transhumance, so reliable monitoring and detection of water surfaces is
crucial. Another studyhereforecompared different surface water detection algorithms to
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provide arassessmemf their performanceandto identify themost promisingnethods
including their limitations and advantagés the thirdpaperof my thesis a monitoring
system forthe environmental suitabilityof transhumance ipresentedA conceptual
framework was created to suppogrevention andmitigation of conflicts between
pastoralists and local farmers andadterplan and manage transhumance. In addition, a
remotesensingbasedcrop yield modekt the field levelwas develope@s presenteah

my last paper The highresolution crop yield estimates show variability within and
between individual fields and are based on a unique-ff@aetraining dataset. The study
provides importanresults forpublic health studies and adaptation options.

Overall, this work hasleveloped, tested and demonstrasatellitebased monitoring
systems that support livelihooderough analyzing aspectsfobd securityamonglocal
populationsand environmental resources Africa. It highlights potentialdecision
support tools for policy makers artddemonstratehow satellite data can be linked and
effectively beingused for multiple applications in the future.
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Die in ihrer Haufigkeit steigenden extremen Wetiend Klimaereignisse wie Dirren
oder Uberflutungen stellen global eines der groRRten Risiken der ZwdamfBie fiihrten
bereits zu akuter Ern&hrungsunsicherheit und Wasserknappheit. Wahrend Durren
haufiger auftreten werden und sich auch flachenmallig ausdehnen, treten starke
zwischenjahrliche Schwankungen des Niederschlags und haufigere Extremniederschlage
auf. Grol3e TeileAfrikas sinddabeibesonderson den Auswirkungen des Klimawandels

auf seine Umwelt und Bevolkerung betroffen. Beispiele fihren von geringeren Ertragen
in der Landwirtschaft, Gber die Gesundheit der Nutztiere zu Untererndhrung in der
Bevdlkerung. Dabei sind landliche Haushalte anfalliger und somit starker von den
Auswirkungen des Klimawandels betroffen. Sie sind stark abhangig von natirlichen
Ressourcen wie Wasser und Lamdd in hohem Mal3eon Ertrédgen des Regenfeldbaus
abhangig. Landwirtswaft ist einer der wichtigsten wirtschaftlichen Sektoren Afrikas und
stellt mehr als die Hélfte dasittlerenBruttoinlandproduktes des Kontinemtar. Dabei
wurden nicht nur bereits in der Vergangenheit negative Auswirkungen des Klimawandels
festgestelltsondern sie werden auch gleichermal3en in die Zukunft prognostiziert. Dabei
sind speziellBevolkerungsgruppem ariden und semiariden Gebieten in Skdhara
Afrika betroffen wo niedrigere Ertrage einen der Hauptgrinde fir Nahrungsknappheit
und Unterernatung darstellen Gleichermal3en ist die Transhuman# den saisonal
migrierenderHirten direkt von den Auswirkungen des Klimawandels betrqffdm sie
hochgradigabhéngig von natirlichen Ressourcen wie Wasser und Weideland sind. In der
Vergangenheit wurdéereits eine Korrelation zwischen Dirren und Tierdiehnkeit
festgestellt. Ein weiteres Risiko stellen bewaffnete Konflikte zwischen lokalen
Kleinbauern und wandernden Pastoralisten dadie um natirliche Ressourcen
konkurrieren wasdurch die von Durrenverursachte Wasserknappheit weiter verstarkt
wird.

Die durch den Klimawandel verursachten Risiken und deren Auswirkungen auf die
Lebensgrundlagen der Bevolkerung iandlichenAfrika machen deutlich, dass ein
grol3flachiges Monitoringumweltrelevanter Aspekte notig ist. Dabei stellt die
Fernerkundung zusammen mit ihren jungsésmnologischeRortschritten ein wichtiges
Instrument dar. Hoch aufgeloste Daiarhoher zeitlicher Frequenmd deren globale
Verfugbarkeit spielen dabei eine entscheidende Rolle

In dieser Arbeit sollen die betrachten Risikén Bezug aufNahrungssicherung,
Gesundheit und Lebensgrundlagemittels Methoden der Erdbeobachtubgtrachtet
werden. DabestehenDurren,die Verfugbarkeit von Oberflachenwassgrd Analysen

der Transhumansowie die landwirtschaftlichen Ertrage viiteinbauernim Fokus In
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meine erstenPublikation, wirdein raumlich Gbertragbares Durremodell zur Erkennung
von regionalen Ddurre vorgestellf dass die Ortliche Durrewahrscheinlichketi,
vulnerabilitat und das Durrerisiko wiedergildfasser ist eine der wichtigsten naturlichen
Ressourcen fur die Landwirtschaft und Transhumanz, weshalb ein zuverlassiges
Monitoring und Erkennen von Wasserflachem\entscheidender Bedeutung ist. Daher
wurden in einer weiteren Studie verschiedene Algorithmen zur Erkennung von
Oberflachewassewverglichen, um einen Uberblick (ibeéeren Aussagekrafiu erhalten

Die dritte Publikation stellein Monitoringsystender unweltbedingten Eignung fur
Transhumanz vemwelchesein Tool sowohl zur Unterstiitzung der Konfliktbeugung
und-minderung als auch zur Planung und zum Management von Transhdansietien
kann In der letzten hier vorgestellten Studisurden Ernteertragmodeleé der
Hauptfruchtarten fur kleinste landwirtschaftliche Flachenentwickelt. Die
hochaufgelosten Ernteertragsabschatzungen zeigdaildehlagspezifisch®ariabilitat
sowie die Variabilitdt der Ertragenvischenverschiedenefreldern wobei die Modbie

auf einem einzigartigen dreijahrigen Trainingsdaten&azieren Die Studie liefert
wichtige Ergebnisse fuStudien der Erndhrungssicherunger Gesundheit undzu
Anpassungsmaoglichkeiten.

Insgesamt konnten in dieser Arbeit satellitenbasierte Mongeyistemeentwicklet,
getestet und demonstriesterden, die die Lebensgrundlagder lokalen Bevdlkerung
verbessern konnenda sie Aspekte deErnahrungssicherung under natirlichen
Ressourcenn Afrika beleuchten Die Arbeit stellt neue Mdglichkeiten potentieller
Entscheidungshilfen fir politische Entscheidungstrager und diskutiert wie
Satellitendaten in Zukunft verknipft werden und effektiv fir mehrere
Anwendungsbereiche genutzt werden kénnen.

Vi
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l. Introduction

[. Introduction

1. Climate change and its effects on livelihoods in Africa

Climate change and its faeaching consequences represent one of the most significant
current and future problems for the Earftmerging banges in climate patterns and
increased frequency of extreme weather events are just two future projesftithes
effects(IPCC, 2013) These increasing weather and climate extreme events have already
been observed arfthveled to acute food insecurity and reduced water sec(iR@C,

2022; Myers etlg 2017) Africa represents one of the places with the largest impact of
climate change on locations and communities. Changes in ecosystem structures,
especially terrestrial ecosystems and freshwhtere already taken placEheyresulted

in water scarcity, reductions in crop production and livestock health, increased
malnutrition, and damage to key economic sectoltsch has additionally worsened due

to floods and droughiPCC, 2022) Drought areas in East Africa will likely increase
according tesimulations based dRepresentative Concentien PathwaysRCPS3. Area
growths of 16 %, 36 %, and 54 % (RCPs 2.6, 4.5, and 8,5 respectively) are predicted
towards the end of the 2tentury, while areas with extreme drought are set to increase
more rapidly than severe and moderate drou@Htsle et al., 2020)West Africa is
similarly exposed to climate change through strong-ateral precipitation variability,

an increased frequency of rainfall extremes, and prolonged drq&gtiésk et al., 2016;
Sultan et al., 2019)Climate change projections show a continuing warming trend with
increasing aridity and frequent occurremae extreme heat even{Serdeczny et al.,
2017) Heatrelatad child mortality has already doubled in 2009 in comparison to a
scenario without climate changéChapman et al.,, 2022)According to the
Intergovernmental Panel on CliteaChange (IPCCJ§2022) mid- to longterm risks
(2041- 2100) include increasing pressure on food production and access as well as food
security risks resulting in more severe malnutrition in-Saharan AfricaSA) with

2°C or higher global warming leve(&rolleaud, 2020; IPCC, 2022; Myers et al., 2017)
Additional future risks for Africa are freshwater loss, loss of livelihoodstdueduced

food production from crops and livestock, reduced economic output and growth, and an
increased risk to water security due to drought and(he@C, 2022)

While facing all these risks, Africa and especially WeSentral, and East Africa are

the hotspots most vulnerable to climate oba (IPCC, 2014, 2022)A study in South
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Africa furthermore showed that rural households are more susceptible to climate change
than urban householdseocadia Zhou et al., 2022\ hile povertyhas beeidentified as

the greatestmnit to adaption, rural areas are more vulnerable in contrast to urban areas in
all three vulnerability aspects: exposure, sensitivity, and adaptive capacity. People living
in rural environments rely more heavily on clima#nsitive resources, as agricuétdior
example (crops and livestock combined) needturalresources like land and water
(Leocadia Zhou et al., 202 ainfed agriculture, which is dominant in West Africa, is
therefore highly vulnerable to Climate Char{@arr et al., 2022)

Agriculture, in generalis one of the most importaatonomicsectors in Africa as it adds

up to 55%of A f r i GrasHDomestic ProducGDP) (AGRA, 2017) It is the base for

food security and livelihood as 85 % of the populat&ieson rainfed agriculture(Shah

et al., 2008) ThelPCC states with a high level of confidence, that the overall effect of
climatechange on yields of the major cereal crops in the African region is very likely to
be negative, with a strong regional variat{dliang et al., 2014Edame et al2011)also

stated that agriculture is a vulnerable sector, that is exposed to the impacts of climate
change and climate variabilitfseasonal changes in precipitation and termagrein
addition tatheirvarying severity will negatively impact crop production and food security
also due to the overreliance on rainfed agricult(fego et al., 2021)Especially
vulnerable are communities in arid and semd areagKogo et al., 2021)Carr et al.
(2022) revealedthat yields declined by 6 % (median) for all major staple crops they
analyzed due to climate ahge in all considered scenarios. Lower crop yields are also a
prominent driver of foodinsecurity and child malnutrition, especially among rural
smallholder farmers in SSFAO et al., 2019; Grolleaud, 2020; Myers et al., 2017)
Common adaption strategies likptimized planting dates or cultivatsowever,could
increase yields that are affected by climate change by ((Ga#6 et al., 2022)Carr et al.
(2022)also state thatcombination of fertilizers analdopted:ropping practices is needed

to enhance future crop production. Kogo et(2021)support this statement by saying
that crop production and food security systems need moréatidags future projections
show a high population growtAnd urbanization rateTogether with higher climate
variability thiswill lead tothe altering of cropping patterns and yield.

