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Zusammenfassung

Aufgabenstellung

Ziel des Gesamtvorhabens GlobeDrought war die stakeholder-unterstutzte
Entwicklung eines Informationssystems zur umfassenden Charakterisierung von
Durreereignissen und ihrer Auswirkungen auf Wasserressourcen, die Produktivitat
im Pflanzenbau, den Handel mit Nahrungsmitteln, die Ernahrungssicherheit und den
Bedarf an internationaler Nahrungsmittelhilfe. Analysen sollten auf globaler Skala
sowie, mit hoherem Detail, fur besonders von Durren betroffene Regionen
durchgefuhrt werden und dabei sowohl das historische Durrerisiko umfassen, als
auch den aktuellen Durrezustand. In Zusammenarbeit mit dem GRoW-Projekt
SaWaM sollte zudem die Eignung von 7-monatigen, globalen, bias-korrigierten
ECMWEF-Wettervorhersagen flr die Durreprojektion getestet werden.

Voraussetzungen unter denen das Projekt durchgefiuhrt wurde

Der Stand der Forschung =zu Beginn des Vorhabens war dass
Durreinformationssysteme entweder Fernerkundungsinformationen und
Niederschlagsdaten basierten wahrend Pflanzenwachstumsmodellierung und
hydrologische Modellierung selten zum Einsatz kamen. Ansatze aus der
Fernerkundung haben dabei den Vorteil einer hohen raumlichen Auflésung aber den
Nachteil von nur relativ kurzen verfligbaren Zeitreihen. Modelle zur Berechnung von
Indikatoren fir hydrologische oder agronomische Durren koénnen lange Zeitraume
abdecken und sehr detailliert sogar Kulturarten unterscheiden, verfligen aber
ublicherweise Uber eine geringe raumliche Auflosung. In den meisten Fallen
beschrankten sich verfugbare Ddurreinformationssysteme auf Durregefahren,
wahrend eine Integration von Informationen zu Exposition und Verwundbarkeiten
zum Darrerisiko selten durchgefuhrt wurde.

Ablauf des Vorhabens

Zu Beginn des Projektes wurde in Zusammenarbeit mit allen Partnern und unter
Beteiligung der Stakeholder zunachst die Projektregionen ausgewahlt und ein
Konzept zur Abbildung von Durregefahren, Durreexposition, Verwundbarkeit sowie
der Integration zum Ddurrerisiko einschliellich der dafur notigen Indikatoren
entwickelt sowie Bestandteile des zu entwickelnden Durreinformationssystems
definiert. Grundlage bildete eine umfangreiche Literaturstudie zum gegenwartigen
Stand des Wissens in der Durrerisikoanalyse. Auf einem Projektworkshop wurden im
Co-Designprozess mit den regionalen Partnern die zu untersuchenden Sektoren
(Bewasserungs- und Regenfeldbau, Wasserversorhgung) definiert. Durregefahren
wurden analysiert, in dem prozessbasierte Modelle (WGHM, GCWM, Simplace) mit
Fernerkundungsinformationen kombiniert wurden. So konnten Speicheranderungen
im  globalen hydrologischen Modell WGHM durch Assimilation von
Speicheranderungen aus GRACE-Schwerefelddaten angepasst werden. Daten
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optischer Fernerkundungssensoren zur Vegetationsaktivitdt und Evapotranspiration
wurden genutzt um Aussat und Erntetermine in Pflanzenwachstumsmodellen
anzupassen, Bewasserungs- und Regenfeldbau zu unterscheiden und modellierte
Evapotranspiration zu validieren. Informationen zu geeigneten Indikatoren zur
Verwundbarkeiten der untersuchten Sektoren sowie zur Gewichtung der Indikatoren
wurden durch Auswertung systematischer Expertenbefragungen gewonnen.
Informationen zu Durregefahren, Exposition und Verwundbarkeit wurden schliesslich
zum Ddrrerisiko integriert. Solche integrierten Durreriskoanalysen wurden mit
globaler Abdeckung sowie fur die Projektregionen Simbabwe und Sudafrika
publiziert. Einzelne regionale Studien deckten auch das Missouri-Einzugsgebiet in
den USA sowie Teile Indiens ab. Die wesentlichen Ergebnisse des Projektes werden
im GlobeDrought — Durreinformationssystem dargestellt. Schliesslich wurde in
Zusammenarbeit mit dem GRoW-Projekt SaWaM (Prof. Kunstmann, KIT, Campus
Alpin) eine Prozesskette zur Generierung saisonaler Durrevorhersagen entwickelt
und am Beispiel des Jahres 2018 getestet und demonstriert.

Ergebnisse und Zusammenarbeit mit anderen Forschungseinrichtungen

Es wurde gezeigt dass Durregefahren raumlich und zeitlich stark variieren, weshalb
die Abbildung in hoher raumzeitlicher Auflosung notig ist. Auf Grund von grof3en
Unterschieden in der Verwundbarkeit der Systeme konnen ahnliche Durregefahren
zu stark unterschiedlichem Ddurrerisiko fihren. Somit spielt die Verringerung der
Verwundbarkeit eine entscheidende Rolle beim Dirremanagement mit dem Ziel der
Beschrankung der Dlrrewirkungen. Es wurde gezeigt dass die entwickelten Modelle
und Indikatoren generell die in Datenbanken berichteten Dulrrewirkungen auf die
Produktion landwirtschaftlicher Guter sowie die Wasserversorgung sehr gut abbilden
konnen. Fur den Zeitraum mit Datenverfugbarkeit konnte auch eine hohe Konsistenz
von Modellergebnissen mit Daten der Fernerkundung sowohl regional als auch
global belegt werden. Die Ergebnisse der experimentellen, 7-monatigen
Durrevorhersage zeigten deutliche Unterschiede in der Qualitat der Vorhersagen fur
das Jahr 2018 mit Uberwiegend guten Prognosen fur die Sudhalbkugel sowie
Sudeuropa. Demgegenuber wurde die starke Durre in Mittel- und Osteuropa nicht
gut vorhergesagt.

Die Projektgruppen betrieben wahrend der Lauzeit des Projektes eine intensive
Zusammenarbeit untereinander sowie mit potentiellen Nutzern der globalen oder
regionalen Produkte. Dies ist auch durch zahlreiche gemeinsame Publikationen
dokumentiert. Neben vier gro3en Projektworkshops wurden auch kleinere Treffen
mit den Nutzern der regionalen oder globalen Produkte und Daten organisiert.
Inhaltliche Erkenntnisse sowie methodische Grundlagen wurden auch durch 12
Webinare und Online-Kurse unter Mitwirkung aller Projektpartner an eine breite
Offentlichkeit kommuniziert. Die Projektgruppen beteiligten sich intensiv an
Querschnittsaktivitaten im GRoW-Verbund und prasentierten Konzepte und
Ergebnisse auf den gemeinsamen Tagungen und Workshops.
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Abstract

The project performed a spatial analysis of drought risks by integrating the
components drought hazard, exposure and vulnerability for irrigated and rainfed
agricultural systems and the water supply sector. The results of a global analysis and
more detailed regional assessments for South Africa and Zimbabwe have been
made available to the public in a drought information system.

Indicators for meteorological, hydrological and agronomic drought hazards were
obtained at high spatial resolution by combining satellite remote sensing,
precipitation data analysis and hydrological and crop modeling. Methods were
developed to assimilate remote sensing data obtained by the Gravity Recovery and
Climate Experiment (GRACE) into the global hydrological model WaterGAP and to
combine remote sensing and crop model based drought hazard and drought impact
assessments. The exposure of irrigated and rainfed crops was explicitely
considered. To analyze drivers, spatial patterns and temporal dynamics of drought
vulnerability, expert surveys were performed systematically resulting in vulnerability
indicators and their weights for the sectors considered in the project.

The results of the drought risk analysis were validated by comparing computed
drought hazard and exposure to drought impacts such as yield losses, economic
losses or the number of affected people reported in global and regional data bases.
In addition, two validation workshops were organized with participation of global and
regional stakeholders.

The information and data sets developed by the project groups have already been
used by external scientists, for example by the Global Drought Observatory of the
Joint Research Centre of the Uropean Commission to inform policy makers and
citizens across Europe about current drought risk. To facilitate knowledge
dissemination and reuse of our products, several scientific articles were published
together with regional and global end users of our products. 12 online courses
consisting of webinars and electronic lectures were developed and integrated into
the GlobeDrought Learning Platform. These courses describe drought impacts and
introduce into drought risk analysis. By the end of the project, more than 600 people
had signed up to the platform.

GlobeDrought researchers contributed to cross-cutting activities bringing together
the scientists of the 12 research projects funded by the measure Global Resource
Water (GRoW) targeting on the improvement of the water footprint concept,
providing recommendations on how to achieve the Sustainable Development Goals
(SDGs) and on policy advice to improve water resource management. A concept for
a global drought forecasting system based on bias-corrected seasonal ensemble
weather forecasts was developed and presented at the GRoW final workshop
together with researchers from the GRoW SaWaM-project.
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Introduction

Droughts exceed all other natural hazards in terms of the number of people affected
(FAO, 2018). It has been estimated that since 1900 more than 11 million people
have died as a consequence of drought and more than 2 billion have been affected
by drought (FAO, 2013).

Drought generally refers to a lack of water compared to normal conditions (Van Loon
et al., 2016) and this lack can be detected as decline of the water volume in storage
components (soil, aquifers, rivers, lakes, reservoirs) or as decline in the fluxes
between storages (rainfall, evapotranspiration, runoff, river discharge). Depending on
the total storage capacity and the dynamics of fluxes in- and out of the storages,
drought dynamics can be very different with relatively fast responses in soil and
atmosphere and relatively slow changes in aquifers. Therefore, analysis of drought
has to consider distinct time scales, that are relevant for the processes and
components considered. Drought analysis also needs to be spatially explicit because
major water fluxes such as rainfall and evapotranspiration are very heterogeneously
so that, at larger extent, regions with drought coincide with wet conditions elsewhere.
To describe the present drought status it is therefore needed to monitor the changes
in the hydrological cycle for long time periods with time steps reflecting the dynamics
of the processes and storages studied and with a spatial resolution reflecting their
heterogeneity.

Because of the diversity in storages and fluxes potentially affected by drought, major
direct and indirect impacts on human and natural systems and their properties,
including terrestrial and freshwater ecosystems, agricultural systems, public health,
water supply, water quality, food security, energy, or economy have been reported.
Drought impacts can hardly be generalized across sectors and affected systems
because distinct storages and fluxes are considered relevant. While soil moisture is
in particular rlevent for agriculture and terrestrial ecosystems, reservoir storage and
river temperature is more relevant for energy production while drinking water supply
is mainly affected by groundwater levels and reservoir storage.

Agriculture (crops, livestock, fisheries, aquaculture, and forestry) absorbed 23
percent of all damage and loss caused by medium- to large-scale natural disasters in
period 2006-2016. Drought affects the agriculture sector disproportionately, 83
percent of all damage and loss caused by drought was absorbed by agriculture
(FAO, 2018). Consequently, studying drought impacts on agricultural systems can
be considered extremely relevant.

Drought events and associated hazard are characterized in terms of their frequency,
severity, duration, and extent (Zargar et al., 2011). However, drought impacts
depend not only on the severity and duration of the hazard but also on the coping
and adaptive capacity of the system or sector affected. For example, a local soil
moisture drought may have considerable impact on the food supply of subsistence
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farmers in developing countries while it will hardly affect food availability of people
living in developed countries characterized by integration into domestic and
international trade and efficient transport and storage infrastructure. Today it is
widely acknowledged that drought risk, i.e. the likelihood of adverse impacts or
consequences, is not driven only by drought hazard but results from the interaction
of hazard, exposure, and vulnerability (IPCC 2012, 2014).

The complexity of processes affected by drought and the differences in their spatial
and temporal characteristics resulted in a large number of different methods and
approaches to monitor the drought status and to analyse drought risks. Networks of
sensors performing direct measurments of relevant water fluxes or storages such as
soil moisture sensors, automated weather stations, eddy covariance flux towers or
river gauges are mainly used for monitoring. Indirect measurements performed by
remote sensing inform about vegetation and land surface properties, moisture
content of the topsoil, water levels in reservoirs and major rivers or changes in the
earth gravity field. This information is used for drought monitoring but also to detect
drought impacts. Process based hydrological or crop models can be applied for long
time periods and also for scenario based projection and are mainly used to quantify
drought hazard and to integrate specific changes in water storages and water fluxes
to describe the response of complex systems such as river networks or crop
production systems. Information from sensing and modeling is then transformed to
indicators describing the drought status of a system at a specific time and location
compared to the status expected based on long-term time series of the measured or
modeled data. Numerous drought information systems have been developed for
specific sectors and regions informing inhabitants, politicians and decision makers.
Most of the present information systems are designed to inform a specific sector, are
either based on sensing or on modeling and miss integration of drought vulnerability
information. Therefore, they mainly inform about drought hazards or indicate drought
risk for specific regions where it can be assumed that vulnerability is homogenous
and does not change much in time.

Objectives of the project GlobeDrought, funded by the German Ministry of Education
and Research under the funding measure Water as a Global Resource (GRoW)
were (i) to perform a spatial analysis of drought risks by integrating the components
drought hazard, exposure and vulnerability for irrigated and rainfed agricultural
systems and the water supply sector at global scale and for specific, heavily affected
regions, (ii) to analyze drought impacts and (iii) to develop a drought information
system providing access to the information created in the project and supporting
thereby drought risk management.

The GlobeDrought project was coordinated by the Division Agronomy at the
Department _of Crop Sciences, University of Géttingen (UG). UG was also
responsible for the hazard analysis of rainfed and irrigated agricultural systems using
regional and global crop water models.
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The Astronomical, Physical and Mathematical Geodesy Group at the Institute of
Geodesy and Geoinformation, University of Bonn (UB-IGG) processed GRACE
satellite data to derive total water storage changes at global scale and developed
methods to assimilate these data into the global hydrological model WaterGAP to
analyze hydrological droughts. UB-IGG also developed drought indicators directly
based on total water storage change and performed analyses of meteorological
drought using indicators such as SPI.