Pastoral systems are also highly affected by climate change. The pastoral systems of the
drylands in the Sahel, for example, &ighly dependent on natural resources including

pasture, fodder, forest producésmd water, all of \wich are directly affected by climate
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variability (Djoudi et al., 2013) Livestock isalso vulnerable to drought, particularly
where it depends on local biomass productiasike & Ulrich, 2018) Thornten et al.
(2009)already found a strong correlation between drought and animal death in the past.
Addingto these climate risks, conflicts over natural resources arose between farmers and
herders and have increased over the pastdeeadegAyana et al., 2016)Especially
conflicts due to drought and water tensions have become widespreadahti@yana

et al., 2016; Puig Cepero et al., 2020hese conflicts represent an additional health risk

to all the climate changeelated risks above.

2. Droughts and water availability

Droughtsare affecting livelihoods in Africa in many differemays - from a lack of
drinking water to damaged crops and food insecurity. In the follqvgimigne definitions
of droughts are provideahd their aspects are described in more detail.

2.1. Definition of droughts

A missing accurate and univerdalaccepted drought definitioled to confusion and
disagreement in drought research in the flasdcup et al., 1980Evenin recent years
therewasno single definition of drought. Mishra and Sin@#910)define droughts as
natural hazards that create problems for activities, groups, and environmental sectors
through water deficits over an extended period of time. Sheffreldvdood(2007) on

the other hand, describe a drought as a continuous period in which soil moisture remains
below the twentieth percentile @monthly scale. Heinf2002) stateshat droughts are
viewed by the remote sensing community as a period of abnormally low precipitation that
alters vegetation conditions. Defining the beginning and end of droughts is additionally
problematic because the effects of droughts oftenraulate slowly over a considerable
period of time(Tannehill, 1949) In the process, economic, social, and natural impacts
occur, which is why droughts can be characterized by economic, social, and
environmental bifurcatiofOwrangi et al., 2011)n general, drought can be described as

a recurrent climatic process that affects all aliim regions of the worl@Sivakumar et

al., 2011; Wilhite, 2000aand is the consequence of a natural reductionanijitation

over an extended period of time. In this context, the severity of droughts can be influenced

by the interaction with other climate fact¢&vakumar et al., 2011)
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Despite the difficulty of defining droughts universally, they can be divided into four broad
categoriesln 1997, the American Meteorological Soci€tyeim, 2002)divided them

into meteorological, agricultural, hydrological, and seet@mnomic droughts. These four
types have become established in drought scigm&® & NDMC, 2008; Wilhite et al.,

2007) Here, meteorological drought is defined as a negative rainfall deviation, relative
to the normal or expected value, over an extended period ofSivekumar et al., 2011)
Agricultural droughts areharacterizedby prolonged deficits in soil moisture leading to
crop lossegMishra & Singh, 2010; Sivakumar et al., 201Deficits in surface and
subsurface water supply are expressed by tine ‘teydrologic drought'(Sivakumar et

al., 2011) All these types of droughts have an impact on society and the economy, so
they are referred to as social and economic drsught

For a better understanding of droughts, three essential elements are differéntiated
intensity, durationand spatial extenfSivakumaret al., 2011) Drought intensity is
defined by the degree of rainfall deficit and/or the severity of its impact as well as by the
deviation of climatic indicese(g.,Standardized Precipitation Index (SPI)) from normal.

In determining drought impagtstensity is closely related to duration. Droughts usually
take two to three months to develop. However, they can also last for several months and
years, such as in arid regions where successive years of drought are not uncommon.
Prolonged droughts oveseveral seasons or years produce more drastic effects due to
greater depletion of surface and subsurface water supplies. In addition, the longer duration
affects a greater number of users. For vulnerable arid andas@Emecosystems,
frequently recurringand prolonged droughts are a particularly critical problenthexs

result in both natural and managed systems having no opportunity to recover. In general,
droughtsnaturallyare regional events that affect millions of square kilometers. Due to
their longduration, thedroughts epicenter, the location of maximum severity, shifts from

season to season and year to y8arakumar et al., 2011)

2.2.Drought as a natural hazard

According to thePCC (2013, the frequency and severity of droughts are expected to
increase due to global warming. In recent decades, this trend has already been noted
(Hulme & Kelly, 1993)as the effects of weather extremes worsened due to population
growth, environmental degradation, inthied development, and fragmented government

authority over water and resource management, whitdr example reflected in large
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annual vegetation loss€®Vilhite, 2000b) Because of the socially, economically, and
environmentally relevant aspe¢@wrangi et al., 201With enormous potential damage

to the economy, society, and environment, the mangoof droughts is very important
(Gulécsi & Kovécs, 2015; J. Wu et al., 2012; Lei Zhou et al., 2013; Zhuo et al.,. 2016)
For example, the occurrence of droughts correlates with wildfires in the western United
States (Westerling et al., 2006) Canada (Flannigan & Harrington, 1988)and
southeastern Australi@Bradstock et al., 2009)The interplay of severe, prolonged
droughts and elevated temperatures has also had a tremendous impact on terrestrial
ecosystems over the past several decé€iastué et al., 2015; Overpeck & Udall, 2010;
Zhao & Running, 2010)Thus, succesge drought years also affefcirests(Anderegg et

al., 2015; McDowell & Allen, 2015)Recent megaroughts, as in 2005 and 2010 in the
Amazon Basin(Gatti et al.,, 2014; Saleska et al., 2Q030bstantially reduceforest
productivity and ecosystem services. This has already been demonstrated in Eiaiepe

et al., 2005)Africa (Liming Zhou et al., 2014 )Australia(van Dijk et al., 2013)and East
Asia(Saigusa et al., 201.0For humans, agriculture represents the most vulnerable sector
affected by droughtéDi Wu et al., 2015)Recent largescale droughts in Europe, Asia,
Africa, and throughout the Americas resulted in large crop and monetary losses
(Hazaymeh & Hassan, 201@&ccording to thdPCC (Bates & Kundzewicz, 2008jice,

corn, and wheat production Asia have already declined in the past. Between 1980 and
2003, droughts in thg.S. caused 144 billion USD in monetary damages, which is about
41% of the estimated total cost of weather/clirratated disasters. 3.6 billion CAlere

lost by Canada in gaicultural production due to drought between 2001 and 2002
(Hazaymeh & Hassan, 201&lowever, the consequences of droughts amount not only
to monetary damages but also to humanitarian damagdsanking water and food
shortages can occur. Between 1981 and22%3 million people in Africa were affected

by drought, of which half a million died as a reqiRbjas et al., 2011)These figures
make it clear that droughts, like other natural hazards, can have enormous damage to the
environment, economy, and sociélly Wu et al., 2012)

Because of their drastic consequences, the mi&sig of droughts as natural hazards is
obvious. Natural hazards are associated with geophysical proeessegegral part of

the environmentthat have the potential for damage or loss in the presence of a vulnerable
society, while posing an unexpedtthreat to humans or their prope(Bobrowsky,

2013) Geophysical natat hazards are preceded by geological, geomorphological,
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climatic, or meteorological reasoiiBobrowsky, 2013)Thus, a drought is a geophysical
natural hazard because of its meteorological origin. Furthermore, there are four reasons
why droughts are different froother natural hazards and why early warning systems in
the form of accurate, reliable temporal estimates of their severity and impacts, as well as
so-called drought preparedness plans, are of enormous impoitdive&umar et al.,

2011)

One of these reasons is that drought impaatsmulate slowly over a considerable period

of time and can persist for years after the natural disaster has ended. In addition, the
beginning and end are difficult to determifidnird, there is no precise and universally
accepted drought definition. Theurth reason is that impacts are described over a larger
geographic area than, for example, floods, hurricanes, and most other natural hazards
making quantification of impacts much more diffic(ivakumar et al., 2011)

2.3. Drought risk and drought vulnerability

Droughtrisk represents the interaction of the exposure of the geographic region and the
vulnerability of societySivakumar et al., 2011xposure varies regionally, so there is
almost no opportunity for action to reduce or prevent recurrence, frequency, or
occurrence. Therefore, climatimderstanding of droughts and their frequency, severity,
and duration is necessary, as these aspects vary sp&taltiyer,identifying theregions

most likely to experience drought is criti¢®ivakumar et al., 2011)

Vulnerability is reflected in the interaction of social farst, such as population growth

and the shift of society from humid to arid and rural to urban areas. Population growth
increases pressure on natural resources and people are pushed to settle in regions more
vulnerable to drought. Urbanization has a simidiect, putting pressure on water
resources and contributing to the conflict between agricultural and urban water use.
Progressive technologizatidhoughcan reduce vulnerability. On the other hand, there
are natural factors, such as environmental degi@ud (e.g., desertification), which
positively and negatively affect drought vulnerabi(i8ivakumar et al., 2011)

Studies on drought vulnerability have already been conducted in th®ahahli(2018)

for examplejncludes population density and the proportion ofiardlly irrigated fields

for his vulnerability analysis. However, the latter data are not available with sufficient
accuracy and over large areas. In contrast, Naumann ¢RCdl4) consideed the

economic factor oGDP per capita as an indirect indicator of wiedling and attest to
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a correlation with drought vulnerability. Other factors such as pasturabaensitywere

also sometimes included in vulnerability analy@éarréo et al., 2016 Climate change

and increased greenhouse gas concentrations could also increase the occurrence and
severity of meteorological droughtin some regionglPCC, 2007). Thus, drought
vulnerability is highly dynamic and ideally needs to bealuated periodically.
Furthermore, it is influenced by many variables, which makes it difficult to quantify and
evaluate vulnerability uniformly across different regions. Because of this dynamic
occurrence, current and spatially explicit data, such a®tee sensingmagery are

needed.