The Center for Remote Sensing of Land Surfaces at the University of Bonn (UB-ZFL)
contributed to the project by using optical remote sensing to derive drought impacts
on the vegetation, in particular agricultural crops. UB-ZFL performed analyses at
global scale and for the regions South Africa and Zimbabwe. In addition, methods
were tested to link remote sensing based drought indicators to process based crop
models and to improve essential input data uased by the model, such as sowing
dates of agricultural crops.

The Hydrology Group at the Institute of Physical Geography, University of Frankfurt
am_ Main (UF) developed methods to analyze hydrological drought based on
simulation results of the global hydrological model WaterGAP. The indicators and
data developed at UF were in particular relevant to study drought hazard for water
supply and irrigated agricultural systems. UF contributed to global scale
assessments and to regional assessments for South Africa. In addition, methods
were developed to couple the hydrological model WaterGAP with the crop model
SIMPLACE and to use total water storage changes from GRACE for improving
streamflow simulation results of WaterGAP.

The Institute for Environmental and Human Security at the University of the United
Nations (UNU-EHS) developed methods to analyze the vulnerability of the sectors
studied to drought and performed the integration of indicators for hazard, exposure
and vulnerability to analyze drought risk. UNU-EHS performed studies at global and
regional level and supported the coordination of the project by organizing the project
and stakeholder workshops. In addition, UNU-EHS developed and maintained the
project website and developed the electronic courses in collaboration with all project
partners.

Remote Sensing Solutions GmbH (RSS) developed the GlobeDrought information
system providing access to the data developed in the project. RSS developed
methods to distinguish irrigated and rainfed agricultural systems based on remote
sensing imagery and applied these methods for Zimbabwe and South Africa to
support the regional drought risk assessments performed in the project. In addition,
RSS performed a drought risk assessment using high resolution remote sensing
data for the project regions.

Deutsche Welthungerhilfe e.V. (WHH) contributed considerably to the stakeholder
involvement and evaluated the GlobeDrought products and results from the
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perspective of a potential user. WHH considerably contributed to the regional case
studies, in particular to the drought risk analyses for Zimbabwe and acted as the link
to other NGOs involved in humanitarian aid such as the Start network.
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1 Development of tools and methods for drought risk analysis

1.1 Defining the system to be studied

Numerous meteorological, hydrological, and agricultural drought indicators have
been introduced to assess the physical characteristics of drought impacts or operate
a drought early warning system throughout the years. Over 150 different drought
indices convey the variety of definition, perception, spatial extension and application
of drought indicators (Niemeyer, 2008; Rojas, 2018; Sanchez et al., 2018; Tian et al.,
2018; Zhao et al., 2017). However, most of these indicators are spatially limited to
regional or national extents; very few apply to the global scale while mainly address
meteorological or hydrological drought. In this research, our definition of drought is a
temporary recurrent climatic feature of abnormal dry weather, long enough to cause
a significant impact on the sector to be studied. Drought should be appropriately
differentiated from aridity, which refers to long-term moisture deficiency and dryness
when the water demand is continuously larger than water supply (Scheff, 2019;
Sohoulande Djebou, 2017; Vicente-Serrano et al., 2010).

Recent severe droughts in southeastern Brazil (2014-2017), California (2011-2017),
the Caribbean (2013-2016), northern China (2010-2011), Europe (2011, 2015,
2018), India (2016, 2019), the Horn of Africa (2011-2012), South Africa (2015-2016,
2018) and Vietnam (2016) have clearly shown that the risk of negative impacts
associated with droughts is not only linked to the severity, frequency and duration of
drought events but also to the degree of exposure, susceptibility and lack of coping
capacity of a given socioecological system (SES). To improve the monitoring,
assessment, understanding and ultimately proactive management of drought risk
effectively, we need to acknowledge that the root causes, patterns and dynamics of
exposure and vulnerability need to be considered alongside climate variability in an
integrated manner (Meza et al., 2020).

To comprehend and define the effect of drought events on the agricultural sector
and, in a broader vision, the food security of nations and potential needs for
international food aid, we developed, for the first time, an integrated drought risk
assessment approach. Our integrated drought risk assessment approach brings
together data from different sources, for different sectors or impacts and disciplines.
This information is systematically structured into the components hazard, exposure
and vulnerability and then integrated to analyse drought risk (Figure 1). The spatio-
temporal variability in drought risk at global and regional extent helps us to identify
leverage points for reducing impacts and properly anticipate, adapt and move
towards resilient agricultural and water supply systems. Drought risk is defined as
the propability or likelihood for a specific drought impact. Hazard is a deviation of the
situation in a specific year or month
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Vulnerability

Drought

Hazard alé

Exposure

DROUGHT RISK INDEX = HAZARDXEXPOSURExVULNERABILITY

Figure 1. An integrated assessment of drought risk

from the long-term mean. Exposure refers to the elements located in areas that
could be adversely affected by drought hazard. Vulnerability refers to the
predisposition to be adversely affected due to the sensitivity or susceptibility of a
system and its elements to harm, coupled with a lack of coping and adaptive
capacity. The overall workflow of the drought risk assessment, integrating hazard,
exposure and vulnerability to risk is described in detail in section 1.8.

1.2 Defining drought impacts to be studied

Before drought indicators for hazard, exposure and vulnerability can be selected, it is
required to define the drought impacts or sectors that will be studied. The selection
of drought impacts to be studied in GlobeDrought was performed at the 1St
stakeholder workshop (May 03-04, 2018 at UNU in Bonn) as an element of the co-
design process. Based on the priority ranking conducted by the participants from the
regional case study areas NE Brazil, W India, Missouri basin, South Africa and
Zimbabwe (Figure 2), drought impacts on agricultural systems and water supply
were considered most relevant and selected for further study in GlobeDrought.
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Regional Drought Impact Importance
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Figure 2. Participants of the 1st GlobeDrought stakeholder workshop (top) and
ranking of drought impacts performed by the participants for selected potential case
study regions (buttom)

1.3 Linking of hydrological and crop models

The global hydrological model WaterGAP (Mduller Schmied et al., 2021) and the crop
models GCWM (Siebert and Ddll, 2010) and Simplace (Eyshi Rezaei et al., 2021)
were applied in GlobeDrought to study the impact of drought on the water supply
sector and on agricultural systems including food supply. Drought risk on water
supply is usually investigated by monitoring changes in water storages such as
reservoirs or aquifers determining the water availability. Hydrological models such as
WaterGAP are designed to quantify these water storages and their changes.
Drought impacts on agricultural systems are mainly induced by constraints in crop
water supply resulting in reduced crop productivity. The underlying physiological
relationship is the linear response of biomass production to crop transpiration. The
models GCWM and Simplace are perfect tools to assess the relationship between
actual evapotranspiration (AET) of specific crops and their potential
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evapotranspiration (PET) and thus between crop water use and crop water
requirement. Consequently they reproduce the basic response of crops to drought
and using this relationship for assessing drought hazard is advancing previous
research which was mainly based on indirect indicators such as anomalies in
precipitation or soil moisture. For some drought impacts it is also useful to link
hdrological and crop models. In irrigated agriculture, for example, farmers can
ensure crop water supply independently of precipitation as long as enough irrigation
water is available. Consequently, it is needed to combine the modeling of water
availability (hydrological models) with the modeling of crop water requirements (crop
models) to investigate drought impacts on irrigated crop production. In
GlobeDrought, two different approaches were tested for this purpose. A direct
coupling of WaterGAP with SIMPLACE was tested in a regional assessment
considering one specific crop (maize). In this approach, described in section 1.3.1,
there is a direct exchange of information between the two models throughout the
simulations. Alternatively, a soft link between WaterGAP and GCWM was tested by
using the output of the models generated by independent simulations for calculation
drought hazard (section 1.3.2).

1.3.1 Concept of coupling WaterGAP and SIMPLACE

The impact of meteorological drought on crop production can be alleviated by
irrigation but only if sufficient water is available from either groundwater or surface
water bodies. Thus, a crop model is required to simulate crop water requirement as a
function of crop, soil, climate and water application by irrigation, while a hydrological
model is required to simulated water availability from streamflow and groundwater.
To take into account limited water supply for irrigation, which can be expected to be
particularly limited during drought events, it is necessary to couple a crop model to a
hydrological model that also simulated runoff from non-cropland as well as
groundwater storage and streamflow as affected by non-irrigation water use.
Examples of coupling crop growth and hydrologic models include Bithell and
Brasington (2009) and Boegh et al. (2004).

The objective of coupling the crop yield model SIMPLACE and the global
hydrological model WaterGAP was 1) to improve the computation of hydrological
drought hazard indicators and 2) to provide water availability data for irrigation to
SIMPLACE such that in SIMPLACE the impact of the availability of blue water on
yield decreases of irrigated crops could be taken into account. In an uncoupled run,
SIMPLACE is presumed to underestimate the impacts of drought on crop yield for
irrigated crops and WaterGAP would have some differences in the values of
available streamflow for irrigation when compared to observed data.

For a coupled approach, vegetation land cover of croplands is identified in
WaterGAP’s 0.5° grid cells via up-scaled spatial resolution input from SIMPLACE.
The temporal resolution of both models is kept at daily scale, and model outputs are
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exchanged with a daily time step. This exchange and adaptation of each parameter
value, in each model, comes with its own complexities and inconsistencies. In
SIMPLACE, return flows from irrigation are taken into account in the soil water
balance, while in WaterGAP, return flows are included in net abstractions from
surface water and groundwater. Hence, the respective equations in WaterGAP to
compute runoff, streamflow into downstream cells and net abstractions from surface
water and groundwater need to be adapted. Moreover, daily streamflow in
WaterGAP is not only impacted by water demand for irrigation, but for all water use
sectors (domestic, livestock, manufacturing and thermal power). The following data
exchange is required between the models:

1) Data provided by SIMPLACE to WaterGAP:
e Actual evapotranspiration (reduced by the fraction resulting from return flows
into soil)
e Total runoff from cropland
e Soil moisture
e Water withdrawals and water consumption for irrigation from surface water
and groundwater

2) Data provided by WaterGAP to SIMPLACE:
e Available streamflow (adjusted by the amount of water allocated to non-
irrigation water use sectors)

Data exchange between the models can be achieved through the concept of in-
memory “‘common coupling”. Common coupling is a coordinated type of pairing,
where both the models are coupled through a common global variance, which
facilitates automatic or semi-automatic exchange of data (Yu and Ramaswamy
2011). “Protocol Buffer” (https://developers.google.com/protocol-buffers/) s
proposed to be used as the common global variance for common coupling between
WaterGAP and SIMPLACE. It is an open-sourced, language neutral, platform neutral
automated mechanism for serializing structured data provided by Google. The flow
of data exchange between WaterGAP and SIMPLACE is illustrated in Figure 3. The
proposition is to dock both models on to one server, facilitating -efficient
communication between them and controlling initiations through a shell script. To
ensure that both models exchange data only at the required time step, a concept of
ReadWriteLock locking mechanism needs to be introduced in the same code.

There is one pivotal difference between SIMPLACE and WaterGAP that poses a
challenge for the coupling: While WaterGAP computes, for each time step, the water
balance of all grid cells according to a routing order defined by the drainage direction
map, SIMPLACE computes the water balance for the whole time series grid cell by
grid cell. During implementation of the described coupling approach, it became
evident that restructuring SIMPLACE according to the computation sequence of
WaterGAP results in unreasonably high computational time. Hence, there is currently
no feasible technical solution for the coupling of these two models.
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Figure 3. Flow chart of data exchange between WaterGAP and SIMPLACE

1.3.2 Combining WaterGAP and GCWM to calculate drought hazard for
irrigated agriculture

Similar to the simulations at regional scale described before, it was also needed to
combine information for stream flow (derived from WaterGAP) and irrigation water
requirement (derived from GCWM) for the simulation of drought hazard for irrigated
agriculture (see section 1.5.2). Stream flow is used as an indicator of water
availability for irrigation. Drought hazard for irrigated agriculture was analyzed by
studying anomalies in the difference between water availability and water
requirement.
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1.4 Linking process based modeling with remote sensing

Objective of GlobeDrought is to analyse drought risk for historical periods, present
drought risk and to provide ensemble-based forecast of potential risk. In addition the
drought assessments were performed at global scale and for selected regions. The
combination of these goals requires to compute drought hazard at high spatial
resolution (regional studies), global extent (global assessment), for a long period
stretching from at least 30 years ago (to define the historical distribution of drought
indicators needed for the baseline) to 8 month in the future (for seasonal forecasts).
The characteristics of available models and data shows that the required coverage in
space and time is only achievable by combining remote sensing and modeling
(Figure 4). Remote sensing offers the advantage of using data at very high spatial
resolution but with limited coverage in time. Process based models can perform
simulations for long time periods including projections of future conditions but have
limitations in either spatial resolution or spatial extent. To combine models with
remote sensing it is needed to identify variables that can be simulated with the
models and derived by remote sensing. In GlobeDrought process based models
(WaterGAP, GCWM, Simplace) and remote sensing (GRACE, MODIS) were linked
for three processes: changes in water storages, determination of sowing and harvest
dates of crops and qualtifying drought stress of crops.

N,
< Q’\ >
1980 1985 1990 1995 > 20100 2015 2020 2025
< - >

Figure 4. Data availability for remote sensing and process based modeling

1.4.1 Improving trends in simulated water storages by using changes in total
water storage obtained from GRACE

To improve simulations of changes in surface- and subsurface water storages in the
WaterGAP model, total water storage changes obtained from GRACE were
assimilated into the model. The use of this independent data source can in particular
improve the representation of long-term trends in water storages in the model
(Schumacher et al., 2018).

1.4.2 Improving sowing and harvest dates in SIMPLACE by remote sensing
information
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Appropriate sowing and harvest dates are essential to simulate crop water
requirements and crop drought stress realistically, in particular for more detailed crop
models applied in semi-arid regions. Unfortunately, little is known about
representative sowing dates in African countries, in particular about the spatial and
interannual variability in sowing dates. Therefore, often fix sowing dates or rules
based on the precipitation distribution are used in crop models. Using remote
sensing to identify the phenology of crops such as maize (Vifia et al. 2004)
constitutes a promising approach. The impact of the choice of the sowing date on
maize drought stress and maize yield was therefore tested for South Africa by
comparing simulation results obtained by the LINTUL-5 crop model implemented in
the SIMPLACE modeling platform which was applied during the period 2001-2016
with fix sowing dates, application of a precipitation rule, and use of the MODIS global
vegetation phenology (MCD12Q2) product (Xiao et al. 2013) to derive the sowing
date based on the greenup date (Eyshi Rezaei et al., 2021). Maize is the most
important field crop in South Africa and relevant for both, subsistence farming and
commercial agriculture.

1.4.3 Combining drought hazard simulated with process based crop models
with drought indicators derived by remote sensing

To validate the drought hazard indicator for rainfed crops in the regional study for
South Africa and at global scale, the simulated AET/PET ratio for rainfed conditions
was validated using the remotely sensed AET/PET ratio in the period 2001-2019.
AET and PET values were extracted from the Moderate Resolution Imaging
Spectroradiometer (MODIS) product (MOD16A2.006) which provides data at 500m
spatial resolution (Running et al., 2017). The dataset is derived from meteorological
reanalysis data coupled with remotely sensed products of land cover and vegetation
properties (Huang et al., 2017). The dataset was preprocessed based on the quality
control layer, and pixels with low quality were excluded. The original data set
provided the AET and PET in 8 days intervals, which were summed up to yearly
values. The drought hazard indicator for rainfed crops was recalculated for model
results and remote sensing observations considering the reference period 2001-
2018 to account for the limited availability of remote sensing observations. The
Pearson correlation coefficient was calculated between model and remote sensing
based drought hazard at the municipality level (South Africa) or at pixel level (global
scale) to test for the agreement between simulated and remotely sensed drought
hazard.

1.5 Development and application of drought hazard indicators
1.5.1 Hydrological drought hazard affecting the water supply

Drought monitoring requires a sound understanding of the underlying concepts of
drought risk including the applied indicators. Especially drought hazard, as one
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component of drought risk, has many facets and is thus difficult to define. Previous
research has revealed that there is often no common understanding among
stakeholders about drought hazard concepts (Steinemann et al., 2015).

During the stakeholder workshops of the GlobeDrought project, it also became
apparent that there are still open questions on the suitability and meaningfulness of
different drought hazard indicators. One major focus of the sub-project was therefore
to develop a transparent description and classification scheme for (hydrological)
drought hazard indicators taking into account the different levels of drought
characterization (Figure 5; Herbert and Ddll, 2021, in preparation) and assumptions
about the habituation of people and ecosystems to the streamflow regime (Table 1).

Threshold-based and standardized hydrological drought hazard indicators

Streamflow drought hazard indicators are generally classified into threshold-based
and standardized indicators (Van Loon, 2015). The threshold level method (TLM)
was first applied by Yevjevich (1967), who defined that a drought event begins when
streamflow falls below a certain threshold, and that the drought severity is equivalent
to the cumulative streamflow deficit since the onset of the drought event.
Standardized indicators such as the Standardized Precipitation Index (SPI) (McKee
et al., 1993) or the Standardized Streamflow Index (SSI) (Vicente-Serrano et al.,
2012) can be described as dryness probability as they indicate how unusually dry the
current month is regarding streamflow as compared to normal conditions. SSI is
computed similar to the method introduced in McKee et al. (1993) for SPI. For
instance, SSI1 for January (Jan) 2015 is computed as (with Q: streamflow):
[Q(Jan2015) - mean monthly Q(Jan)]/standard deviation[Q(Jan)]. A value of SSI1 = -
1 [-] denotes that monthly streamflow is one standard deviation below the median of
the respective calendar month. A value of -0.84 is equivalent the 20th percentile of
monthly discharge (Q80).

Following the TLM, we computed and analyzed the cumulative streamflow deficit
indicators CDQI-Q50, CDQI-Q80, and the latter combined with a method that takes
into account drought conditions in highly seasonal flow regimes, CDQI-Q80-HS
(Table 1). With CDQI-Q50, a deficit is defined to occur if monthly streamflow is lower
than the 50th percentile (median) of the calendar month streamflow (or lower than
the 20th percentile in case of CDQI-Q80). The cumulative streamflow deficit is
normalized against mean annual streamflow. A value of 2 [-], for example, indicates
that the cumulative streamflow deficit in a certain month is twice the mean annual
streamflow.
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Figure 5. Schematic for computing four types of drought hazard indicators, indicating
1) magnitude of the drought at a certain time as deficit and/or anomaly or 2) severity
of the drought event, i.e. the cumulative magnitude of drought since drought onset.
Both, magnitude and severity, can be expressed in terms of frequency/probability to
compare the drought of interest to other droughts. The grey boxes indicate decisions
made when computing the indicators. Indicators in bold have already been applied in
the literature. Assumptions about the habituation of people and ecosystems
determine the selection of the type of indicator, the averaging period and the
threshold (see Table 1)
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Table 1. Characteristics of streamflow drought hazard indicators suitable for global-
scale assessments and their inherent assumptions about habituation of people or

other biota

Assumed habituation

People, other biota
accustomed to:

Indicator

Prominent, hydrology-related characteristics

Interannual variability

SPI12

Often used as proxy for hydrological drought hazard. However,
processes in altered flow regimes cannot be characterized.

SPEI12

Often used as proxy for hydrological drought hazard. However,
processes in altered flow regimes cannot be characterized.

Better suited in climate change impact assessments than SPI112 as it
uses not only precipitation, but also temperature as input.

SSI12

Suitable in study regions with access to reservoirs, which buffer
potential monthly streamflow deficits.

Seasonality and

interannual variability

SSi1

Suitable in study regions without access to reservoirs.

CDQI-Q80

The study region is in drought 20 % of the time.

With Q80 (per calendar month) as a rather low threshold,
streamflow drought hazard might be underestimated in regions
with high vulnerability and interannual variability.

CDQI-Q80-HS

The study region is in drought at least 20 % of the time.

An existing drought continues during a pre-defined low-flow season
even if Q80 is exceeded, as it can be assumed that the region will
not recover from the drought during the low-flow season.

Seasonality

CDQI-Q50

The study region is in drought 50 % of the time.

Using such a high threshold can be beneficial in highly vulnerable
regions where people cannot even cope with small reductions in
median monthly streamflow.

CDQI-WUs

An indicator of water deficit rather than drought hazard.

The health of river ecosystems is not taken into account.

CDQI-WUs-EFR

EFR based on Qant Y): The river ecosystem has adjusted to the
altered flow regime over the last decades, which is considered the
“new normal status”.

EFR based on Qnat 2: the natural flow regime is the aspired status.

RDQI1

Suitable in study regions without large surface water storages.

Mean annual conditions

RDQI12

Suitable in study regions with large surface water storages, which
buffer monthly streamflow fluctuations.

1) Qant: Modeled anthropogenic streamflow altered by human water use and dams
2) Qnat: Naturalized modeled streamflow

A direct comparison between CDQI-Q80 and SSI1 is not possible. While the former
indicates the severity of the current drought event, i.e. the cumulative streamflow
deficit since the onset of the drought event., negative values of SSI represent the
drought magnitude, i.e. the non-accumulated streamflow deficit at the considered
time step (see Figure 5). On the other hand, going one computational step
backwards with CDQI-Q80, i.e. the time series of monthly deficits, and going one
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step further with SSI1, i.e. the time series of cumulative standardized deficits below a
threshold of -0.84 (= Q80), reveals that both indicators are basically the same (given
that Q80 for CDQI is derived from the probability density function used to compute
SSI1). Therefore, we argue that the differentiation between TLM-based and
standardized indicators might be misleading. Figure 5 depicts the computational
steps that distinguish four different types of drought hazard indicators such as CDQI-
Q80 (left) and SSI1 (third column): Computation of 1) drought magnitude (non-
accumulated anomaly or deficit at each time step), 2) drought severity (cumulative
anomaly or deficit since drought onset at each time step) and 3) probability of a
drought event of a certain severity. For each of the four indicator-specific “flow
schemes”, a threshold needs to be selected in one of the steps in order to define
drought onset and termination. When selecting indicators of drought hazard, one
should be aware which level of drought characterization it represents (e.g. monthly
anomaly vs. severity of drought event).

Through the selected methods and criteria to define drought events, any drought
hazard indicator implies assumptions about the habituation and thus vulnerabilty of
people and the ecosystem at risk. With the rather high threshold Q50 in CDQI-Q50, it
is assumed that people and the river ecosystem are accustomed to seasonality but
not interannual variability. This means that people and ecosystems are used to the
fact that streamflow is generally lower in, e.g., August compared to March, but they
may suffer in years where streamflow in August is below mean (or rather median)
conditions. Especially in semi-arid regions, where interannual variability is high and
where people are often vulnerable to drought, a lower threshold than Q50 (e.g. Q80)
might not capture or underestimate streamflow drought hazard. However, CDQI-Q50
is less suitable in humid regions where interannual variability in streamflow, and
often vulnerability to drought, is low. Here, indicators with a lower percentile, such as
Q80, would be more meaningful.

Similar to using low percentiles as threshold (as in CDQI-Q80), the concept of SSI1
is based on the assumption that people and biota are used to seasonality and
interannual variability. In regions where this is not the case, relative deviations from
mean streamflow might be better suited to capture the drought hazard (implicitly
assuming that people are used to the mean instead of variability). Comparing a
humid (low interannual variability) with a semi-arid (high interannual variability)
region, the same negative SSI1 (e.g. -0.84) value would correspond to a much
stronger negative deviation from mean streamflow in the semi-arid area (e.g. -50 %)
compared to the humid area (e.g. -20 %). Hence, although SSI1 has the advantage
of being comparable among regions with different flow regimes, it might
underestimate streamflow drought hazard in semi-arid areas. Regarding the
accumulation period of one month, SSI1 has the advantage of identifying the onset
of a drought as opposed to longer accumulation periods (e.g. SSI12) where
deviations from normal conditions are smoothed and the identification of a drought is
delayed. However, since SSI1 can only quantify the current status of drought hazard,
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it is more suitable for the assessment of drought hazard for irrigated agricultural
systems and water supply systems in regions without surface water storages
(reservoirs and lakes).

CDQI-Q80-HS is a new indicator developed within the GlobeDrought framework. It
combines CDQI-Q80 with a method that takes into  account
drought conditions in highly seasonal flow regimes. It allows an existing drought to
continue during a pre-defined low-flow season even if streamflow exceeds the
calendar month Q80 (Table 1). For each grid cell, the low-flow season is defined to
encompass all calendar months in which the mean monthly flow during the reference
period is less than 20 % of the mean monthly flow averaged over all calendar
months. A drought event that has built up outside of the low-flow season will
continue throughout the low-flow season; the cumulative deficit is reduced by the
streamflow surplus over the calendar month Q80. The rationale behind this approach
is that people and the ecosystem cannot recover from a drought during the low-flow
season if flow during this season is only a small percentage of total streamflow in
each year. The indicator can add additional value in regions with high seasonal
streamflow variability where people strongly rely on water storage in man-made
reservoirs that needs to be replenished by streamflow.

While drought hazard and vulnerability to drought are independent components of
drought risk, drought hazard indicators imply assumption about habituation to
different types of temporal streamflow variability, i.e. about the type of temporal
streamflow dynamics that people and ecosystems are used to. Table 2 lists the
implicit assumptions about habituation of humans and other biota for the indicators
computed within GlobeDrought as well as selected unique characteristics relevant in
hydrology-related assessments. In addition to the above described indicators, Table
2 includes RDQI1 and RDQI12 (relative deviation from mean streamflow averaged
over one month and 12 months, respectively) and the newly developed water deficit
indicators CDQI-WUs and CDQI-WUs-EFR. These are computed similar to CDQI-
Q80, but using as thresholds mean monthly surface water use WUs, and in case of
the latter WUs plus mean monthly environmental flow requirements, EFR = 80 % of
mean monthly discharge.
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a) p based on CDQI-Q80

Figure 6. Global comparison of overall drought severity during 1986-2015 based on
the probability of exceedance p for two streamflow drought hazard indicators:
Cumulative streamflow deficit indicator with monthly Q80 as threshold (CDQI-Q80)
(a) and cumulative relative deviation from mean monthly streamflow with -50% as
threshold (cumulative RDQI1-50%) (b). A high value denotes a high sum of severity
compared to other grid cells. A value of 0.8 in grid cell i, for example, means that in
80% of all grid cells the sum of severities of all drought events during 1986-2015 was
smaller than in grid cell i. Greenland was excluded from the analysis

Figure 6 shows a global comparison of the cumulative drought severity during 1986-
2015, transferred into the probability of exceedance p, for CDQI-Q80 (top) and the
cumulative relative deviation from mean monthly streamflow with a threshold of -
50 % (cumulative RDQI1-50%) (bottom). The figure illustrates that the
conceptualization and selection of a drought hazard indicator can lead to very
different patterns of drought severity. RDQI generally leads to a higher level of
severity in dry areas with high interannual variability (e.g. northern Africa, Australia
and Arabian Peninsula). The figure highlights the need to provide a suite of hazard
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indicators with different assumed types of habituation of the people/ecosystem at risk
for a global-scale drought monitoring, since at the global scale, it is unknown which
streamflow conditions are perceived as normal. In conclusion, rather than
differentiating between TLM and standardized indicators, drought hazard indicators
should be classified according to the inherently assumed type of habituation: 1)
percentile-based indicators (e.g. CDQI-Q80, SSI1), suitable in case of habituation to
interannual variability and seasonality of streamflow and 2) indicators showing the
relative deviation from mean conditions, suitable in case of habituation to seasonality
only, while suffering from interannual variability of streamflow.

Defining drought hazard indices combining water deficit and anomaly
characteristics

According to the Australian Bureau of Meteorology, “drought is a prolonged,
abnormally dry period when the amount of available water is insufficient to meet our
normal use (BoM, 2018)". This definition describes drought as both an anomaly
(“less water than normal”) and a deficit (“less water than required”), reflecting general
non-expert notions of drought. However, most experts define drought only as an
anomaly, for example, as “a lack of water compared to normal conditions which can
occur in different components of the hydrological cycle” (van Loon et al., 2016,
p.3633). Also, most drought indices only consider the anomaly aspect.