3. Transhumance

Droughts severely affect transhumance, which has established itself as one of the most
important lifeforms in several regions of the woilicludingthe Sahel region in Africa.
Pastoralists need grazing thas forage for their animals and have to tackle several risks

to maintain their livelihooddn the pbllowing, transhumance, its economic value, and its

risks in the Sahel are described in more detail.

3.1. Definition and economic valuen the Sahel region

Different descriptions of transhumance can be fourtietiterature. OterosRozas et al.
(2014)described transhumanpartly asa farming practice shaping cultural landscapes,
but also as an adaptive degy, that overcomes the growing challenges of environmental
change due to mobility. Brotterf2014) states, that transhumance consists of regular
patterns of herd movements along persistent corridors between key pastoral stes. Jon
(2005)mentioned that transhumance separates from pastoral nomadism in several ways.
Transhumancethereforejs not only based on mobile livestock herding, that adjusts to
environmental conditions, but parts of the groups also have penmahage residents

with arable agriculture. Here, several definitions fraime IOM (International
Organization for MigrationjLeonhardt, 2017help to draw boundaries between several
terms, that are often used as synonyRwlowing, pastoralism generally describes an
economic system based livestock production with different degrees of mobilities and
therefore includes nomadism, transhumanmed semitranshumance. Furthermore,

transhumance features a seasonal movement of herds anthaaetdixed origin with
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a permanent place of rdsince, in contrast to nomadism. The migration schedule is
dependent on the onset of the wet and dry seasons, while routes and destination pastures
are generally welknown. Semitranshumance on the other hand has one family
responsible for ageulture, whle the other part practices seasonal migration.
Transhumance can furthermore be dividdd lang transhumance, where herders travel
several hundred kilometers, and short transhumavigehis only limited to a small local
area. Crosborder transhumancthen describes seasonal movemenis;ing which
nationalborders are being crossed in seavtinatural resources like water and pasture
(ECOWAS, 1998) Transhumance also displays theportance of livestock mobility
across various spattemporal scales, as it is flexibleresponse to ecological variability.
This reduces the vulnerability to climatic change and also the likelihood of overgrazing
(Brottem et al., 2014; Fernand&menez & Le Febre, 2006 Movement patterns
generally consist of nortbouth movemess in the Sahel zonéFigure 1), while
movements north take place during the rainy season (A@ittober)(Brottem et al.,
2014) The novement starts at the beginning of the grepmperiod and the beginning of

senescene(Brottem et al., 2014)

—— National transhumance i Caravan @ Border crossing point
- Cross-border transhumance = Marketing itineraries Pastoral zone
> Wet season Lake
» Dry season Sources: FAQ-CIRAD, Atlas of trends in pastoral systems in the Sahel 2012; OECD/SWAC 2009

Figure 1: Transhumance and nomadism in Sahelian count@EsCD/SWAC, 2014)

Rates of movement also differ between the two movement times. While herders move

faster at the end of the rainy season duthégyood nutritional status of the livestock,
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movements at the drof the dry season are much sloerallo, 1978) Another reason

for that is, that the annual grasses further north provide highetiondi content
(Penning de Vries & Djiteye, 1982Routes or corridors of transhumance are generally
well known by the herderas they often have fixed reliable resting points each year.
Verified information about locations and the legal status of the corridors and resting
points though is mainly not available. Resting points describe key locations along the
transhumant corridorsetween origin and destination areas and are often located along
water source¢Brottem et al., 2014)The transhumant movement generally folttive

same trajectories each year with a highly varying length of stay at the origin and
destination areas as well as at resting pgBtsttem et al., 2014)

Transhumance has a high economic value in the Sahelian countries of the ECOWAS
(Economic Community for West African Statesgion. Livestock production is
estimded at aroud 40 % of the GDP and can reach up to @0with animal traction,
manure, andhe transformation of animal products like butter leather(Leonhardt,

2017) 38% of West Africa congts of unfavorable land for agricult (@ ECD/SWAC,

2014) where livestock production is the only way of usthgse arid zones. Livestock
production not only employs millions of people but is also an important source of food
and income, especially in fragile ecological zones like the Sahel. Rural inhabitants here
are especially vulnerable to food insecurity, véhierestock makes up about half of their
capital. Large parts of the cattle, camels, goatsl sheep are held in transhumant
production systems in the Sahel zone. Transhumance is well adapted to ecological and
economic realities in West Africa and hold330% o f t he Sah#bofd#s cat t |
sheep and goats, and produces arounk 65 cattle meat and 7% of milk (Leonhardt,

2017)

3.2. Transhumance at risk

Despite their economic value, transhumant pastoralists also face several risks and
challenges. These consist of ptgiion growth, clinate change, expansion ofiagltural
areasand the privatization of formerly shared resoufte®nhardt, 2017)This includes
policies, that are favoring agriculturén Mali for example bigpastures have been
converted to rice fieldBenjaminsen & Ba, 2009 he neglect and lack of governance

in rural areas also contribute to the competition for natural resources. Conflicts and

violence arising from that competition, lead to a negative perception of pastoralists and
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reinforces marginalization. Transhumance is therefore often seen as a siessusty
instead of a development issue. Back in time, substance farmers and pastoralists
complemented each other in how agroecological systems were used. Increasing
competition for natural resourc@&huoso et al., 2020)ncreases in herd sizes, cropland
expansion, poor governanead extreme weather events have exacerbated these conflicts
(Inter-resaux, 2017; Touré et al., 2012l this leadgo a contrary, where rights to secure
fixed territories and social boundaries are needed to protect pastoralists and their pasture
and on the other side the spat@onporal variability of reources for livestockMarty,

1993; Painter et al., 1994Ferandexsimenez(2002)d escr i bes t hi s as the
pastoral | and tenureo. Accompanied is a conf
frameworks, tha limited the progress in improving pastoral management and the
securement of rights to key resour¢EsrnandezGimenez & Le Febre, 2006; Turndr e

al., 2011) The complexity arsefrom a highly variable and low predictable spatio
temporal distribution of pastoral resources. A step in the right direction was the ECOWAS
Protocol on Transhumance in 1998 and the supporting regulation in 2003¢e wher
ECOWAS Member states recognized crbesder pastoralist transhumance as a valuable
economic activity. Regional regulatory frameworks for cilossder transhumance were

set in place to provide free movement of persons, sepandsggoodgLeonhardt, 2017)
Agricultural expansion neverthekes a pressing challenge for transhumances as it leads
to restricted movements and a reduced nurobeaths, as well as paths under conditions

of heavy cultivation pressur@rottem et al.,, 2014)Brottem (2014) de<ribed the
extension ofthe cropland area as the mostinerable aspect for transhumance and not
climate change. The extensiah cultivated areas leads to blocks, where movements
between areas with water and pastures are not possible anymore and therefore result in
lower viability for transhumance. Droughtlated farmeherder conflicts and water
tensionswith bothfighting for the same natural resources are widespread in the Sahel and
East Africa(Benjaminsen et al., 2009; Cabot, 2Q1IMe fight for limited resources was

also the main reason for recent conflicts in Nigéihuoso et al., 2020While corilicts

have increased over the past two decddgana etal., 2016) it became apparent that
environmental factors act in tandem with many socioeconomic and political factors to
trigger conflicts(Detges, 2016; Scheffran et al., 2019; Shettima & Tar, 20083

understanding of the drivers of transhumance patterns as well asl@assilces and

10
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locations of conflicts is limited due to the lack of information on spatoporal

migratory movements, grazing locations resting pointgMotta et al., 2018)

4. Small-scale and sbsistencefarming

Transhumance is not the only form of agriculture that faces the previously described risks
Smaltscale and subsistence farmers represent anittmerof livelihood in rural Africa

and are at least equally important as transhumant herders. Therefore, this chapter focuses
on smallholder farmers and outlines their economic value along with the risks they are
facing.

4.1. Definition and the economioralue of smallholder farmers in Sw$aharan Africa

Smaltscale farmers belont the group of smallholders that also contain pabss,

forest keepersand fisherFAO, 2012) Smallholders in general are marragismall

areas of less than one heetap to ten hectasandare focused on the stability of the
farm household. Mainly family labor is used for production and a part of the produce is
for family consumptiofFAQO, 2012). Sulsistence and smaficale farming are sometimes
interchangeably usge.g.,Michael Aliber et al., 2005; Moeletsi et al., 2053altscale
farmers grow subsisteacrops on small plots of land plus one or more cash crops while
relying almostexclusivelyon family labor (Lidzhegu & Kabanda, 2022)Smallholder
farmers also vary in activities they are engaged in, assets and resources available to them
(e.g., land area or water), land tenure (e.g., rental or-shapeing arrangements), the
control of the natural resourceseds the scale of production, the share of family labor
utilized, the degree of market integration and the distance of the holding farms from their
family residencgMaass Wolfenson, 201350, despite being groupegnder the same
definition, there can be huge differences between individual smallholder farmers.
Smalltolder farmers in SSA also face some barriers as low nutrient inpstgficient
control of weeds, pestand diseases, and inadequate labor puts them into a category of
low input systemgSheahan & Barrett, 2017The agricultural sector in Africa and
especially in SSA is underdeveloped with an enediance on primary agriculture. Within
that, the minimal use of external farm ingusignificant preandpostharvest food crop
losses, minimal value additipand product differentiation play a huge rfdssefa et al.,
2020; Tilman et al., 2011; van Ittersum et al., 2016)

11
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Figure 2: Smallholder farmers in Ghan@AO, 2021)

Nevertheless, agriculture plays an important role in the economy and food security in
Africa. In SSA agriculture employs 51.6 % of the populato generates 20 % of the

GDP in 2016The Gldal Economy, 2019)Recent estimates found 33 million farms in
SSA(IFC, 2013)with a contribution of up to 90 % of agricultural productionthre same
countries of SSAWiggins, 2009) Nearly 80 % of the farmland in SSA is managed by
smallholder farmers with an average size of agricultural holdings belowéhich
togetherproduce up to 80 % of the totEdod supply in SSAFAO, 2012) Still, the
consumption of selproduced food crops represents only 20 %heffood needed for