During the GlobeDrought project, we developed and related two drought hazard
indicators that combine both the deficit and anomaly aspects: one for soil moisture
drought and the other for streamflow drought (Popat and DAll, 2021). In the soil
moisture deficit anomaly index (SMDAI), which describes the drought hazard for
vegetation, the deficit is calculated as the difference between the soil moisture at
field capacity (that which should allow optimal, non-water-limited plant growth) and
the actual soil moisture. The SMDAI slightly modifies and simplifies the DSI
introduced by Cammalleri et al. (2016). Another difference from Cammalleri et al.
(2016) is that the SMDAI is computed globally, using the output of WaterGAP, rather
than just for Europe. The streamflow deficit anomaly index QDAI is, to our
knowledge, the first-ever streamflow drought indicator that combines both the
anomaly and deficit aspects of streamflow drought. In the case of QDAI, the deficit is
computed by comparing actual streamflow to the combined human and
environmental surface water demand per grid cell. QDAI focuses on determining the
drought hazard for the water supply for humans, including domestic, industrial, and
irrigation water demand. QDAI is constructed similarly to SMDAI and computed
globally using WaterGAP.

We found that the values of the combined deficit-anomaly drought indices are often
broadly similar to purely anomaly-based indices. However, the deficit anomaly
indices provide more differentiated spatial and temporal patterns that help to
distinguish the degree and nature of the actual drought hazard to vegetation health
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or the water supply. Like all hydrological drought indicators that reflect streamflow
anomaly, QDAI needs to be interpreted carefully in case of highly intermittent
streamflow regimes. QDAI can be made relevant for stakeholders with different
perceptions about the importance of ecosystem protection, by adapting the approach
for computing the amount of water that is required to remain in the river for the well-
being of the river ecosystem.

The term “drought hazard” can be defined as the source of a potential adverse effect
of an unusual lack of water on humans or ecosystems. In this sense, SMDAI and
QDAI are drought hazard indicators, even if they include some elements of
vulnerability to drought. Both SMDAI and QDAI are well applicable in drought risk
studies. In local drought risk studies, additional indicators of ecological or societal
vulnerability should be added. In regional or global drought risk studies, the inclusion
of grid-scale values of QDAI and SMDAI would be beneficial as both indices contain
spatially highly resolved information on vulnerability, while most other vulnerability
indicators represent spatial averages of much larger spatial units such as countries.

Analyzing the impact of streamflow drought hazard on hydroelectricity
production

Electricity production by hydropower is negatively affected by streamflow drought. To
understand, monitor and manage risks of less than normal streamflow for
hydroelectricity production (HP) at the global scale, an HP model was developed that
simulates time series of monthly HP worldwide and thus enables analyzing and
monitoring the impact of drought on HP (Wan et al., 2020). The HP model is based
on a new global hydropower database (GHD), containing 8748 geo-localized plant
records, and on monthly streamflow values computed by WaterGAP.

Within the framework of GlobeDrought, four new indices of HP decrease due to
streamflow drought were developed: HPA3 indicates how unusually low a HP
reduction is compared to normal conditions. The approach roughly follows the SPI
method with a 3-month averaging period. HPR3 shows the relative HP reduction
compared to the long-term mean. A comparison of both indicators (Figure 7) in
August 2003 reveals that, e.g., the extreme drought conditions in different countries
as indicated by HPA3 correspond to very different relative reductions (HPR3)
between 0.2-0.4 (European countries), 0.1-0.2 (Myanmar), and (Cameroon). Hence,
both indicators have a different informative value on drought conditions and can be
used complementary in drought assessment. Both indices were further modified by
multiplying them by rHP (HP-to-total-electricity-production ratio). The resulting EPA3
and EPR3 indices (Wan et al., 2020, their Figure 10) provide information about to
what extent HP reduction during drought affects the whole electricity production.
However, due to the small contribution of HP to total EP, the negative impact
becomes rather small.
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Figure 7. Country-level drought conditions as indicated by HP anomaly HPA3 (a)
and relative reduction HPR3 (b) in August 2003

The HP model can capture the interannual variability of country-scale HP that was
caused by both (de)commissioning of hydropower plants and streamflow variability.
It can also simulate the streamflow drought and its impact on HP reasonably well. A
drought risk analysis for period 1975-2016 revealed the reduction of HP that is
exceeded in 1 out of 10 years. 71 out of 134 countries with hydropower suffer from a
reduction of more than 20% of average HP, and 20 countries from a reduction of
more than 40%.
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Analyzing patterns of hydrological drought based on total water storage
change obtained from GRACE

Change in water storages can also de detected by the GRACE satellite because any
water flux is related to a mass flux altering the earth gravity field. Therefore, distinct
drought indices based on Total Water Storage Anomalies (TWSA) obtained from
GRACE were tested for their ability to reproduce hydrological droughts observed in
historical years in NE Brazil, West India and South Africa (Gerdener et al., 2020).

Near-real time monitoring of hydrological drought hazard

With WaterGAP, near-real time monitoring of hydrological drought hazard is currently
possible at a monthly time scale, i.e. near-real time drought hazard indicators can be
computed for the preceding month with a delay of approximately seven days. As
some scripts are not adapted to the specific requirements yet, only the
conceptualization of near-real time monitoring is described below (to be completed in
March 2021). All process steps can be started within one shell script. Among the five
water use sectors in WaterGAP (irrigation, domestic, livestock, manufacturing and
thermal power), only irrigation water demand is updated in a near-real time
monitoring, since it is the only climate-dependent water use. As for the other water
use sectors, annual values, currently available until 2016, are assumed to remain
constant after 2016. The process chain for near-time WaterGAP computations of
hydrological drought indicators is as follows:

1) Download of ERAST climate data at day 5 in each month for the preceding month
2) Climate data check (plausibility, NaN values, etc.)
3) Computation of irrigation water demand for the last month

Irrigation water use in WaterGAP is computed by the Global Irrigation Model (GIM)
based on annual time series of the area equipped for irrigation (AEIl) and the ratio
between area actually irrigated (AAl) and AEIl (sources of data and scaling
procedures are described in Muller Schmied et al., 2021). As AAI/AEI ratios are only
available until 2005 or 2008 (depending on the country), the values are assumed to
remain constant after 2005 and 2008, respectively. Since GIM can only be applied
for a whole year, the future months in the current year need to be filled with
placeholders.

4) Computation of net water abstractions for the last month

The linking model Groundwater-SurfaceWater Use (GWSWUSE) computes the
fractions of all five sectoral water abstractions and consumptive water use in each
grid cell that stem from either groundwater or surface water bodies (lakes, reservoirs
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and river). From these values, net abstractions from surface water and groundwater
are computed.

5) Run hydrological module of WaterGAP (WGHM) for the last month

Variant 5a) Run WGHM in “annual mode” (standard) from 1901 until current year
(use “placeholders” for future months of the current year)

Variant 5b) Run WGHM in “monthly mode”: WGHM can be started at any month.
Storages are initialized with the values of the last day of the preceding month. For
simulation of January 2021, for example, storages are initialized with the values from
31 December 2020.

6) Post-processing of WaterGAP output

Computation of monthly hydrological drought hazard indicators, mapping and upload
of maps to public server, upload of relevant model output and indicators to public
server.

Probabilistic seasonal forecast of hydrological drought hazard

In the framework of GlobeDrought, it was not the goal to compute actual seasonal
forecasts of hydrological drought indicators by driving WaterGAP with an ensemble
of actual meteorological seasonal forecast. As planned, we only simulated the
generation of an ensemble forecast of hydrological drought indicators by driving
WaterGAP not with actual seasonal forecasts of climate variables but by historic
climate data where each of 30 historic years was considered as one ensemble
member of a seasonal forecast. The aim was to derive methods for seasonal
forecast analysis and communication. We used the drought hazard indicator ADQI-
Q80,Ifm and ERAS climate data to simulate a seasonal forecast starting at the end of
2018. To this end, 30 WaterGAP model runs were conducted until 31 December
2018, where the climate data input until 2018 was the standard ERAS5 time series,
while the year 2019 was simulated with the climate data of one of the 30 climate
years 1989-2018 as alternative climate forcing. The resulting range of possible
streamflow drought hazard in 2019 is shown in Figure 8 for the WaterGAP calibration
station in Mainz, Rhine River, Germany. The drought hazard range of the
probabilistic forecast in 2019 is not the same as the actual drought hazard range
during 1989-2018. This is due to the fact that a) streamflow in January 2019
depends on water storages in December 2018 and b) the accumulated deficit in
January 2019 depends on the deficit in December 2018. For instance, drought
hazard in 2017 is not the same as in the probabilistic forecast year 2017 (yellow line
in Figure 8), since water storages as well as accumulated deficits were different in
December 2016 and 2018. Moreover, the probabilistic forecasts based on the
drought years 2003 and 2011 are highlighted in red (2011) and dark red (2003). In
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addition to station-specific (or grid-cell specific) analyses, seasonal forecast results
should be summarized in global maps, e.g. showing the following:

e Percentage of ensemble runs per grid cell that exceed a certain drought
hazard threshold (maps can be compared for different indicators and different
drought hazard thresholds),

¢ Mean indicator over all ensemble members.
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Figure 8. Probabilistic forecast for the year 2019 based on the drought hazard
indicator ADQI-Q80,Ifm and ERA5 climate data at the WaterGAP calibration station
Mainz, Rhine River, Germany

1.5.2 Development of drought hazard indicators for rainfed and irrigated crop
production

Drought hazard indicators were developed in GlobeDrought based on remote
sensing and based on crop water modelling. Remote sensing based indicators have
the advantages of a very high spatial resolution and that the drought indicators are
based on reflections of the land surface that is really be measured at a specific
location and time. Disadvantages are that observations are limited to the more
recent period since 2001 (MODIS) or 1989 (NOAA AVHRR) and that it is usually not
possible to distinguish specific crops or irrigated and rainfed crops. In contrast,
models can be applied for a longer period than remote sensing but are more limited
with regard to the spatial resolution. They can distinguish specific crops and irrigated
versus rainfed conditions but the accuracy of the simulations is constrained a lot by
the uncertainty in the input data for cropping patterns, climate and soil and the
assumptions made for the begin and end of the growing seasons.

Remote sensing based drought hazard analyses

Mainly remote sensing based drought hazard analyses were performed for
Zimbabwe (Frischen et al., 2020), the case study regions Missouri basin, Zimbabwe
and South Africa (Schwarz, 2020) and at global scale (Ghazaryan et al., 2020). The
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workflow in the analyses and the data processing steps are illustrated in Figure 9.
Although the three studies used different methods with distinct complexity, all
approaches successfully determined drought hazard. Drought hazard patterns
agreed also well for study regions and years considered in more than one
assessment. The hazard analysis performed for Zimbabwe (Frischen et al., 2020)
was based on anomalies in the Normalized Difference Vegetation Index (NDVI) and
temperature, combined in the Vegetation Health Index (VHI). The study for the
Missuri River Basin, South Africa and Zimbabwe (Schwarz et al., 2020) combined
five hazard indicators in a logistic regression model to estimate the probability of
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Figure 9. Workflow in the remote
sensing based drought risk analyses
performed for the Missouri River Basin,
South Africa and Zimbabwe (upper left,
Fig. 1 in Schwarz et al., 2020), the global
scale (upper right, Fig. 1 in Ghazaryan et
al., 2020) and for Zimbabwe (bottom left,
Fig. 2 in Frischen et al., 2020)
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drought, namely precipitation anomaly (SPI), NDVI, Normalized Difference Infrared
Index (NDII), Albedo and Land Surface Temperature (LST). The logistic regressions
were performed separately for the three regions. Consequently, the variables and
coefficients considered in the final regression model differed. The global scale study
(Ghazaryan et al., 2020) tested anomalies of the three indices NDVI, LST and
AET/PET ratio for their correlation with yield anomalies to derive drought hazard and
the percentage of cropland affected by drought. Since the three indices were treated
separately in the correlations, an objective was also to find out which of the indices
was most suitable to predict negative yield anomalies as usually caused by drought.

Drought hazard analyses based on process based crop water modeling

In addition to the remote sensing based assessments described before, two studies
were performed to estimate drought hazard based on the output of process based
models. One study was performed at global scale (Meza et al., 2020) and one study
for South Africa (Meza et al., 2021). The Global Crop Water Model (GCWM) was
applied for period 1981-2018 to estimate drought stress of rainfed crops or water
requirements of irrigated crops. In addition, WaterGAP was used to simulate
streamflow anomalies which were used as indicator of water availability for irrigation.
Drought hazard is defined as a deviation of the situation in a specific year or month
from long-term mean conditions in the 30-year reference period from 1986 to 2015.
For the global study (Meza et al., 2020) the two models were still forced with different
climate input covering the period 1981-2016. WaterGAP 2.2d, was forced by the
WFDEI-GPCC climate data set (Weedon et al., 2014), which was developed by
applying the forcing data methodology developed in the EU project WATCH on ERA-
Interim reanalysis data. GCWM used the CRU-TS 3.25 climate data set (Harris et al.,
2014) as input. CRU-TS 3.25 was developed by the Climate Research Unit of the
University of East Anglia by interpolation of weather station observations and is
provided as a time series of monthly values. Pseudo-daily climate was generated by
the GCWM as described in Siebert and Ddll (2010). For the subsequent regional
study for South Africa (Meza et al., 2021), both models were adjusted to use daily
climate input data for period 1981-2018 obtained from the ERA5 global reanalysis
product (Hersbach et al., 2020).

Drought hazard for irrigated agricultural systems

The irrigated hazard index CH_IrrigAgy (-) is defined based on the annual difference
between the water resource available for irrigation and irrigation water requirement.
The water resource available for irrigation was simulated using the WaterGAP model
(Muller-Schmied et al., 2021) as annual sum of discharge Q at a spatial resolution of
30 arcmin. The irrigation water requirement IWR was simulated using GCWM as the
volume of water needed to increase the AET of irrigated crops to their PET (Siebert
and Dall, 2010). Drought hazard for irrigated crops CH_IrrigAg, was computed as:
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CH_ITTlgAgy — @ Imed (Qy y) (1)
Qmed

where (Q —IWR),.q is the median of the difference between discharge and
irrigation water requirement (m3yr) in the reference period 1986-2015 (Meza et al.,
2021). Qy and IWRYy are discharge and irrigation water requirements in year y (m3yr
), and Q,,.q4 is the median of the annual discharge in the reference period 1986-
2015 (m3yr'). Positive values of CH_IrrigAg, indicate drought, while negative values
indicate that the difference between water resources and water demand for irrigation
is larger than usual (wetness). Both models (GCWM and WaterGAP) used the same
soil and climate input data and the same simulation period (1981-2018). The outputs
of GCWM (for crops grown in South Africa) were aggregated to 30 arcmin to match
the spatial resolution used by WaterGAP. A similar analysis was performed also at
global scale (Appendix A1). The long-term hazard for irrigated conditions at grid level
was computed as the frequency of the years with an irrigated hazard index
CH_IrrigAgy of bigger than 0.5 meaning that the deficit in the annual difference
between discharge and irrigation requirement exceeded half of the long-term median
of annual discharge. A long term hazard for irrigated conditions of 0.2 means then
that such a deficit occurs every 5 years.