SSA smallholder household@Brelat et al., 2016)Despite actions to achieteh e fiZer o
Hunger o Sustainabl e Devel opment Goal (SDG) b
away (FAO et al., 202Q)In recent years, yields of staple crops such as maize, vaneat
sorghum have decreased across Africa, widening food segafityand leaving open

challenges besides other risks for srsalile farmergKetiem et al., 2017)

4.2.Risks for smallscale andsubsistence farming

This food security risks additionadly amplified in the future by the projected population
growth. 1.02 billion people lived in SSA in 2017 and 2.17 billion inhabitants are projected
for 2050(United Nations, 2017)This population expansion wikad to an increased food
demandKim et al., 2021)Subsistence feners are also one of the most vulnerable groups
to climate variability. It is difficult for them to cope with climatelated hazards as they
have no capital for adaptive strategi€eompson et al., 2007specially vulnerable are

households relying on raied agricultue (Thorlakson & Neufeldt, 2012Y he worsening
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food situation though is only partly related to climate change as poor and weakening
market situations also play a rol@&bdul Mumin & Abdulai, 2022) Prohibitive
transaction costs by underdeveloped market systems and infrastructure as well as market
failures, inadeqgate access to finance and technologies hinder the efficiency of food
market systems and lead to limited potential of agricultural markéfhglulai &
Birachi, 2009; Abdul Ra h a ma n. Akaddkibnalwidka i , 2
to smallholder farmers is the loss of land as a decline in land/labor raties (Slagne et

al., 2010) The amount of arable land under cultivation has only risen marginally while
the population of households in agriculture tripled between 1960 and(2&0te et al.,
2010) The bottom quartile of smadicale farmers in Ethiopia and Rwanda for example
control kess than 0.02 to 0.0 of land(Jayneet al., 2003) Another example is Malawi,
where 70 % of smallholders possess less than one ha ¢0aimaia, 2006)which shows

the risk of landlessnegdayne et al., 2010Rural communities heavily depend on access

to land andnaural resources while agridural land on communal lands is one of the
major land uses that supports the livelihood of millions of pefphackleton, 2020)
While facing adverse conditions like inadequate access to production resources
(Mpandeli & Maponya, 20149r poor access to markeisoeper et al., 2016Yhe most
alaming challenge in South Africa for rural communities is the access to and ownership
of arable landLoeper et al., 2016; Mpandeli & Maponya, 2014; Shackleton, 2020)
South Africa 87% of agricultural land is used by commercial farms leaving only 13% for
smaltscale subsistence farme(dl. Aliber & Hart, 2009) Ineffective land use
managementhat is less protective of smallholder farmers in rural areas led to a decline
in land under ageultural fallow from 26% to 8% with a 69% dme in extent in South
Africa as many areas were converted to hultland(Lidzhegu & Kabanda, 2022)
Besides the economic viability and the contribution to a diversified landscape and culture,
smalktscale farming faces additional riskthe competitive pressure from globalization
and the integration into common economic communities only $gax@choices: either

to be purely sefsubsistenor to grow into larger units, that can compete with large
industrialized farmgFAO, 2012) Another problem and risk for future food security is
the stagnatrfood crop productivity in SSA in contrast to the risen productivity in the rest
of the world since 196(Jayne et al., 2010For example, while global maize production
has increased with increasing yields, maize production in most countries of SSA only

increased with increasing are@3airns et al., 2021)This expansiofbased prodction
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growth though is not sustainable in the long (@airns et al., 202Iointing to the need

for adappation strategies.

5. Remote Sensing

Remote sensinghrough its large spatial coverage and high revisiting frequextioys

us to analyzevariousprocesse®n the Earth surfacen a spatiotemporal wayBefore
providing anoverview of the status of current remote sensing applications for droughts,
transhumance, or agriculture, the princgaé remote sensing together with its different

sensors to monitor environmental factors are described in the following.

5.1.Introduction to remote sensing: History, definition, and basics

The term fAremote sensingo wE&anmpdell&Vegyhne,used bet
2011) Over time, there were many different definitions surrounding one central concept

T the gathering of information at a distance. The closest definition for this thesis explains
remote sensiegoédsderhei pgacnior mati on about
surfaces using images acquired from an overhead perspective, using electromagnetic
radiation in one or more regions of the electromagnetic spectrum, reflected or emitted
from the Ea (Canpbe & 8Vynnef, 2041gRegarding this thesis, the

definition needs to be a bit braadas meteorology for example is not included, but is a

factor in this work primarily in the form of rainfall. Satellite remote sensing designed for

the observation of land surfaces started in 1972 with the launch of Landsat 1 providing
systematic and refive observations for the first time. Rapid advances in technologies

like hyperspectral remote sensing in the 1980s, the first satellite systems designed to

collect data of the entire earth in the 1990s, and public remote sensing, which was made
availabe through the advances of the internet in the first decade of thee@fury lead

to today's standards of lotigne series archives of satellite data with varying spatial and

temporal resolutions dependent on the applicatiGaspbell & Wynne, 2011 Remote

sensing itself represents a process that starts with physical objects ori the@ar s ur f ac e
(e.g., buildings or vegetationpubsequentlysensor data is collected by viewing the

objects with instruments and recording electromagnetic radiation, that is either emitted or
reflected. To use these types of sensor data, analyses apdeitatiton are necessary to

convert this data to information that can be used to address practical problems (e.g.,
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identifying burned areas). Finally, the extracted information can be used in combination
with other data for specific applications like lanseuplanning or drought monitoring
(Campbell & Wynne, 2011)Remote sensing additionaliconsists of several key
concepts the spectral differentiation where different features on the earth reflect or emit
different energy, the radiometric differentiation where differences in brightness of the
objects are measured, the spatial differemirathich is limited to the smallest area that

can be separately recorded by a sensor (minimal units: pixels), and the temporal
dimension where constant repetition of observations over years allow change detections
(Campbell & Wynne, 2011)
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Figure 3: The electromagnetic spectrum, including wavelength, energy, and a detailed excerpt of the visible
subdivision(Verhoeven, 2017)

Al these concepts rely on the basis that
electromagnetic radiation. The emitted and/or reflected radiation can be measured by
sensors and different characteristics of features such as vegetation, structures, soils, rock,
or water bodies can then be identified. Each electromagnetic wave coheistsatectric
(vertical) and one magnetic (horizontal) field, which are orthogonal to each other and the
direction of the wave propagatigho, 1987) Each wave has several properties, which
include tle wavelengthg) representing the distance of separation between adjacent wave
peaks, the frequency (f) describing the number of wave peaks passing a fixed point in a
given period of time, the amplitude as the height of each peak, and the phase, which show
the extent to which peaks of one waveform align with those of an(@zenpbell &

Wynne, 2011; Lo, 1987)As the speed of electromagmeenergy is constant, the
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frequency and wavelength are relatedersely proportionahnd the characteristics of
electromagnetic radiation can be described uhoeither one of therCampbell &
Wynne, 2011; Lillesand & Kiefer, 1994The most commowmway to categorize waves
usestheir wavelength location in the electromagnetic spectiigu(e 3) (Lillesand &
Kiefer, 1994) The electromagnetic spectrum consists of several subdivisions including
gamma rays, Xays, ultraviolet radiatioffUV), visible light (VIS), infrared radiation
(IR), microwave radiation, and radio wavésgure3) (Campbell & Wynne, 2011)
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Figure 4. Spectral characteristics oitmospheric transmittance and common remote sensing systems

(Lillesand et &, 2015)

While the radiation travels through the atmosphisesnergy is altered in intensignd

wavelength by particles and gasg@ampbell & Wynne, 2011)Interactions in the

atmosphere include scattering, which describes an unpredictable diffusion of radiation by

particles in the atmosphere, and absorptidrich is an effectiveloss of energy to

atmospheric constituenttillesand & Kiefer, 1994) While the effect of scattmg on

sensor data can be reduced through atmospheric correction, the effect of absorption
cannot be corrected and leavescsa | | ed fiat mospheric windowso w
systems can receive transmissive enefggured) (Lillesand & Kiefer, 1994)Therefore,

remote sensing systems operate on several wavelengths to gather information about
features on the eart hbesdifferantratechby ¢heir sfettrals e f e a't
signature, which represents the spectral response of a feature over a range ofyitevele

The spectral responses of objects on the ear
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observed through several satellitased remote sensing systems. In the field of remote
sensing, active and passive systems are distinguished based on th@hysmnal
principles as explained above. Different passive and active remote sensing systems as
well as their physics and exemplary application fields, which are related to the topic of
this thesis, are described in the following two sections.

5.2.Passivesen®rs (optical) and remote sensing of environmental factors

Passive sensors are based on the principle of measuring radiation, which is reflected or
emitted by objects, and depend on external energy sources. The main external energy
source is the sun, but also thermal energy emitted by fires can be measured
(Schowengerdt, 2007Passive sensors measure radiation in the visilel@simfrared

(NIR), mid-infrared (MIR), and thermal infrared (TIR) parts of the electromagnetic
spectrum ranging from 0414 um (Figure 3) (Schowengerdt, 2007Dbjects on earth

react differently to incoming radiation, as they eef| emit, absorb or transmit the energy.
Reflection is defined by the <change of t
absorbing energy and is divided into diffuse and specular (direct) reflecédrsmption

describes the intake of energy by dieat, emission in this context is defined through
outgoing secondary heat radiation. Energy can also transit through the object without
changing, which is called transmissi(Borengasser et al., 2008)hese properis vary

for features on the earthdéds surface and a
well as their physical and chemical characteristics (e.g. moisture content) while the most
important properties are color, structure, and surface condito@ Fur es on t he
surface have unique properties and can therefore be identified through their spectral
signature, as described in the previous secti@ampbell & Wynne, 2011)Passive

sensors in this work were mainly used for vegetation monitoring. Vegetation monitoring

is also based on the spectral signature principle, where rhesiltyhy and dry vegetation,

as well as soll, are differentiated.

In the optical wavelength region, vegetation absorbs much of the solar radiation for
photosynthesis through pigmentsthe leaf tissue- particularly chlorophyll a and b,
carotenoids, and #mcgyanins(Chang et al., 2017Plant greenness is influenced by the

fact that healthy vegetation is greener and absorbs more incident visible light, such as that
of the red andlue spectrums, and reflects a significant amount of frdeared energy

as well as a small reflectampeak for the green part of the visible spect(kigure5).
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Less vital and sparse vegetation, on the other hand, reflects more visibleitightt a

greenreflectance pealind less neanfrared (NIR) energgyHazaymeh & Hassan, 2016)

To evaluate vegetation and solil status, the wavelength ran@e.0.8
NIR, Shortwave InfraredSWIR)) is most used due to the clear response from vegetation

greemes and vegetation moistuglazaymeh & Hassan, 2016)
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Figure 5: Spectral signatures of green vegetation, dry vegetation, and soil across the spectra measured by

passive sensofdlaisongrande eal., 2007)

For moisture, the NIR is less sensitive than the SWIR, which has a significant absorption

peakfor vegetation water conteifZhang et al., 2013)in general, surface dettance

increases with higher levels of water defici#specially in the spectrum of the SWIR

(Hazaymeh & Hassan, 2016)

Vegetation monitoring is mostly done by exploiting the described properties of vegetation

throughout their spectral signhaturés examplds given inFigure6, where a false color

composite is shown. Here, green vegetation appears gréeshasvs high reflectance

values in theNIR (Figureb), which aredisplayed as the green band of image. Differences

can also be seen between agricultural areas (light goegallow) with partly dryer

vegetatim and forests (darker greemjealthy, green vegetatiptnereforecan be clearly

distinguished from other land cover types like for example Isoi] whichis represented

by purpleand white to rosa coloring depending on the soil type (e.g., builhdg(jank)
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or sandy soil (light rosa)) as well as sparse vegetation cover or the moisture.&@mntent
calculating vegetation indices like the NDVI or the NDRE (Normalized Difference Red
Edge Index) as well as water indices, e.g., the NDWI (Normalized Brfter Water
Index) (Gao, 1996; Lambert et al., 201v@getation monitoring takes advantage of the
spectral signaturesWater indices that use the NIR and SWIR regions of the
electromagnetic spectrum are more suitablélfeevolution of droughfor examplehan
indices that use the visible and na#rared wavelength spectrum. This is because water

0 05 1 2 A
e Kilometers

Figure 6: Exemplary false color Sentingl image in Burkina Faso during the crop growing season
(06.09.2021). Color representation: Red: SWIR, Green: NIR, Blue: Red. The black sytlzeinset
represents the location of the image in Burkina Faso. Background: ESRI Basemaps.

indices are more sensitive to changes in drought conditions than vegetation indices
(Chang et al., 2017; Gulacsi & Kovacs, 20Mggetation health for crop yield models is
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also often based on water indices togett#r vegetation indicegGroten, 1993; Lambert

et al., 2017) Optical remote sensing indices can be divided ghtferent groups for
drought monitoring. There are indices describing soil drought and those describing
vegetation droughfHazaymeh & Hassan, 2016l this context, for example, soil
drought indices haveincertaintiesabout vegetation areas because vegetagacts
consistently to shotterm drought conditions in leaves and roots, which leads to delayed
identification of drought and uncertainties in resgfsrooq et al., 2009)Similarly,
vegetation indices have uncertainties over areas of sparse vegehainther way of
vegetation monitoring is called spectral unmixing analysis (S{R®berts et al., 2003;
Yebra et al., 2013)n contrast to indice® does not only use specific bands recorded by
remote sensing sensors bali vegetatiorrelated bands tbughout the measured
spectrum. Spectral mixture analyses are suitable to assess the fractional green
photosynthetic vegetation versus per pixel pbotosynthetic vegetation, and bare
substrate (soil) abundances from satellite dasner et al. 2005; Franke et al., 2018;
Roberts et al., 1993)

Examples of passive remote sensing systems, that are used in this wbhddoderate
Resolution Imaging Spectroradiomet@viODIS) and SentineR. MODIS provides
different products about surfacelegftance or the albedo on a spatial resolution of 500m
since the year 2000, while also delivering global cover@phaaf & Wang, 2015;
Vermote et al., 2015)Sentinel2 also operates on a global level ais a much finer
resolution of 10i 20m, which makes it extremely important for yield estimations for
small fields of rural smallholder farme{lsSA, 2022; Karst et al., 2020)

5.3. Active systemgradar) and remote sensing of environmental factors

Active remote sensing systems actively emit electromagnetic energy and meagare the

of this energy that is reflected and backscattered by objects. Therefore, the sensors are
independent of other energgurces like the sun and can also operate at night. Examples
are radar antliDAR (light detection and rangingAs only radar satellites were used in

this thesis, only this methodology will be elaborated on in more detail.

Radar originates from radio @etion and rangindLillesand & Kiefer, 1994)and
transmits short bursts or pulses of microwavergy (Figure 3). Sensors record the

strength and origin of echoes or reflections of objegpaceborne instruments onhge
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Synthetic Aperture RadaSAR) as real aprture systems would have an insufficient
resolution(Lillesand & Kiefer, 1994) SAR instrumentsansmit microwave pulses at a

NIGER

NIGERIA -

CAMEROON

0 2 4 8
e Kilometers

Figure 7: Exemplary preprocessed Sentiieimage in the border area of Chad, Cameroon and Nigeria
during the wet season (19.09.2022). The black square in the inset represents the location ajehe im

Background: ESRI Basemaps.

given frequency and measure the backscattered energy in form of magnitude and phase

(Campbell & Wynne, 2011)These relatiig long wavelengths (ilnmi 1 m) (Figure3)
can penetrate clouasakingSAR instruments weathéndependent in contrast to optical

platforms(Richards, 2009)Radar systems primarily measure the time it takes for the

transmitted microwave pulses to return to the sensor. By doing so, the distance of the

target can be calculatéRichards, 2009)The sidelooking angles of the instruments and

the terrain geometry resulbegative in phenomenons including radar shadows,
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foreshortening, and the layover effefttillesand & Kiefer, 1994) As relief, e.g.,
mountains can slope perpendicular towards the settsarbackside of the mountain
cannot be reached by the transmitted microwave pulses resulting in zero energy
measured. This is called radar shadow. Foreshortening exists when the size of the sloped
surface is compressed on the recorded image and lagetseficcur when the signal of

the top of a vertical feature reaches the sensor before the signal of the base of the feature
Both of them are severe (layover) or less severe (foreshortening) relief displacements in
the resulting imagéLillesand & Kiefer, 1994)Figure7 shows a preprocessed Sentinel

1 SAR image where one dfiese phenomenzan be clearly see.errain effects have

been reduced during preprocessing with a terrain correction, but radar shadows cannot be
removed as they represent no data areas. §kiwown by the black areas on the backside
(left) of the elevated features in lower right corner of the image.

Sensor Sensor Sensor Sensor

smooth surface rough surface volume double-bounce

Figure 8: Schematic overview of the different scattering mechanisms surface scattering, volume scattering
and doublebounce, arrows simulate directions of ene(@grninger, 2020)

The transmitted electromagnetic waves have a geometrical orientation of the oscillations,
that are specified by their polarizatig@ampbell & Wynne, 2011)The energy is
transmitted in simple linear polarization ethhorizontal K) or vertical (V). Both
polarizations can be received in different channels as scattering by the objects on the
earthés surface c a(Cloud 201@ Eherdfoheefoupdifierant i z at i on
combinations are possibieHH, VV, HV, and VH, where the first letter stands for the
transmitted polarization and the second letter for the received polarization. HHvand V
are called likeor copolarized while HV and VH are called crgsslarized(Campbell &
Wynne, 2011)Horizontally polarized waves are more sensitive to horizontally oriented

features and vertically polarized waves to vertically oriented features while- cross
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polarized waves are more influenced by volume scattering apdlaazation is songly
affected by surface properties like moistftee Toan et al., 1992)These different
polarizations allowthe differentiation ofand cover types and properti@Sampbell &
Wynne, 2011)As radar systems emit energy in varying frequencies and wavelengths,
their differentiationis based on bandSentinell for exampleoperates with the Band

with a wavelength between 5.2 and 7.1 (&uaropean Space Agency, 202Bands and
wavelength differ in the penetration depth of the signal into soil or vegetation, as in dry
conditions the penetration depth increases with increasing wavel@@gthpbell &
Wynne, 2011) The sensor measured energy is scattered by objects, which means the
redirection of energyCampbell & Wynne, 20119nd is dependent on different properties

like roughness or moisture. Different kinds of scattering are distinguished. Surface
scattering represents the backscatter without interaction with other objects and depends
on the roughness of the surfg&chards, 2009)volume scattering consists of numerous
scattering elements in 3D bodies like tré€ampbell & Wynne, 2011)and double
bounce describes scattering resulting from two relatively smooth surfaces perpendicular
to eat other Figure8) (Richards, 2009)

In this cortext, smooth water surfaces are specular reflectors, that return no signals to the
antenna, whereas rough water results in signal returns of varying strdogtteswaves
(Lillesand & Kiefer, 1994)On the basis of water as an almost specular reflector, surface
water classifications can be done for example with radar data as for exaiS@abach

et al.(2021) Surface water classifications in this work also followed this principies

is also demonstrated Figure7, where large black areas and streamlines represent rivers

and reservoirs.

5.4. Applications and remote sensiAigased modeling

By using these different sensors and monitoring technjgee®te sensing can be used
in various applications together with other datasets. In the following section, applications
of remote sensing for drought monitoring, yield modeling, and the support of

transhumance are described in more detail.