Drought hazard for rainfed agricultural systems

The rainfed hazard indicator was computed using the ratio between actual
evapotranspiration (AET) and potential (PET) evapotranspiration of crops in the crop
growing season for the period 1981-2018. AET refers to the amount of water
consumed by a crop and evaporated from the soil under actual soil moisture
calculated by performing a soil water balance in daily time steps, while PET assumes
no limitation in crop water availability. The ratio is highly associated with crop yield
and is widely used as a drought indicator for cropland (Peng et al., 2019). The Global
Crop Water Model (GCWM) (Siebert and Doll, 2010) was employed to simulate AET
and PET for specific crops grown in South Africa based on prescribed crop
calendars and cropping patterns derived from the the MIRCA2000 dataset
(Portmann et al., 2010). A similar analysis was also performed at global scale
(Appendix A1). The spatial resolution of GCWM's is five arcmin (8.3 km). Drought
hazard in specific years was defined as deviation from the long-term mean condition
in the reference period 1986-2015 (Meza et al., 2020; Meza et al., 2021). The annual
hazard indicator for rainfed agricultural systems CH_RfAgy was calculated as:

AETY/PETY

CH_RfAg, =1-=2000 2)

where AETy and PETy are annual sums of actual and potential evapotranspiration of
all cultivated crops in year y (m3 yr'). AETand PET are the long-term annual mean of
actual and potential evapotranspiration (m3 yr') in the reference period 1986-2015.
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Consequently, positive values of CH_RfAgy represent conditions dryer than usual,
while negative values indicate wet years. The long term hazard during the study
period at grid level was computed as the frequency (percentile rank) of years in
which the AET/PET ratio was at least 10% lower than the mean AET/PET ratio in the
reference period 1986-2015 (Meza et al., 2020). A long-term hazard of 0.5 means
therefore that in every second year the AET/PET ratio is lower than 90% of the long-
term mean AET/PET ratio.

1.6 Drought exposure analysis

Following the definitions of the Intergovernmental Panel on Climate Change put
forward in their Fifth Assessment Report (IPCC, 2014), exposure is defined as the
elements located in areas that could be adversely affected by drought hazard. The
distinct exposure of irrigated and rainfed agricultural systems to drought was
considered by weighting grid-cell-specific hazards with the harvested area of
irrigated and rainfed crops.

1.6.1 Global scale analysis

The monthly irrigated and rainfed crop areas' (MIRCA2000) data set (Portmann et
al., 2010) was used when aggregating grid-cell-specific hazards to exposure at a
national scale. MIRCA2000 was also used to inform the models used in the hazard
calculations about growing areas and growing periods of irrigated and rainfed crops.
The data set refers to the period centered around the year 2000; time-series
information is not available at a global scale. To maximize the representativeness of
the land use, the reference period and evaluation period used in this study were
centered around the year 2000. Grid specific drought hazard was then weighted with
harvested area when computing the mean hazard per country (Meza et al., 2020).
The combined drought exposure of rainfed and irrigated cropping systems was
evaluated at the country level by averaging the harvested-area weighted drought
exposure of irrigated and rainfed cropping systems. As described before, distinct
methods were used to calculate hazard and exposure of irrigated and rainfed
systems so that a direct comparison of the exposure values is not meaningful. In
addition, the frequency distributions differed considerably, with a harvested-area
weighted global mean of the drought exposure of 0.455 for irrigated systems and
0.189 for rainfed systems. To ensure a more similar weight of rainfed and irrigated
drought exposure, country-specific exposures were divided by the global mean, and
then the integrated exposure was calculated as harvested-area weighted mean:

Exptot=((AHr-Expr/0.189)+(AHirExpirn/0.455))/AHtot (3)
with Exptot, Exprfand Expir being the exposure of the whole, rainfed and irrigated
cropping systems to drought and AHtot, AHrf and AHirr being the harvested area of

all crops, rainfed crops and irrigated crops.
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1.6.2 Regional analysis

The estimation of exposed agricultural land in the regional studies for South Africa
was based on the South African National Land Cover dataset 2018 (Thompson,
2019), from which irrigated and rainfed land were extracted as separate classes. The
SANLC 2018 map has 20 meters spatial resolution and was generated using multi-
seasonal Sentinel 2 satellite time series data acquired during the period 01 January
2018 to 31 December 2018 with 90.14% accuracy (Thompson, 2019). Rainfed
systems are mostly located in the North Eastern provinces, as well as in Northern
and Western Cape (DAFF 2018). The hazard indicators - CH_RfAgy and
CH_lIrrigAgy - were aggregated from pixel to municipality level as average of the
pixel values, using the rainfed or irrigated area within each pixel derived from the
SANLC 2018 dataset for weighting. From this point, the combined components of
hazard and exposure are referred to as ‘hazard/exposure’. For the studies in
Zimbabwe, a land cover map separating irrigated and rainfed cropland was
developed as part of the GlobeDrought project (Landmann et al., 2019) because
alternative products have not been available.

1.7 Development of drought vulnerability indicators and indices

According to the Intergovernmental Panel on Climate Change (IPCC, 2014),
vulnerability is the predisposition to be adversely affected as a result of the sensitivity
or susceptibility of a system and its elements to harm, coupled with a lack of coping
and adaptive capacity. The assessment of drought vulnerability is complex because
it depends on both biophysical and socioeconomic drivers (Naumann et al., 2014).
Due to this complexity, the most common method to assess vulnerability in the
context of natural hazards and climate change is using composite indicators or
index-based approaches (Beccari, 2016; de Sherbinin et al., 2019). Although their
usefulness for policy support has also been subject to criticism (Hinkel, 2011;
Beccari, 2016), it is widely acknowledged that composite indicators can identify
generic leverage points for reducing impacts at the regional to global scale
(De Sherbinin et al., 2019; UNDRR, 2019). In some studies performed by
GlobeDrought in which the hazard and exposure analysis was mainly based on
remote sensing (Ghazaryan et al., 2020; Schwarz et al., 2020) vulnerability to
drought was analysed by using a simplified methodology based on just a few
indicators (Figure 9). In contrast, a very detailed vulnerability analysis based on a
large number of indicators was performed for the global drought risk study (Meza et
al., 2020) and the two regional assessments for Zimbabwe (Frischen et al., 2020)
and South Africa (Meza et al., 2021). These advanced vulnerability assessments are
described in this section in more detail.

Following the workflow to calculate composite indicators proposed by the
Organisation for Economic Co-operation and Development (OECD, 2008) and
Hagenlocher et al. (2018), the methodological key steps on which the vulnerability
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assessment is based are (1)the definition of the conceptual framework,
(2) identification of valid indicators, (3)data acquisition and preprocessing,
(4) analysis and imputation of missing data, (5) detection and treatment of outliers,
(6) assessment of multicollinearities, (7) normalization, (8) weighted aggregation,
and (9) visualization.

1.7.1 Global scale analysis of vulnerability to drought

An initial set of vulnerability indicators for agricultural systems was identified based
on a recent review of existing drought risk assessments (Hagenlocher et al., 2019).
In total 64 vulnerability indicators, including social, economic and physical indicators;
farming practices; and environmental, governance, and crime and conflict factors,
were selected and classified by socioecological susceptibility (SOC_SUS,
ENV_SUS), a lack of coping capacity (COP) and a lack of adaptive capacity (AC)
following the risk framework of the IPCC (IPCC, 2014). Indicator weights, which
express the relevance of the identified indicators to characterizing and assessing the
vulnerability of agricultural systems to droughts, were identified through a global
survey of relevant experts (n=78), the majority of whom have worked in academia
and for governmental organizations with more than 5 years of work experience
(Meza et al., 2019). In total, 46 of the 64 indicators were considered relevant by the
experts, comprising susceptibility, coping- and adaptive-capacity indicators.
However, since adaptive capacity is only relevant when assessing future risk
scenarios and less relevant to current risk, indicators related to adaptive capacity
and indicators that could be measured with the same data source due to the
similarity in what they represent were removed. For instance agriculture (% of GDP)
and dependency on agriculture for livelihood (%) were averaged into one income
indicator, and the variables GDP per capita (PPP — purchasing-power parity) and
population below the national poverty line (%) both refer to poverty and therefore
were also averaged to a combined indicator. This resulted in a set of 26 indicators as
part of the vulnerability assessment.

Following data acquisition, the data were preprocessed by transforming absolute to
relative values and standardized when necessary (e.g., travel time to cities <30 min
— population, divided by the total population). Descriptive statistics were used to
evaluate the degree of missing data. The imputation of missing values was done with
data from previous years and using secondary sources following Naumann et
al. (2014) in cases where the r value lay between -1.0 and -0.9 or 1.0 and 0.9 using
a Spearman correlation matrix and scatter diagram for visual interpretation.
Following suggestions by Roth et al. (1999), Peng et al. (2006) and Enders (2003),
listwise and pairwise deletion thresholds were selected when >30 % of data were
missing on a country level and when >20 % of data were missing on the indicator
level. After the deletion, 168 countries and 26 indicators were considered for the final
analysis. To detect potential outliers, scatter plots and box plots for each indicator
were created. Potential outliers were further examined using triangulation with other

Seite 44 von 154



Globe| =

Al
’ A\ Drought

7~ Final report — 1 Development of tools and methods for drought risk analysis

sources and past years. On this basis, outliers were identified in only one indicator
(i.e., fertilizer consumption — kg ha—1 of arable land) and treated using winsorization
following Field (2013). Multicollinearities were identified using a Spearman
correlation matrix for the different vulnerability components (social susceptibility,
environmental susceptibility and a lack of coping capacity). Following the rule
proposed by Hinkel et al.(2011), any values higher thanr>0.9 or smaller
than r<-0.9 were considered very highly correlated. The correlation was considered
only if it was significant at the 0.05 level (two-tailed). Two indicators for the lack of a
coping-capacity component and two from social susceptibility (e.g., healthy life
expectancy at birth — years — and disability-adjusted life) showed high and significant
correlations. However, no indicators were excluded on this basis due to the
difference in concepts they represented and their relevance at the global level. In
order to render the indicators comparable, the final selected indicators were
normalized to a range from 0 to 1 using min—max normalization (Naumann et al.,
2014; Carrao et al., 2016):

Zi=Xi-Xmin/Xmax-Xmin (4)

where Ziis the normalized score for each indicator score Xi. For variables with
negative cardinality to the overall vulnerability the normalization was defined as

Zi=1-(Xi-Xmin/Xmax-Xmin) (5)

Finally, the normalized indicator scores were aggregated into vulnerability
components (SOC_SUS, ENV_SUS, COP) using weighted arithmetic aggregation
based on (using the example of SOC_SUS)

SOC_SUS=yWizi (6)

where Wi is the weights for each normalized data set, and Ziis the weights as
obtained from the global expert survey. Therefore, weights were normalized to add
up to 1. The vulnerability components of socioecological susceptibility (SE_SUS)
were combined using an average, which was then combined with COP to obtain a
final vulnerability index (VI) score:

VI=V(SE_SUS)+V(COP)/2 (7)

1.7.2 Regional analysis of vulnerability to drought

Drought impacts are often associated with drought hazard severity, but the degree of
the impact is mediated by the vulnerability of the exposed agricultural system, i.e. its
susceptibility and the (lack of) capacity to cope with drought events (IPCC, 2014;
World Bank, 2019). While an array of methods for assessing vulnerability to natural
hazards exists, indicator-based approaches are amongst the most common to
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represent the multi-dimensional nature of vulnerability (Hagenlocher et al., 2019; de
Sherbinin et al., 2019). For the regional assessment in South Africa, composite
indicators were developed according to the impacted sector: i) irrigated agriculture
and ii) rainfed agriculture, considering a wide array of environmental, social, and
economic indicators.

Relevant indicators were identified through a combination of literature review and
expert consultation. The review was conducted based on pre-defined search terms
in Web of Science and Scopus. The selected articles (n = 17) were coded with
MAXQDA software (VERBI Software 2019) to extract suitable indicators. Later, these
indicators were compared and complemented with the ones identified by
Hagenlocher et al. (2019) in their review of existing drought risk assessments, and
within South Africa at a local municipality level by Walz et al. (2018) and a
quaternary catchment level by Jordaan et al. (2017a, 2017b). In total, 44 suitable
indicators for rainfed and irrigated systems in South Africa were identified. To assess
which of those 44 indicators are the most relevant for representing vulnerability of
these two systems towards drought, an online expert survey was conducted as a
joint effort with the National Disaster Management Centre (NDMC) of South Africa. A
total of 33 experts representing all provinces of South Africa participated in this
survey. They selected 36 relevant indicators for irrigated systems and 40 for rainfed.
These experts were from multiple sectors including academia (n=4), private sector
(n=5), NGO (n=1), Government (n=20), international organizations (n=1) and others
(n=2).

Open-source data for the selected indicators was retrieved (e.g. Statistics from
South Africa (STATS SA), National Treasury, World Bank) in order to ensure that the
final results can be validated and reproduced in a different context - as
recommended by Naumann et al. (2014). Following the methodological suggestions
by Hagenlocher et al. (2018), Meza et al. (2020), Nauman et al. (2014), and OECD
(2008), statistical operations were performed to prepare an indicator dataset to
perform the vulnerability assessment: i.e., i) imputation of missing data, ii) normality
test, iii) outlier detection and treatment, iv) multicollinearity assessment, v)
normalization and vi) expert weighted aggregation.

After data acquisition and statistical data processing, 22 indicators were used to
perform the vulnerability assessment for irrigated systems and 24 for rainfed. The
selected vulnerability indicators were normalized to make them comparable. A linear
min-max normalization was applied to create a range between 0 (lowest
vulnerability) to 1 (highest vulnerability) (Beccari, 2016; Carrao et al., 2016).