5.4.1.Droughts
Satellte data have been used for drought detection and monitoring since the 1980s

(Kogan, 1997) The advantages of remote sendiaged drought indes are the large
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spatial coverage and the almost continuous data availability. In contrast, difficulties and
challenges arise with small areas, data gaps, consistent historical datasets, integration of
recent satellite missions, artde development of atandard for a validation scheme
(Hazaymeh & Hassan, 2016)he usability of data depends on its availability, cost,
quality, preprocessingand posirocessing requiremenfslazaymeh & Hassan, 2016)
Nevertheless, remote sensing is the most effective way to detkahalyze the impacts

of droughts on ecosystertdhang et al., 2013)

Droughts are usually triggered by a precipitation deficit in combination with increased
solar radiation and a temagure risg(Zhang et al., 2013)Jsing remote sensing to map

this phenomenors based on the fact that droughts affect the biophysical and chemical
properties of soils and plants, sua soil moisture, organic matter content, vegetation
biomass, chlorophyll content, canopy cover, and soil temperganjem et al., 2011)
Droughts can alter the spectral or thermal responses of ecosystems, from which indicators
of their occurrence can be derivgthzaymeh 8Hassan, 2016 Remotely sensed drought
indices depend primarily on the characteristics of energy reflected or emitted from the
Earth's surfacdHazaymeh & Hassan, 2016Jhey are based on individual spectral
signatures of the ground surface and tree cacbpyacteristicgHazaymeh & Hassan,

2016) These signatures vary with changes in vegetation. For example, photosynthetic
barriers are the result of declines in evapotranspiration and stomatal closure, leading to a
reduction in absorbed photosynthetically actigdiation APAR). This is a defensive
response of plants, leading to slower growth under strasggered, for example, by

water deficits. Droughts also reduce enzyme activity in plants, which can cause damage
to biomolecules and chlorophyH. G. Jones & Corlett, 1992; Reddy et al., 2004)is

causes the leaves to dry out, fall off, and the plant(dieang et al., 2013Plant death

and growth are mainly controlled by the three environmental factors of temperature,
water, and sunlight, all of which are interrela{@thang et al., 2013)The temperature
increase can be measured in the thermal wavelength range of the measurement
instruments on the satellit¢ghang et al., 2013)n the optical wavelength region, the
green of the plantsan be inferreqChang etal., 2017) and in the infrared region, the
water content of the leaves can be infe(i@&iang et al., 2013)

The primary goal of drought research is to reduce the negative inopdetsight through
improvements in water management, drought management, and agricultural p(Bctices

Wu et al., 2015) For proper drought strategies, temporal information on the onset,
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severity, and duration is very importgBti Wu et al., 2015)Moreover,acomprehensive
understanding of the waes and consequences of historical and current droughts is
essential for food production and crop planning/managerfidstaymeh & Hassan,
2016) Studies aimed at better drought management exist, for example, by Bachmair et
al. (2017) who modeled probabilities of drought impacts from drought reports. More
consistent methods are presented by Diermanse €04l8) and Towler and Lazarus
(2016) who conduct general drought risk analyses at regional and local scales based on
meteorological and hydrological dat@oing into more detgiRojas et al(2011)use the
Vegetation Health Index (VHI) to calculate drought prali#s of agricultural land
during the growing season in Africa. Even more specific are Wu and W@ie=l) who

model drought risks for individual cropRegional droughts were observed for example

by Shen et al(2019)who used multsource remote sensing data with MODIS NDVI and
EVI (Enhanced Vegetation Index) as well as TRMM (Tropical Rainfall Measuring
Mission) data. Their deep learning model for drought shogmad applicability in
monitoring regional droughtdonteleone et al(2020) on the other hand successfully
developed a new composite index for agricultural drought (PPVI (Probabilistic
Precipitation Vegetation Index) in Haiti by combining the SPI and the VHI. By only using
globally available remote sensingtaaets their methods could also be transferred to and
applied in other areas. Also, global drought models are available, but mostly on a lower
resolution and therefore they often lack precise regional information. Examples are the
Global Drought Observaty (Vogt et al., 2018and Climate Engine daf&luntington et

al., 2017)

5.4.2.Remote sensing for transhumance

In contrast to droughts, remote sensing related to transhumance is not as established. Most
studies and analyses have been conducted based on fieldwork, like interviews or
participatory mapping studies. Nevertheless, there has been some researchdluthis fi
Butt et al. (2011) for example used MODIS Moderate Resolution Imaging
Spectroradiomet@rNDVI data with 1km resolution for vegetation analysis, to detect
greenup and senescence times at the beginamdyend of the rainy season at a higher
resolution than before. Although greep and senescence are very important for
transhumant mobility, the detection of yearly varying times was not as beneficial as

assumed, because the difference between gneenthe dry season homes and the wet
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season destinations further north was only mardiBatt et al., 2011) Therefore, they
conclude that more spatially defined information about partitodations of vegetation
greenup or the lack of senescence would be of use. Brottem (€044)also used 1km
MODIS NDVI data to analyze the spatiotemporal variability of forage availabilfiich

is important asgreenup and senescence determine the timing of transhumance
movementsThey used NDVI data as a proxy for green forest and looked foranteral
variability, seasoal changes in the connectivity of forage patches, and key locations with
consistently early greemp or late senescence of the vegetatignottem et al., 2014 By

doing so, they found information about specific locations of quality fodder and water at
higher resolutions together with place namesognizableto local people. They also
highlight the necessitpf protecting sites with early greeip or late senescence from
competing land uséllision et al.(2021)analyzed Landsat data from 1986 to 2017 for
changes in land covand found thatangeland transformations had negative impacts on
transhumant her dsd mo Gondequénihtherangelafdstabdity e av ai |
and consent between agricultural and pastoral land users is a tippin¢Etican et al.,

2021) They further state that informed policies, land use planning, and compromises
among all stakeholders will be needed in the future. Therefore, researclotwadyn
conducted ommovementsbased on vegetation, but alsa the connections between
farmerherder conflictsand climate changéicGuirk and Nunn(2020) conducted their
research based on the assumption that droughts can disrupt the cooperative relationship
between pastoralists and farmers, where arable land is used for crop farming during the
wet season and animal grazing in the dry season. During dspuysgstoralists would
migrate to agricultural land before the dry season, which causes co(Mo®uirk &

Nunn, 2020) Thereforethey analyzed a time series from 1989 to 2018 by connecting
ethnographic information on traditional locationd pastoralists and sedentary
agriculturalists, with rainfall data and sateliiased data on the vegetation status. Their
results showed conflicts in neighboring are
affected by drought anebvealedhat conficts are concentrated in agricultural ardae

to the rainfals dmpact on plant biomass growth. This mechanism explains a sizable
proportion of conflicts in Africa(McGuirk & Nunn, 2020) Ayana et al.(2016)
demonstratehat environmental stressors are only partly predictive of conflidisy
analyzed\NDVI and rainfall time series data together with conflict locatiora d&tforts

to directly support pastoralists were als@mdein the past. The French Agricultural
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Research Centre for International Developme@tRAD) therefore developed the
Asyst me doéinformati on SIBSA inl2012 Wighstthesr al i s n
system atellite data was used to derive a set of biophysical indicators relating to
rangeland productivity, the state of the vegetation, and the extent of surface water and
burned areaélouré et al., 2012)urthermoreMertz et al.(2016)stated that improved
information on weather and natural resources as a support for transhumance would help
to reducehie level of conflicts itommunicatedogether with multiple options for herd
movements. The modelingf movement paths or movement optionsncerning
transhumances still a largely unexplored fieldAn example can be seenind Abr amo et
al. (2021) They usedGPSI ocati ons of the pastoriali stso
Argentina and connected these data with terrain indices derived from a Digital Elevation
Model (DEM), environmental parameters like vegetation status from 30m Landsat data,
and river networks. They conducted a Least Cost R&R)(analysis on cost swates

based on Ensemble Distribution ModellirfgO{M) and found a good concordance with

some ethnographic routes. The appropriate locations of the ethnographic routes though
could not be predicted. Nevertheless, they conclude that modeling can contribute to
deeper understanding of transhumance and that human mobility is not only driven by
environmental factors. Cultural and social factors (e.g., fences or paved roads) or specific
herd characteristics, like size and composition, also play § rBléd Abr amo .et al
Modelingin general, howeveagllows for the identification of critical areas for seasonal
mobility, which is the basis fomaintaining traditional practices and developing
informationbased policies to regulate sustainable environmental management strategies

( D6 Ab rta.n2621)e

Concluding this chapter, it is evident that more research needs to be done, especially in
the Sahel zone. Not only is satellite data helpful to monitor environmental conditions, but
also to determine alternate grazing locatjomsd canserve as @asis for modeling
transhumant routes. Even though exact rocéesotbe predicted, modeled routes with

the right input parameters can be helpful for policymakers to support transhumance itself

andto minimize conflicts.

5.4.3.Remote sensingases ield estimationst different scales
While remote sensing for transhumance and pastoralists is not as widespread as in the

drought context, remote sensing for agricultural purposes is already widely used. Past
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examples include numerous studies in Europgh®US for example, &olton and Friedl
(2013) did crop predictions on countgvel based MODIS datd his section though
focuses on remote sensing applications in Africa, where timely monitoring of cropland is
important to ensure food security and to make agricultural activities more sustainable
(Huang et al., 2019)Several challenges for remote sensing come into play in Africa.
Smallholder fields are often characterized by high spatial and temporal heterogeneities,
which are enhanced by intercropping &nel presence of trees within plgB2gué et al.,

2020) Unfavorable weather conditions for optical remote sensing in the rainy season
represent an additional challenge as for example a revisit time period 8fdays in
August would be needed to getl8y image composites with clear sky conditions of 70%

of agrialtural land in SSABégué et al., 2020)The paucity of growh databasealso
causes problems as ground data are critical for developing and assessing the accuracy of
remote sensingased indicators and methodegué et al., 2020)Ground data though

has some limitations as they come with lalensive surveys and are not easily
scalable. For that reason, higksolution eeth observation data is needed for crop
production estimates in heterogens smallholder farming systenfsambert et B,

2018) Despite recent advances in remote sensing and crop modeling for assessing
agricultural conditions, reliably and cheaply assessing production losses is still
challenging in complex landscapes and also points out the need for the improved
collection and accessibility of reliable groureference data on crop types and
production(Benami et al., 2021Major uncertainties in largecale crop modeling also
arise from the lack of information on the spatiotemporal variability of crop sowing dates,
which can be reduced through remote senfiRegaei et al., 2021Rezaei et al(2021)

did multiple simulations of maize yields for four provinces in SoutiicA with
previously defined scenarios of sowing dates from 2001 to 2016 and found differences of
48% of the mean yield in the lofigrm at the province level. Therefpthey conclude

that remote sensing could help to gain a better representation oigsdatesSamasse

et al. (2018)additionally state that accurate estimates of cultivated areas and crop yield
are critical tofurther the understanding of agricultural production and food security,
especiallyfor semtarid regions like the Sahel, where agriculture is mainly rainfed.
Accurate estimations of agricultural areas could also outline abandoned crdplserd.

et al.(2021)for example found that conflicts in South Sudan led teduction of 16% in

cultivated cropland and that the abandoned croplands could have supported food for
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around 25% of the population in the southern states of South Sudan. This shows that it is
also important to identify land where agricuilproduction can be practiced to support
food security. Studies on yield estimations have also been conductsztday et al.
(2019) who forecasted yields by two months with a combination of remote sensing, crop
modeling, and machine learning. They also found that more research on the spatial
variability of yields is needed to strgthen agricultural monitoring systent®etersen
(2018)used MODIS data torpdict yields at the country level in Africa based on NDVI,
EVI, andNDWI anomalies for vegetation health. The predictions were done for each of
the coun r imais @ops while finding errors of less than 2% for 20% of the predictions
and errorof less tlan 5% for 40% of the predictions. To support food securityhen
household level in rural areas though, higholution satellite data is needed. Therefore,
Lambert et al.(2018) used Sentine2 and gound data to estimate individual crop
production at farsio-community scales. Througben2Agri (Sentinei2 for Agriculture)
estimates of theAl (Leaf Area Index), they got correlations between 0.48 and 0.8 with
an uncertainty of 0.3% of the total prodioa for the main crops in MalKarst et al.
(2020) went further by producing yield predictioms the field level for smallholder
farmers. They used Sentir2ldata together with ground observationdtdld a linear
regression model based on different vegetation indices for crop yield estimations. While
only having one year of training data, they state that ypeddlictions of smallholder
fields provide crucial information for food security and headtlated issues like

malnutrition.
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6. Objectives and structure of the thesis

The climate changeelated risks on livelihoods in Africa make it evident, thegéescale
monitoring measures are needed to help local and especially rural communities in
adapting to climate change and to improve health and livelihood outlooks.

Therefore, the overarching aims of this thesis, are:

1 the development of satellHgased approachesto support livelihoods, food
security, andstudies on natural resources

1 the demonstratiorof satellitebased monitoring as precursatscision support
tools for policymakers,

1 the support of prevention measures regarding health risks, conflicts, and food
insecurity in Africa through remote sensibgsed evidenceind

1 providing an outlook on how satellite data and dative products can be used

efficiently in multipledomains

This thesis is divided into four chapters based on saémmk publications, which are
surrounded by a general introduction including theory and background that provides
detailed information on the different topieswell asa synthesis including a dis@isn

of the four studies in the context of the overarching aims of this thesis together with an
outlook over future research.

The first study (Chapter I) describes a regional transferable drought modeling framework
based on satellite data and nationaldytatistics. After being trainedm o6-dat h 6
area the modeling framework was transferred to southern Africa to provide monthly
drought monitoring measures on a regional scale.

In Chapter Il, environmental suitability maps for transhumance werdajmd through
remote sensing data, survey data, and other geospatial data sources. Theoretical optimal
movement paths of pastoralists along the highest environmental suitability scores were
additionally modeled. By combining the suitability maps and memtlelovement paths

with other data sets, for example on conflictppotentialdecision support and planning

tool is presented to support conflict prevention in the Sahel.

Chapter Il consists of an intercomparison of remote serAsusgd algorithms to datt

surface water. It provides a systematic evaluation of different existing algorithms and
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points out the pros and cons of different sensors and models for surface water detection
and monitoring.

The last study (Chapter 1V) describes a higbolution, atellitebased modeling
approach for yield estimates at the smallholder field level. By using for the firsttime a
in-situ dataset ofhree years of field measurements, this study examines if it is possible
to make the timeand cosiconsuming field measaments obsolet& herefore,models

based on one year of training data are compared to the general crop yield model based on
three years of training data.

The results of the studies suppibit conceptualization ofionitoring systems, prevention
measuresand decision support tools, that are essential to maintain livelihoods in Africa,
which face several health risks, footsecurity, and conflicts. The analyses are partly
nested in research units like thes G r e s e &limath Change and Health Sub
Saharan Africa andpartly depend orlosecooperations with institutions such dke

International Organization for Migration.

31



32



ll. Spatially transferable modeling framework for regional
drought assessment in Southern Africa (Chapter I)

ll. Spatially transferable modeling framework for regional

drought assessment in Southern AfricdChapter 1)

Schwarz, M.Landmann, T.Cornish, N, Wetzel, K-F., Siebert, S.Franke, J(2020) A
Spatially Transferable Drought Hazard and Drought Risk Moglépproach Based on
Remote Sensing Data Remote Sensing, 12(2), 237. DOI:
https://doi.org/10.3390/rs12020237

A PDF of this article is available at:
https://www.mdpi.com/207-2292/12/2/237

33



Il. Spatially tran sferable modeling framework for regional
drought assessment in Southern Africa (Chapter I)

remote sensin A
= : -

Article

A Spatially Transferable Drought Hazard and
Drought Risk Modeling Approach Based on Remote
Sensing Data

Maximilian Schwarz 1-%*(), Tobias Landmann !, Natalie Cornish !, Karl-Friedrich Wetzel 2,
Stefan Siebert 3 and Jonas Franke !

1 Remote Sensing Solutions GmbH, Dingolfinger Str. 9, 81673 Munich, Bavaria, Germany;

landmann@rssgmbh.de (T.L.); cornish@rssgmbh.de (N.C.); franke@rssgmbh.de (J.F.)

Institute of Geography, University of Augsburg, Alter Postweg 118, 86159 Augsburg, Bavaria, Germany;
karl-friedrich.wetzel@geo.uni-augsburg.de

Institute for Crop Sciences, University of Géttingen, Von-Siebold-Str. 8, 37075 Géttingen, Lower Saxony,
Germany; stefan.siebert@uni-goettingen.de

*  Correspondence: schwarz@rssgmbh.de; Tel.: +49-89-48954765

check for
Received: 30 October 2019; Accepted: 8 January 2020; Published: 9 January 2020 updates

Abstract: Drought adversely affects vegetation conditions and agricultural production and
consequently the food security and livelihood situation of the often most vulnerable communities.
In spite of recent advances in modeling drought risk and impact, coherent and explicit information
on drought hazard, vulnerability and risk is still lacking over wider areas. In this study, a spatially
explicit drought hazard, vulnerability, and risk modeling framework was investigated for agricultural
land, grassland and shrubland areas. The developed drought hazard model operates on a higher
spatial resolution than most available drought models while also being scalable to other regions.
Initially, a logistic regression model was developed to predict drought hazard for rangelands and
croplands in the USA. The drought hazard model was cross-verified for the USA using the United
States Drought Monitor (USDM). The comparison of the model with the USDM showed a good
spatiotemporal agreement, using visual interpretation. Subsequently, the explicit and accurate USA
model was transferred and calibrated for South Africa and Zimbabwe, where drought vulnerability
and drought risk were assessed in combination with drought hazard. The drought hazard model
used time series crop yields data from the Food and Agriculture Organization Corporate Statistical
Database (FAOSTAT) and biophysical predictors from satellite remote sensing (SPL, NDVI, NDII, LST,
albedo). A McFadden’s Pseudo R? value of 0.17 for the South African model indicated a good model
fit. The plausibility of the drought hazard model results in southern Africa was evaluated by using
regional climate patterns, published drought reports and a visual comparison to a global drought
risk model and food security classification data. Drought risk and vulnerability were assessed for
southern Africa and could also be spatially explicit mapped showing, for example, lower drought
vulnerability and risk over irrigated areas. The innovative aspect of the presented drought hazard
model is that it can be applied to other countries at a global scale, since it only uses globally available
data sets and therefore can be easily modified to account for country-specific characteristics. At the
same time, it can capture regional drought conditions through a higher resolution than other existing
global drought hazard models. This model addressed the gap between global drought models, that
cannot spatially and temporally explicitly capture regional drought effects, and sub-regional drought
models that may be spatially explicit but not spatially transferable. Since we used globally available
and spatially consistent data sets (both as predictors and response variables), the approach of this
study can potentially be used globally to enhance existing modelling routines, drought intervention
strategies and preparedness measures.

Remote Sens. 2020, 12, 237; doi:10.3390/rs12020237 www.mdpi.com/journal/remotesensing
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1. Introduction

Drought is a recurring, extreme, climatic event [1,2] that is generally defined as an extended period
with abnormal low rainfall relative to the statistical multi-year average. Furthermore, droughts can be
categorized into meteorological, hydrological, agricultural and socioeconomic droughts. This study
focuses on agricultural droughts that appear when rainfall deficits lead to impacts on crops that cause
yield losses [3]. According to the Intergovernmental Panel on Climate Change (IPCC), drought is set to
increase globally in both frequency and severity due to climate change [4]. Drought frequency and
severity increased notably in the previous decades [5], while drought risk is amplified by numerous
factors such as population growth, environmental degradation, industrial development and fragmented
governance in water and resource management [6]. Monitoring drought hazard and impact is highly
critical due to the widespread effects of drought on various sectors of the agro-ecological system [7],
the potential for enormous damage to the economy, society, and the environment [8-11]. For humans,
agriculture is the most vulnerable sector impacted by drought [12].