The final step to build the composite vulnerability index (CVI) for each agricultural
system (irrigated and rainfed) was the weighted arithmetic aggregation for each
vulnerability component (SOC-ENV_SUS and lack of COP) based on the normalised
indicators (Zi) and the weights obtained from the expert survey (Wi).
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1.8 Integration of hazard, exposure and vulnerability to drought risk

The final drought risk indexwas calculated in the studies performed by
GlobeDrought by multiplying the indices for drought hazard and exposure by
vulnerability (Figures 9-11). At the pixel level, the presence of hazard and
vulnerability point to a certain drought risk, independent of how much crop area is
contained in the specific pixel. At the aggregated level, the different crop areas in the
specific pixels must be considered; therefore exposure was calculated as harvested-
area weighted mean of the pixel-level hazard and then multiplied by vulnerability to
calculate drought risk at the country level.

COMPOSITE DROUGHT RISK INDICATOR (hazard x exposure x vulnerability)
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Figure 10. The overall workflow of the drought risk assessment for agricultural
systems performed at global scale (Fig. 1 in Meza et al., 2020)
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Figure 11. The overall workflow of the drought risk assessment for agricultural
systems performed at regional scale for South Africa (Fig. 2 in Meza et al., 2021)

1.9 Validation of drought hazards and drought risk

The outcomes of the risk assessment for irrigated and rainfed systems were
compared against drought impact data from different sources, against drought
hazard shown in local observational early warning systems, against anomalies in
reported crop yields and against similar drought indices derived with independent
data.

Drought impact data were extracted from the international Emergency Events
Database (EM-DAT) of the Centre for Research on the Epidemiology of
Disasters (CRED). EM-DAT systematically collects reports of drought events and
drought impacts from various sources, including UN agencies, NGOs, insurance
companies, research institutes and press agencies. A drought event is registered in
EM-DAT when at least one of the following criteria applies: 10 or more people are
dead, 100 or more people are affected, or a declaration of a state of emergency or a
call for international assistance is made. The number of drought events within the
period 1980-2016 at country level and global extent was used as an input for the
comparison (Meza et al., 2020).

Drought hazard calculated in the GlobeDrought project was also compared against
estimates derived from national drought information systems such as the US
Drought Monitor (Schwarz et al., 2020) or of the Global Drought Observatory of the
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European Commission. Hydrological drought hazard was evaluated using reported
river discharge (Schumacher et al., 2018).

Drought hazard for agricultural systems was compared against reported crop yields
(Eyshi Rezaei et al., 2021; Meza et al., 2021). In regions with strong limitations in
crop water supply a high correlation between the drought hazard indicators and yield
anomalies should be expected with large negative yield anomalies in dry years.

Finally, we also did cross-validations of drought hazard estimates from process
based models with estimates for the same variable derived from remote sensing. For
example, the ratio between AET and PET used to calculate drought hazard for
rainfed crops derived from process based models (Meza et al. 2020, 2021) is similar
to the Evaporative Stress Index (ESI) computed from MODIS data (Ghazaryan et al.,
2020). Therefore, strong correlations between simulated and remotely sensed
AET/PET ratios should be expected in particular for regions where vegetation growth
is constrained by soil water availability and where we find large inter-annual
variability in AET/PET ratios.

2 Results of the drought risk analysis at global scale

2.1 Hydrological drought hazard

Seven innovative indicators for hydrological drought hazard were developed in this
project. The streamflow drought hazard indicator ADQI-Q80,Ifm is based on the
widely used threshold-level method, but it implies a low-flow method that allows an
existing drought to continue during a pre-defined low-flow season even if the
threshold to terminate the drought (Q80) is exceeded. The rationale behind this
approach is that people and the ecosystem cannot recover from a drought during the
low-flow season if flow during this season is only a small percentage of total
streamflow in each year. The indicator can add value in regions with high seasonal
streamflow variability where people strongly rely on water storage in man-made
reservoirs that needs to be replenished by streamflow. Moreover, two new water
deficit indicators were developed, ADQI-WUs and ADQI-WUs-EFR that take into
account mean monthly surface water use, and in case of the latter also mean
monthly environmental flow requirements, EFR, which are assumed to be 80 % of
mean monthly discharge. Finally, the new indicators QDAI and SMDAI combine the
anomaly and deficit aspects of a drought for the variables streamflow and soil
moisture. For the first time in a drought monitoring system, these indicators take into
account that unusually low streamflow only translates into a high drought hazard if
the water demand of people/biota cannot be satisfied. On the other hand, low
streamflow anomalies can be perceived as strong drought hazard if they occur
during periods of high water demand (see section 1.5.1 for details). Selected
indicators (ADQI-Q50, ADQI-Q80, ADQI-Q80,Ifm, SSI1, SSI12, QDAI and SMDAI)
were made available through the Integrated Drought Tool.
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Figure 12. Frequency of occurrence (%) of mild (a), moderate (b), severe (c),
extreme (d) or no (e) streamflow drought during the period 1981-2010 as defined by
the indicator QDAI (Fig. 6 in Popat and Déll, 2021). Grid cells where for any calendar
month there are at least 6 months with Qant =0 are indicated as int, and grid cells
which are not computed due to land cover are indicated as nc

We found that the large majority of the land surface is affected by streamflow
drought (Figure 12). Mild and moderate droughts prevail in temperate and tropical
climate while severe and extreme streamflow droughts occur more frequently in sub-
tropical climate. This has direct implications for the stability of the water supply in
these regions because the indicator QDAI is not only accounting for streamflow
anomalies but also for deficits (Popat and Dall, 2021).

2.2 Drought hazard for agricultural systems

2.2.1 Irrigated crop production systems

High drought hazard for irrigated crops was calculated for most semi-arid regions
characterized by large interannual variability in streamflow and irrigation requirement
such as in the Western part of the US, Northeast Brazil, Argentina, Middle East, or
Western India. However, drought risk for irrigated crops is also high in large parts of

Seite 50 von 154



o Final report — 2 Results of the drought risk analysis at global scale

Southern and Eastern Europe. Drought hazard for irrigated production systems is
low for humid regions such as most tropical regions or regions with a low interannual
variability in water resources and irrigation requirement such as Northern Africa and
the Arabian Peninsula (Figure 13). Extended regions with high drought hazard were
detected for each year in the observation period but spatial patterns differed a lot
between the years. In many regions such as the Western part of the US or Western
India multi-year droughts were detected (Appendix A1).
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Figure 13. Long-term drought hazard of irrigated crop production systems (Fig. 2b in
Meza et al., 2020)

2.2.2 Rainfed crop production systems

A high long-term hazard indicating frequent drought events was detected for most
arid and semi-arid regions such as Western US, North Mexico, Northest Brazil,
Chile, Peru, Argentina, Southern Africa, Southern Russia, the Sahel-Zone, Central
Asia, North India, North China Middle East and Australia (Figure 14). These are
regions where irrigation is used at the large scale to reduce exposure to soil moisture
droughts. However, not all farmers have access to irrigation infrastructure so that
rainfed systems are frequently affected by drought. Spatial patterns of drought
hazard for rainfed systems differ considerably between years but we also identified
years in which most of the major agricultural production areas were affected by
drought such as the years 2012, 1987, 2015, 2018 and 2002. In contrast, the major
crop production regions were not or little affected by drought in years 1993, 1985,
1997, 1996 and 1998 (Appendix A1). For severe drought events occurring in larger
regions the drought hazard maps were validated by inspection of anomalies in
production, net trade and supply of cereals, pulses and oilcrops (Appendix A4). The
comparison shows that production declined considerably in most of the selected
drought events compared to the two preceding and subsequent years. Net trade
reduced mainly when drought was observed in major crop exporting regions such as
Australia, although the effect always happened here in the year subsequent to the
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drought. Sharp declines in food supply became visible in regions where subsistence
farming is prevailing such as Southern Africa while in developed regions reduced
production was buffered by storage or trade (Appendix A4).
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Figure 14. Long-term drought hazard of rainfed crop production systems (Fig. 3b in
Meza et al., 2020)

2.2.3 Remote sensing based hazard analyses for crop production in general

The analysis of spatiotemporal patterns of drought and the relationship with yield
anomalies at global scale showed that all three tested indicators (NDVI, LST and
ESI) were correlated with negative yield anomalies (Figure 15). All indices could
identify past drought events, such as the drought in the USA in 2012, Eastern Africa
in 2016-2017, and South Africa in 2015-2016 (Ghazaryan et al., 2020). Anomalies
in the ESI had higher correlations with maize and wheat yield anomalies than other
indices (Figure 15). This finding is in particular relevant because the index ESI is
similar to the drought hazard indicator for rainfed crop production systems used in
the modeling studies (see previous section) and both indices can easily be translated
into each other. Therefore the underlying AET / PET ratio was identified as powerful
indicator for agricultural drought which can be obtained by modeling and remote
sensing and therefore be used in studies combing modeling with remote sensing or
to compare the results. The area affected by reduced AET / PET was mapped at
global scale but a separation of irrigated and rainfed cropland could not be made
because time series of irrigated and rainfed crop shares have not been available.
However, such a comparison was possible for the US (lowa) and South Africa (Free
State Province) and showed that in many years a reduced ESI was found for both,
rainfed and irrigated pixels. This points to constraints in water supply for irrigated
fields resulting in deficit irrigation or even rainfed cultivation in years of severe
hydrological drought. (Ghazaryan et al., 2020).
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Figure 15. Pearson’s correlation coefficient (r) estimated for a maize yield anomaly
(based on gridded yield data) with land surface temperature (LST), evaporative
stress index (ESI), and normalized difference vegetation index (NDVI) anomalies
(peak of the growing season) (Fig. 2a in Ghazaryan et al., 2020)

The duration of droughts (in months) was also analyzed based on anomalies in the
ESI (Figure 16). The spatial patterns in the duration of EVI-anomalies agree quite
well with the patterns in drought hazard for rainfed and irrigated sytems derived by
modeling (Figures 13, 14).
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Figure 16. Maximum number of consecutive months with the ESI anomaly <-1 in
the period 2001-2017 (non-cropland areas are masked based on the MODIS land
cover, Fig. 4a in Ghazaryan et al., 2020)

2.2.4 Comparison of simulated and remotely sensed drought hazard

The comparison of the crop drought indicator for rainfed crops simulated with GCWM
to the indicator derived from MODIS satellite imagery for period 2001-2019 showed a
high agreement (r > 0.5) for all the regions with a high long-term drought hazard
(Figures 14, 17). In contrast, correlations were low in humid or tropical regions such
as West Africa, the Amazon basin, Southeast Asia or Northern Russia (Figure 17).
The reason for the low agreement in these humid regions is the low inter-annual
variability of the drought index making high positive correlations less likely.

Figure 17. Pearson’s correlation coefficient between the crop drought indicator (CDI)
for rainfed crops simulated with the Global Crop Water Model and MODIS-based
CDI for period 2001-2019
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2.3 Exposure to drought

Exposure to drought was analyzed by aggregating pixel level harvested area
weighted mean drought hazard to country level (Meza et al., 2020). The analysis
shows that regions with low exposure of rainfed and irrigated crops to drought tend
to be tropical and subarctic regions following the Kdéppen—Geiger climate
classification (1980-2016; Beck et al., 2018). There are significant regional
differences when comparing irrigated and rainfed drought exposure. Rainfed crops in
Southern Africa are highly exposed to drought while the exposure of irrigated crops
is relatively low (Figure 18). In contrast, exposure of irrigated crops to drought is
higher than the one of rainfed crops in countries such as Iran, Turkey, China and
Australia (Figure 18). A reason might be that these are large countries in which
irrigated crops grow in the more arid regions which are more frequently affected by
drought. Countries with high exposure for both, rainfed and irrigated crop production
systems are the US, Australia, Iran, Syria and Pakistan. In contrast, low exposure for
both, rainfed and irrigated crop production systems were found for countries in
tropical West Africa (Central African Republic, Gabun, Congo, Liberia, Sierra Leone
Guinea and Guinea-Bissau), Colombia, Norway, Myanmar and Laos (Figure 18).
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Figure 18. Exposure to drought for irrigated (top) and rainfed (bottom) agricultural
systems in period 1981-2016 (Fig. 4 in Meza et al., 2020)
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2.4 Vulnerability of agricultural systems to drought

Countries with particular high vulnerability to drought were detected mainly in sub-
saharan Africa (Mali, Niger, Chad, Sudan, Central African Republic, Congo DR,
Angola, Mosambique, Zimbabwe and Madagascar), Asia (Iraq, Yemen, Afghanistan,
Myanmar) and Latin America (Paraguay) while vulnerability to drought was low in
developed countries such as the US, Canada, Western Europe, Australia but also in
China (Figure 19). There were cases where countries such as Namibia presented
high socioecological susceptibility in contrast with high coping capacity, reducing its
overall vulnerability. The drought risk in countries such as Lesotho and Mauritania
that have, in contrast, limited coping capacities is notably higher (Meza et al., 2020).
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Figure 19. Vulnerability to drought for irrigated and rainfed agricultural systems in
period 1981-2016 (Fig. 3c in Meza et al., 2020)

2.5 Drought risk of agricultural systems

2.5.1 Drought risk for irrigated systems

The drought risk for irrigated agricultural systems varies significantly among
continents and countries. Especially large countries such as the USA, Brazil, China
and Australia show a high variation at the country level due to varying climatic
conditions. Drought hazard and exposure was highest in regions with a high density
of irrigated land and high irrigation water requirements such as the western part of
the USA, central Asia, northern India, northern China and southern Australia.
Vulnerability was high particularly in sub-Saharan Africa but also in some countries
in central Asia and the Middle East and low in general for industrialized and high-
income countries. The combination of hazard and vulnerability to risk resulted in the
highest values for large parts of western, central and southern Asia; eastern Africa;
and the eastern part of Brazil. Low-risk areas include western Europe, the USA,
Australia, New Zealand and most parts of China (Figure 20).
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Figure 20. Drought risk for irrigated agricultural systems in period 1981-2016 (Fig.
2a in Meza et al., 2020)

T

2.5.2 Drought risk for rainfed systems

High levels of risk (dark yellow to red color scheme) for rainfed agricultural systems
are observed in southern Africa, in southeastern Europe, in northern Mexico, in
northeastern Brazil, at the western coast of South America, in southern Russia and
in western Asia (Figure 21). Although drought hazard and exposure were high in the
US and Australia (Figures 14, 18) the drought risk is relatively low (Figure 21)
because of the low vulnerability (Figure 19). Drought risk is also low in general in
Western Europe, Southeast Asia and in the humid tropics (Figure 21).

0.275
0.137
0.122
i 0.107
—0.092
—0.076
~0.062
—0.048
—0.034

' o s 0.021
i [ No crop # . . l ‘ | 0.007
[INo data il - ' ' 0.000

Figure 21. Drought risk for rainfed agricultural systems in period 1981-2016 (Fig. 3a
in Meza et al., 2020)

2.5.3 Drought risk for agricultural systems (irrigated and rainfed combined)

Although the drought hazard was computed differently for the different agricultural
systems, the countries with high risk of drought to both farming systems are
Botswana, Namibia and Zimbabwe (Figure 22). These countries share the same
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relevant indicators that define their high vulnerability: a high soil and land
degradation rate, a low literacy rate and low total renewable water in combination
with high drought hazard and exposure. In addition, high total risk was computed for
countries in Northern Africa (Morocco, Algeria, Niger, Lybia and Tunesia), Asia (Iran,
Afghanistan; Mongolia, Kazakhstan) and for the Russian Federation (Figure 22). The
attempt to calculate hazard, exposure and risk for the whole crop production sector
by assigning a similar weight to the hazard exposures for rainfed and irrigated
systems must be viewed critically, and results should be analyzed with care. A
potential way to derive specific weights for rainfed and irrigated exposure could be
validating not only calculated hazard and exposure but also vulnerability and risk,
with information about drought impacts separately, for both irrigated and rainfed
systems (Meza et al.,, 2020). Such an attempt has been made recently yielding
indicators for vulnerability to drought separately for irrigated and rainfed systems and
distinguishing different years (Appendix A2).
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Figure 22. Drought risk for crop production systems (irrigated and rainfed combined)
in period 1981-2016 (Fig. 4a in Meza et al., 2020)
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3 Results of the drought risk analysis for regional case studies

3.1 South Africa

South Africa is located in the southern part of Africa, spreading over 122 million ha
with approximately 12% croplands (FAO, 2020a). The country is composed of nine
provinces and has a wide range of climates from arid to subtropical, temperate, and
mediterranean (Figure 23). About 91% of South African territory is arid or semi-arid,
with only 10% of the land generating half of the annual run-off (Le Maitre, 2018). The
country has uneven rainfall distribution with a mean annual rainfall of 550 mm and
annual mean temperature of 18°C (FAO, 2020a). The potential annual mean
evaporation for the whole country is about three times greater than its annual rainfall,
1800mm per year (WWF, 2018).

The agricultural economy comprises technically developed commercial farming on
the one hand and more subsistence-based production in the remote rural areas on
the other hand (Waldner et al., 2017). The dominant activities include: i) intensive
crop production and mixed farming in areas characterised by winter and summer
rainfall, ii) cattle ranching in the bushveld and iii) sheep farming in the arid regions
(Waldner et al., 2017). Climate--soil combinations leave only 12% of the country
suitable for crop production; of which 22% is considered as high potential land in
terms of production capacity (Waldner et al., 2017; WWF, 2018). In general, rainfed
agriculture prevails in South Africa, accounting for the majority of the harvested area
(Fig. 1) (Hardy et al., 2011). This means that only 1.35 million ha (8.5%) of the
potentially arable land is irrigated (DAFF 2019). Nevertheless, irrigated agriculture
contributes 30% to agricultural production (FAO, 2020c). Irrigation systems in South
Africa can be permanent, supplementary, or occasional. Most commercial irrigation
occurs across large river basins (e.g. Orange, Lower Vaal, Fish) and in the Western
Cape region (FAO, 2016).

South Africa has been frequently affected by droughts in the last four decades. Major
drought periods include 1982-1984, 1991-1992, 1994-1995, 2004-2005, 2008-2009,
2015-2016, and the most recent in 2018-2020 (Mahlalela et al., 2020; FAO, 2019;
Walz et al., 2020, Unganai et al., 1998). During those years, drought not only
impacted the environment, but also the social and the economic systems. The 1992
drought affected around 250,000 people, with an estimated 50,000 jobs losses in the
agriculture sector, and 20,000 additional jobs losses in related sectors (AFRA, 1993).
In 2007-2008, the South African government spent over R285 million (19 million US
dollars) on drought relief measures for the agricultural sector, primarily on the
purchase and supply of subsidised fodder depending on farms’ sizes (Ngaka, 2012).
Recent droughts such as the one in 2015-2016 revealed the cascading impacts of
the drought. The BFAP (2016) reported that the area of maize planted for the 2016-
17 season was 25% lower than the area planted in the 2015-16 season, which was
reflected in the year-on-year declines in seasonally adjusted sectoral GDP. In
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addition to the direct impact on agriculture, general economic indicators pointed to
an aggravated situation (e.g. input providers were hard hit due to the lack of
purchasing power in the agricultural sector; given the suppliers” import propensity
and the local currency depreciation (BFAP, 2016). Inflationary pressures resulting,
inter alia, from drastic increases in food prices drove up interest rates, which had a
negative effect on farming enterprises' debt servicing costs and further restricted
access to credit in the sector (BFAP, 2016).
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Figure 23. South Africa: a) Képpen-Geiger climate classification map for South
Africa (1980-2006) (Beck et al., 2018). b) South African provinces. c) and d) Rainfed
and irrigated areas per municipality, respectively. e) Ratio between irrigated and total
agricultural area per municipality. f) Irrigated and rainfed agriculture in South Africa
at pixel level. Maps are based on data from the national land use/land cover dataset
2018 (Thompson, 2019). (Fig. 1 in Meza et al., 2021)
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3.1.1 Drought hazard and exposure

Our results demonstrate a large variability in drought hazard and exposure among
provinces and local municipalities. The most extreme drought hazard/exposure for
rainfed conditions is observed in the North Cape, North West and Limpopo provinces
during the study period (Figure 24). On the other hand, the lowest hazard and
exposure in the period 1981-2018 is computed for Kwazulu province (Figure 24).
Western and central parts of Eastern Cape and Mpumalanga provinces also have a
low level of rainfed drought hazard/exposure (Figure 24). The time series analysis of
drought hazard and exposure showed that 1992 and 2016 were the driest years
during the study period under rainfed conditions (Figure 25). The year 2000 and
2006 are classified as wettest years across South Africa (Fig. 25). The frequency of
dry years for rainfed systems remarkably increased after year 2010 (Meza et al.,
2021).

In general, the irrigated systems are less often affected by drought than rainfed
systems, with larger areas exposed to drought in Limpopo and Estern Cape
provinces of South Africa (Figure 24). These areas have semi-arid to arid climates
and are characterised with less annual precipitation than the rainfed growing areas
of the country. For irrigated croplands, larger areas were affected by drought
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Figure 24. Drought hazard and combined hazard/exposure for rainfed (top row) and
irrigated (bottom row) cropping systems across South Africa at grid and local
municipality levels in the period 1981-2018. Black lines indicate provincial
boundaries (Fig. 3 in Meza et al., 2021)
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hazard/exposure since 2012, even in areas that have low share of irrigated
croplands, such as north western municipalities in the Northern Cape (Figures 24
and 26). Despite smaller areas of hazard/exposed irrigated land compared to rainfed
areas, the impacts can be significant due to the number of affected people. Roughly
about 230,000 irrigation farmers were affected, mostly smallholders often with very
small plots for self-consumption (FAO, 2016). The highest hazard/exposure was
found in years 2015-2016 and the lowest in year 2001 (Figure 26).

The accuracy of simulated hazard/exposure for rainfed agricultural systems was
tested by comparing modelling outputs with remotely sensed exposure data in the
period 2001-2018 (Figure 27). There was a strong correlation (0.5 to 0.9) between
remotely sensed and simulated drought exposure for rainfed conditions for most of
the municipalities across South Africa. The lowest correlation (0 to 0.2) was obtained
in a limited number of municipalities mainly in KwaZulu-Natal and Eastern Cape
provinces, which are largely covered by natural grasslands. The annual drought
signal obtained by remote sensing may therefore deviate considerably from the
conditions in the cropping period considered in the model.

= <-0.5

-0.5--0.25

-0.25--0.10

-0.10-0.10

0.10-0.25

0.25-0.50

[ 1 Nodata

Figure 25. Drought hazard/exposure for rainfed cropping systems across local
municipalities of South Africa in the period 1981-2018. Black lines indicate provincial
boundaries (Fig. 4 in Meza et al., 2021)
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Figure 26. Drought hazard/exposure for the irrigated cropping system across local
municipalities of South Africa for the period 1981-2018. Black lines indicate
provincial boundaries (Fig. 5 in Meza et al., 2021)
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Figure 27. Correlation coefficient between drought exposure of rainfed systems
obtained by modeling and remote sensing (Fig. 6 in Meza et al., 2021)
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Moreover, we assessed the relationships between annual drought exposure
simulated for rainfed systems and yield/production reported at the country scale
(FAO, 2021). The correlation coefficient among simulated drought exposure and
reported yield and production were -0.32 and -0.41, respectively (Figure 28) which
means that drought resulted in lower yields and production. The model reproduced
the drought for the vyears (1992-2015-2016) which showed the largest
yield/production reduction. It is important to note that the FAO yield/production data
did not distinguish between rainfed and irrigated systems. Therefore we expected
even higher correlations when separate data would become available.

Drought hazard for combined (irrigated and rainfed) agriculture was also determined
by using remote sensing (Schwarz et al., 2020). Drought hazard was estimated
based on a regression model which included the variables albedo, LST, NDII, NDVI
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Figure 28. Time series of rainfed drought hazard (positive values indicate drought)
and cereal yield and production anomaly in South Africa in the period 1981 to 2018.
The r values show the Pearson correlation coefficient (Fig. S6 in Meza et al., 2021)
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and SPI3. The high resolution remote sensing based estimate (Figure 29) shows
good agreement with the model based estimates (Figures 25, 26) for the relatively
wet year 2014 and the dry season 2015-2016.
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Figure 29. Drought hazard in South Africa for agricultural, grass- and shrubland in
the nondrought season 2013/2014 (left) and the drought season 2015/2016 (right,

Fig. 3 in Schwarz et al., 2020)
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3.1.2 Vulnerability and risk of rainfed and irrigated systems

The vulnerability assessment shows heterogeneity across the country (Figure 30) for
both systems. Our assessment highlights that crops under rainfed systems are more
vulnerable to drought than irrigated systems.

According to the expert consultations, the most relevant vulnerability indicator for
irrigated systems is unemployment rate (%). This is also recognized as a relevant
indicator by the scientific community in the South African context as the country
suffers from deep structural unemployment having a direct impact on poverty levels
(Chibba and Luiz, 2011). Agriculture proved to be the best way to reduce rural
poverty according to the rural development literature, besides, in most developing
countries, agriculture and agriculture-related activities provide most of the rural
employment (Machethe, 2004). Irrigation schemes have had great impact in South
Africa, not only in food production but also alleviating poverty. One notable example
is the one caused by the Great Depression by resettling of returning soldiers that
reduced the unemployment rate in the country (FAO, 2016). Irrigated agriculture
employs between 10% and 15% of the total agricultural workforce (DWA, 2002).

The most relevant indicators for rainfed systems according to the experts are: area
equipped for irrigation expressed as percentage of total area, and households with
an alternative to farm income (%). Access to irrigation infrastructure can help farmers
increase their coping capacities to drought since due to rapid climate change,
irregular rainfall patterns and water shortages are becoming a common issue
(Asadieh and Krakauer, 2017; Trenberth et al., 2014). Irrigation infrastructure
systems can allow crops to be uniformly supplied with water according to their
needs. Despite the advantages of irrigation systems, in South Africa, the expansion
of irrigation systems is limited by water availability (FAO, 2016). Furthermore,
irrigation schemes have performed poorly. Poor performance mainly resulted from
inefficient and non functioning infrastructure, inappropriate planning and design,
insufficiency of training to raise awareness, improper land tenure arrangements, and
the lack of both input and output markets (Machethe, 2004; Gidi, 2013; Fanadzo et
al., 2010). The ability to irrigate at least parts of the land can stabilize farm income in
drought periods and thereby also reduce the vulnerability of the rainfed sector. Low
harvests threaten the households that only depend on their farm income (~97%); this
could result from a drought period that requires compromising their entire livelihoods.
Having an alternative income may increase their coping capacities as they do not
depend solely on the agricultural income derived from crop sales (Meza et al., 2021).

The vulnerability maps display high values particularly on irrigated systems for the
Western Cape municipalities and for rainfed agricultural systems in KwaZulu-Natal.
Our findings underline that determining factors of vulnerability vary depending on the
sector which is susceptible to the negative impacts of drought. For instance, the
main indicators which shape the vulnerability for irrigated systems and are potential
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entry points for the drought risk reduction is the lack of environmental awareness,
poor water quality, and low total dam storage capacity. In the South African context
this is due to the limited access to extension services (e.g geographically remote
farmers tend to have little network coverage), and very limited financial resources to
invest in technologies or utilities (Meza et al., 2021). Resulting in a lack of
accessible, relevant, and practical information to share, as well as few or no
opportunities to expand the irrigation farmers capacities (FAO, 2020b).

For rainfed agricultural systems, the key indicators shaping the socio-environmental
susceptibility and the coping capacities of the local municipalities are the small
fertilizer application rate, the lack of area equipped for irrigation, and land
degradation. This last indicator is relevant for both systems; land degradation is
linked to different factors in the context of agricultural systems in South Africa, one of
them is the lack of environmental awareness led to unsustainable farming practices
(Rotheret al., 2008; Schulze, 2016).