Spatially explicit drought monitoring can ensure drought preparedness and help to provide
preventive measures in particular vulnerable areas. Remote sensing has the ability to measure
biophysical vegetation properties over larger areas, making it an effective way to assess the impact
of drought on terrestrial ecosystems [13]. For more than 30 years, remote sensing technology allows
to cover a large spatial footprint with near-continuous data availability [14], and benefits analyses of
agricultural droughts [15]. In previous studies, multiple earth observation approaches for agricultural
droughts have been developed. For example, a high-resolution soil moisture index (HDMSI) was
correlated with rainfall data and crop yields over the Korean peninsula and showed good results
for monitoring meteorological and agricultural droughts [16]. A Drought Severity Index (DSI) was
computed for China to analyze drought trends and correlations with crop yields in the past, which
allows monitoring agricultural droughts in space and time [17]. Bayissa et al. [18] created a combined
Drought Indicator for Ethiopia (CDI-E) and correlated it with rainfall and crop yield data. The CDI-E
showed good correlation results with the rainfall data, but the correlation with crop yield data showed
to be highly area-dependent. Zhang et al. [19] analyzed droughts from multiple perspectives from 1981
to 2013 in India and established a relationship between droughts and crop yield anomalies. While this
is a comprehensive multi-perspective approach, the analysis was conducted for a determined period
of time and to our knowledge, has not been developed for near-real time monitoring. Furthermore,
only wheat was used as a crop type for crop type anomalies, while we focus on total country yield that
inherently accounts for multiple crop type. Sur et al. [20] developed the agricultural dry condition
index (ADCI) based on MODIS satellite data in South Korea by combining weighted indices on soil
moisture, vegetation health and land surface temperature. The results showed a good correlation with
crop yield data from potatoes and soybeans, which showed that the ADCI is capable of monitoring
droughts in East Asia. Qu et al. [21] also used MODIS satellite data to derive indicators on vegetation
health over the Horn of Africa (HOA) and monitored extreme droughts by analyzing trends of rainfall
and vegetation health data. Additionally, the Vegetation Health Index (VHI) showed a high correlation
with rainfall data over the 2015-2016 drought, but was not compared to agricultural yield data. Other
research analyzed drought hazard by using remote sensing derived indicators on vegetation health
(NDVI, NDII) [22], rainfall anomalies (SPI), LST [23,24] and albedo [2,25]. We followed these research
approaches, but additionally combined these explicit (pixel-based) drought occurrence measures with
globally available yields and socioeconomic data to better capture drought hazard, vulnerability and
risk. Moreover, these previous studies have either not been tested in other geographic areas or did not
show a robust correlation with crop yields over the whole study area, which limits a wider application
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of these approaches. In contrast to these regional analyses, some global drought models are available
at lower spatial resolution which are often lacking precise regional information like for example the
Global Drought Observatory [26] or Climate Engine data [27].

Producing spatially explicit information on drought hazard, vulnerability and risk has thus
multiple challenges. Whereas global models do not allow for characterization of regional drought
events due to low spatial resolution, regional models are often not transferable to other countries
or regions.

In the present study, a satellite-based drought hazard model for agricultural and rangeland
at a spatial resolution of 0.01° using independent socioeconomic time series data as reference data
was developed. Additionally, a simplified drought risk indicator was calculated through combining
drought hazard and vulnerability. Pertaining to drought hazard modeling, this study exploits the
unprecedented potential of a longer observation period to statistically identify individual or several
drought years for robust model parametrization and model drought hazard, given the availability of
nearly 18 years of biophysical time-series from MODIS currently (2001-2019). We aimed to produce
a drought modeling framework reflecting regional conditions while also potentially being globally
transferable since the model only bases on globally available data for parametrization and modeling.
With this model we addressed the gap between global models, that work with a low spatial resolution
and cannot capture regional droughts, and local and regional drought models that either do not use
globally available consistent data or have not been tested in other geographical regions. Our drought
model works on a moderate spatial resolution that can capture regional droughts and is potentially
spatial transferable due to the use of globally available data (i.e., the FAO crop stats yields data).
In order to test the transferability of the hazard modeling framework, it was applied in three countries
and cross-evaluated with other reference data such as the United States Drought Monitor (USDM) in
the USA, a global drought model, food security classification data as well as published drought reports.

2. Materials and Methods

The overall approach entailed to first develop the drought hazard model for the Missouri Basin in
the USA using a statistical logistic regression model based on time series data of remote sensing-based
predictors. The results were then evaluated through a comparison with the USDM. Subsequently,
the model was transferred and applied to Zimbabwe and South Africa where the model results were
verified with reports in newspapers and regional climate patterns. The developed model for southern
Africa was additionally compared to the Global Drought Observatory (GDO) and to food security
classification data from the Famine Early Warning Systems Network (FEWS NET) and subsequently
discussed. This will show how our model benefits compared to global drought models and why it is
spatially transferable. Lastly, drought vulnerability was assessed for South Africa and Zimbabwe based
on data on population and livestock density, the gross domestic product (GDP) and farming systems
(rain fed or irrigated). Drought hazard and drought vulnerability were then combined to determine
drought risk for Zimbabwe and South Africa, respectively (more in Section 2.3). In creating a spatial
modelling framework that uses socio-ecological data relevant to risk and vulnerability (i.e., yields)
as well as spatially explicit yet wide-areas’ remote sensing predictors, drought effects and impacts of
droughts can be explicitly and feasible predicted.

2.1. Study Area

The study areas encompassed cropland and rangeland areas within dry and mild temperate
agro-meteorological biomes in the United States of America (USA), South Africa and Zimbabwe [28].
The American site was limited to the Missouri Basin, an area with widespread cropland and rangeland.
In comparison to other agricultural areas in the USA such as the ‘Corn Belt’, the Missouri Basin is
a less examined area regarding droughts. The Missouri Basin was also chosen as being a data-rich
study site with an established drought monitoring system (the U.S. Drought Monitor), which ensured
that the model could be developed and evaluated with good quality reference data. South Africa
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represents a country with widespread, diverse agriculture (commercial and subsistence) and data
availability on vulnerability at scales finer than administrative boundaries. Zimbabwe, on the other
hand, can be considered a data-poor country with only limited data available on administrative scales
and widespread small scale and subsistence farming.

2.2. Geo-Data

Existing land use data for the USA and southern Africa (National Land Cover Database (NLDC)
for the USA, Climate Change Initiative Landcover—S2 prototype land cover of Africa (CCI)) was
aggregated to mask out irrelevant land use and land cover classes (Table 1). Only agricultural
land, grass- and bushland were considered in the analysis. To identify historical drought years
and non-drought years, crop yield data from the Food and Agriculture Organization of the United
Nations [29] was used. Within the three study areas, the FAO yield data for the crop types maize, green
maize, soybeans, wheat, and sorghum was analyzed. Subsequently, MODIS and CHIRPS (Climate
Hazards Group InfraRed Precipitation with Station data) data were used to produce predictors for
the logistic regression modelling drought probabilities. In order to assess drought vulnerability and
drought risk as a combination of drought probability and vulnerability, gridded data for population
density (product: Gridded Population of the World v4 (GPWv4)), the gross domestic product (GDP)
(product: GDP_PPP_30arcsec_v2), farming systems (irrigated or non-irrigated) and livestock density
was furthermore used as predictors for both the drought risk and drought vulnerability. Each of these
products was resampled to a harmonized spatial resolution of 0.01° before including it in the analysis.
The loss of information through resampling is considered neglectable, since drought is a regional or
larger-scale phenomenon and drought information is needed for the whole region but not for single
agricultural fields.

Table 1. Summary of the data used in this study.

Data Product Spatial Resolution Period Spatial Coverage Data Source

Land use classification

Land use NLCD 30m 2011 USA [30]
Land use CCI 20m 2016 Africa [31]
Definition of drought periods
Crop yield FAOSTAT National statistics ~ 2001-2016 Global [29]
Predictors for logistic regression model
Precipitation CHIRPS 0.05° 1981-2018 50°5-50°N [32]
Surface reflectance MOD09A1 500 m 2000-today Global [33]
LST MOD11A2 1km 2000-today Global [34]
Albedo MOD43A3 500 m 2000-today Global [35]
Data for drought vulnerability and drought risk analysis
Population density GPWv4 30 arc-sec 2015 Global [36]
Gross domestic product ~ GDP_PPP_30arcsec_v2 30 arc-sec 2015 Global [37]
Farming systems Farming Systems 30m 2017 Zimbabwe [38]
Livestock density - ~0.08° 2010 Global [39]

2.3. Methodology

The input data for the drought hazard analysis (bold box), including land use data, SPI,
and MODIS-derived index anomalies, were processed to obtain standardized anomalies as input
variables for the logistic regression model (Figure 1). Subsequently, the drought and non-drought
years were extracted and used as training data for the hazard model. During the model optimization
autocorrelation and multicollinearity was tested as well as the relevance of each individual predictor
variable. Relationships between the predictor variables and their importance for the model outcome
can change regionally and therefore have to be assessed. After model optimization, the input predictors
for the modeling were determined and pixel-level drought hazard probabilities were predicted.
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The drought hazard analysis was first carried out in the Missouri Basin. After being evaluated by a
comparison with the USDM, the model was transferred to southern Africa. Subsequently, a drought
vulnerability index was generated by combining relevant indicators, which was then used together
with the drought probability to assess drought risk (dashed box) in southern Africa. The individual
steps are described in detail below.

Drought Hazard Analysis

| Land use classification | | Precipitation data | | MODIS - data l

. Calculation of alculation of the
Aggregation the SPI index anomalies
______________________________

____________________________ L il ~u
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Figure 1. Workflow of the drought hazard, vulnerability and risk analysis.
2.3.1. Drought Hazard Analysis
(1) Processing and Calculation of the Model Predictors

The precipitation data was used to produce the Standardized Precipitation Index (SPI), with the
methodology from Mckee et al. [40]. The study at hand used the three-monthly SPI. For each month,
rainfall data from the present month and the two previous months was accumulated from 1981 to 2017
before the SPI was calculated.

The MODIS data was processed differently for each product. The 8-day composites of the
MODO09A1 product were corrected with the quality state flags to remove cloudy pixels. Subsequently,
the Normalized Difference Vegetation Index (NDVI) [41] and the Normalized Difference Infrared Index
(NDII) [22] were produced from the cloud masked MODIS bands between 2001 and 2017 at its original
spatial resolution of 500 m. The indices were processed by calculating their monthly maxima and
thus further reducing cloud influence [42]. The 8-day composites of the MOD11A2 product, on the
other hand, were not corrected for clouds since the land surface temperature (LST) was only produced
for cloud-free pixels [43]. Monthly maxima were also calculated for the LST. The 16-day composite
MOD43A3 albedo product was selected on the 15th of each month and was assumed to be the monthly
mean. From the MODIS albedo product, the mean of all three albedo bands (visual, near infrared,
short wave infrared) was calculated and used as an input variable in this study.

In addition, index anomalies were produced to develop a normalized and spatially invariant
measure that reduces the influence of spatially varying vegetation and land cover types. This was done
for all MODIS-based indices used as model predictors (NDVI, NDII, LST, mean albedo). The anomalies
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