The drought risk assessment highlights its context-specificity and how different
communities of a country experience different levels of risk. Drought risk varies
substantially for rainfed and irrigated systems (Figure 30). There is a high-risk
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Figure 30. Drought vulnerability and risk in South Africa at local municipality level for
rainfed (top row) and irrigated agriculture (bottom row). Tendency to dark blue shows
lower levels of vulnerability and risk, the tendency to red shows higher vulnerability
or risk values. Black lines indicate provincial boundaries (Fig. 7 in Meza et al., 2021)
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pattern towards the North provinces for rainfed agricultural systems. Meanwhile,
high-risk hotspots for irrigated agricultural systems can be found in some local
municipalities of KwaZulu-Natal (e.g. uMhlathuze, Endumeni local municipalities),
Western Cape (e.g. Overstrand, Swellendam) and Gauteng (e.g. Midvaal) provinces
(Meza et al., 2021).

When analysing the risk for rainfed systems, among the local municipalities in the
Northern Cape, Emthanjeni has the lowest risk score than other provinces despite its
high hazard and exposure levels; it is explained by a lower social susceptibility (e.g.
overall quality of water services, less population have experienced crime and theft of
livestock), and higher coping capacities (e.g. access to credits). In contrast, the local
municipality of Raymond Mhlaba in the Eastern Cape has lower vulnerability than
other provinces, but its high hazard and exposure scores result in a high risk.

In order to identify priority areas for disaster risk management, the risk assessment
of each agricultural system was plotted against the crop dependent population in
each local municipality (Figure 31). The comparison shows that the local
municipalities with higher irrigated and rainfed systems are not among the highest in
terms of crop dependent population. The city of Johannesburg presents a higher
crop dependency, but also has high risk for both systems. Its drought hazard and
exposure are high, and the vulnerability analysis reveals that their lack of
environmental awareness, fertilization rate and land degradation are key factors
contributing to their overall very high risk; highlighting the relevance to take actions in
this municipality. Johannesburg, the largest city in South Africa, is facing enormous
challenges which reflect on the drought vulnerability level. Challenges like
urbanisation’s impact on the soil and water quality and availability, and facing non-
sustainable growth paths (SACN, 2016) have significant impacts on the magnitude of
Johannesburg’s vulnerability toward drought.

In contrast, the city of Tshwane has a high number of crop dependent population, but
it presents a medium rainfed risk and very low irrigated risk. Its medium risk is
explained by its medium-low i vulnerability as a result of better performance in
nutrition level, good water quality and road density, among others.

The Northern-Cape province has the lowest population dependent on crops.
However, it is one of the provinces with more local municipalities on high rainfed risk,
as this province has arid climate which exposes rainfed crops to high drought
hazard. In contrast, the KwaZulu-Natal province has a higher amount of population
dependent on crops, but more local municipalities are at high risk for irrigated
systems (Meza et al., 2021).
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Figure 31. Local municipalities contrasted with drought risk for rainfed (x axis) and
irrigated (y axis) systems. The size of the bubbles represent the amount of crop
dependent population by local municipality (Fig. 8 in Meza et al., 2021)

3.2 Zimbabwe

Zimbabwe is among the countries in southern Africa that are heavily affected by
droughts (Figures 20-22). Agriculture accounts for approximately 12% of the
country’s Gross Domestic Product (GDP) (World Bank, 2020). About 70% of the
population directly depends on agricultural outputs (UN Zimbabwe, 2020), and more
than 60% conducts rainfed subsistence and semisubsistence agriculture (Makaudze
and Miranda, 2010). Since recent information on the extent of irrigated and rainfed
cropland has not been available for Zimbabwe, an assessment based on optimizing
harmonic functions fitted to cloudcorrected Landsat NDVI time-series was performed
for period 2013-2018 by the GlobeDrought project (Landmann et al., 2019). The
result of the assessment shows that rainfed cropland is found scattered across the
whole country while irrigated agriculture is concentrated in the North and the
Southeast of the country (Figure 32). The dataset classifying irrigated and rainfed
cropland, was then used in subsequent drought risk studies for Zimbabwe (Frischen
et al., 2020; Schwarz et al., 2020). These drought risk studies mainly used remote
sensing to detect drought hazard but additional socio-economic information to
specify vulnerability and risk. In Frischen et al. (2020) a comprehensive vulnerability
assessment was performed which included 32 indicators identified by an extensive
literature review.
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Figure 32. Farming systems map for Zimbabwe showing irrigated and rainfed
cropland in period 2013-2018 (Fig. 4 in Landmann et al., 2019)

3.2.1 Drought hazard and exposure

The seasons 1991-1992, 1994-1995, 2002-2003 and 2015-2016 were identified as
periods with extreme drought hazard (Frischen et al., 2020; Figure 33). The five
districts with the highest average number of drought events were Beitbridge (7.05
droughts in 30 years), Hwange (6.91), Bulilima (6.90), Buhera (6.84), and Tsholotsho
(6.70). The five districts with the lowest average of drought events were Mutasa
(1.99), Zaka (2.36), Morondera (2.69), Wedza (2.74), and Nyanga (2.89) (Figure 34).
At provincial level, Matabeleland South and Matabeleland North indicated the
highest average of drought events, followed by the Midlands Province, Mashonaland
West, Mashonaland Central, and Manicaland. Masvingo and Mashonaland East
have the lowest average of drought events (Frischen et al., 2020). The high drought
hazard in season 2015-2016 and the low hazard in season 2013-2014 was
confirmed in the drought assessment performed for Zimbabwe based on albedo,
LST, NDII, NDVI and SPI3 (Schwarz et al., 2020; Figure 35).
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Figure 33. Seasonal vegetation health index (VHI) composites (1989-2019) based
on NOAA AVHRR and VIIRS data used to identify drought hazard for agricultural
systems in Zimbabwe (Fig. 3 in Frischen et al., 2020)
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Figure 34. Average number of drought years during 1989-2019 for agricultural
systems in Zimbabwe at district level (Fig. 4 in Frischen et al., 2020)
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Figure 35. Drought hazard in Zimbabwe for agricultural, grass- and shrubland in the
nondrought year 2013/2014 (left) and the drought year 2015/2016 (right; Fig. 4 in
Schwarz et al., 2020)

Seite 72 von 154



Globe (./
/\Drought
T Final report — 3 Results of the drought risk analysis for regional case studies

3.2.2. Drought vulnerability and drought risk

A very detailed and comprehensive drought vulnerability assessmentbased on 32
different indicators derived from the literature was performed for Zimbabwe (Frischen
et al., 2020). The result shows a diverse vulnerability pattern at district level but a
consistent gradient from high vulnerability in the Southwest to low vulnerability in the
Northeast at province level (Figure 36). Low vulnerability was particularly observed in
Manicaland, which also performs comparably well in all social indicators.
Contrastingly, provinces with high vulnerability scores are Matabeleland South,
Matabeleland North, and Masvingo (Figure 36). These provinces are characterized
by remoteness, with a bad state of public infrastructure including transportation,
electricity, and sanitation and health facilities. The provinces additionally indicate a
high state of land degradation and limited natural vegetation cover, given the low
annual rainfalls (Frischen et al., 2020).

An index for drought risk in irrigated and rainfed agriculture was then derived by
multiplying, at pixel level, the indices for hazard/exposure by vulnerability (Figure
37). The highest drought risk for irrigated systems agricultural systems is observed in
Chipinge, whereas a high drought risk to rainfed agriculture occurs in multiple
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Figure 36. Vulnerability of agricultural systems in Zimbabwe to drought per district

(left) and province (right, bottom). Province boundaries and province names are
shown in the map top right (Fig. 6 in Frischen et al., 2020)
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Figure 37. Drought risk of agricultural systems in Zimbabwe (left) and separation
into drought risk for rainfed agriculture (top right) and irrigated agriculture (bottom
right; Fig. 7 in Frischen et al., 2020)

districts, including Buhera (Manicaland), Mount Darwin (Mashonaland Central),
Gokwe South (Midlands), Beitbridge, Gwanda, Matobe, and Mangwe (Matabeleland
South). Mashonaland East and Manicaland are generally less at risk to severe and
extreme drought. Beitbridge and Bulilima indicate the highest risk of severe
droughts. Mangwe, Matobo, Gwanda, Mwenezi, and Chiredzi show the highest risk
to extreme drought (Frischen et al., 2020).

The drought assessment performed by Schwarz et al. (2020) for the seasons 2013-
2014 and 2015-2016 detects a bit different spatial patterns of drought risk with high
risk in the Northeast and low risk in the Southwest of Zimbabwe (Figure 38).
Reasons for the differences are the specific drought hazard pattern in season 2015-
2016 (see also Figures 33 and 35) and the different results of the vulnerability
assessment (Figures 36 and 38). Instead of 32 vulnerability indicators considered by
Frischen et al. (2020), the study undertaken for seasons 2013-2016 used only four
vulnerability indicators, namely population density, GDP, livestock density and
irrigation (Figure 9). This shows that a careful selection of indicators is esstential to
identify reasonable spatial patterns in drought vulnerability.

Seite 74 von 154



/

Globej (-/

7 Drought

N Final report — 3 Results of the drought risk analysis for regional case studies

2013/2014 Drought Probability (hazard) 2015/2016

20° 5=

Mamibia Mamibia

25° 5} -*i
‘ \ [l
~ - -
\\_‘.k_..,t
30° S i S hf
\"*\; \
\
35° 5 -
I ! Ll I I I
20° S+
25° 5
30° 5 Legend
o 08
G,
35° S
2013/2014
20° 5
Namibia
25°s)
30° S
35° 5
15°E 20° € 25°E 30°E 35°E 15°E
A 0 375 750 1500
A km :] Administrative Boundaries

Figure 38. Spatial explicit drought hazard, vulnerability and risk for South Africa and
Zimbabwe (exemplary) for the growing seasons December to March 2013/14 (non-
drought period) and 2015/16 (drought period), respectively (Fig. 6 in Schwarz et al.,
2020)
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4 Experimental early warning and forecasting

To expand the GlobeDrought information system by an early warning component,
several modifications had to be made to the models used in GlobeDrought to provide
real time estimates and seasonal forecasts of drought hazard. Most importantly, the
climate input data for the models used before only covered the period until year 2016
and could therefore not be used for simulations of the near realtime drought hazard.
In the first phase of the project GCWM was forced with CRU-TS 3.25 climate input
(Harris et al., 2014) while WaterGAP used WFDEI-GPCC (Weedon et al., 2014). The
global assessment of historical drought hazard (Meza et al., 2020) was performed
with this climate input. These climate input data have been replaced by ERA5 global
reanalysis data (Hersbach et al., 2020) in both models. The data become updated
frequently and allow therefore simulations in almost real time. A workflow was
developed to download the variables required by the two models and to aggregate
the data from hourly to daily time steps. Consequently, the models had to be
adjusted to work with climate data at native daily time steps. Some assessments
performed in the second phase of the project (e.g. Meza et al., 2021) have already
been based on this new climate input and on the improved model versions.

To enable seasonal forecast simulations of drought hazard, a workflow was
developed in collaboration with the GRoW SaWaM project (KIT RKH Garmisch, Prof.
Kunstmann) to analyze drought hazard simulated with global bias-corrected
seasonal climate forecasts. The data provided by KIT RKH consisted of forecasts
spanning 7 months with daily time steps and included data for 51 ensemble
members. These data were used to simulate actual and potential evapotranspiration
of rainfed crops (GCWM), irrigation water requirement of irrigated crops (GCWM)
and streamflow (WaterGAP) for each of the ensemble members. Then the drought
hazard indicators for rainfed and irrigated agricultural systems (Meza et al., 2021)
were calculated. To demonstrate the workflow and to evaluate the results,
simulations were performed by using ensemble forecasts released beginning of
March 2018 (covering the period March 2018 — September 2018) and beginning of
May 2018 (covering the period May 2018 — November 2018). Then the results were
compared to model runs performed with the standard ERAS5 reanalysis product for
year 2018, which was considered as the reference. In addition, the results of the
ensemble forecasts were compared to simulations based on the climatology. Here,
the models used the standard ERA5 climate input until the begin of the forecast
period (01 March 2018 or 01 May 2018) and switched then to climate input from a
historical year. The 30-year historical period 1986-2015 has been used as input for
the model simulations based on the climatology, resulting in 30 ensemble members
for the climatology runs.

Accoring to the simulations with the standard ERA5 data for year 2018 high drought
hazard for rainfed crop production was detected for Western Europe, Central
Europe, Eastern Europe, Southern Russia, Southern Canada, Australia and
Argentina while very low hazard was observed for Southern Europe and the Eastern
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part of the USA (Appendix A1). For irrigated crop production systems, high drought
hazard was detected for Southwestern USA, Northeast Brazil, Southern China, the
Middle East region, Australia and Argentina while in particular low hazard was
calculated for Eastern USA, Europe, India, Southeast Asia and Western Africa
(Appendix A1). The results of the model runs with ensemble forecasts (ENS) was
therefore compared to the results with the climatology (HIS) and the model run with
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Figure 39. Comparison of the drought hazard indicator for rainfed crops simulated
with ensemble climate forecasts (ENS) and historical climate in period 1986-2015
(HIS) for the forecast period March 2018 — September 2018 with results obtained
from the standard model run with ERAS data for 2018 (black bold line) for selected
countries
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standard ERAS data for 2018 for selected countries affected by drought (Argentina,
Australia, Canada, Germany, Russia) and for countries with relatively wet conditions
in year 2018 (Italy, Spain).

The results of the comparison show that the model simulations using the bias
corrected ensemble forecasts reproduced the reference hazard better than the
model runs with the climatology for Argentina, Australia, Italy and Spain. In contrast,
the forecasts could not reproduce the severe drought in Germany in both cases,
model runs with ensemble forecasts and model runs with climatology (Figures 39,
40). The results show clearly that bias corrected seasonal ensemble forecasts have
a huge potential to improve seasonal drought forecasts of soil moisture and
streamflow and related drought hazard indicators. However, more research is
needed to evaluate this potential more systematically across time periods, regions,
drought indicators and the forecast length and to improve the efficiency of the
forecasting system to reduce processing time before such systems maybe used in
operational mode.
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Figure 40. Comparison of the drought hazard indicator for irrigated crops simulated
with ensemble climate forecasts (ENS) and historical climate in period 1986-2015
(HIS) for the forecast period March 2018 — September 2018 with results obtained
from the standard model runs with ERAS data for 2018 (black bold line) for selected

countries
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5 Dissemination of results and knowledge to the general public

5.1 Development of the Integrated Drought Tool

To visualize the datasets for drought hazard, vulnerability and risk created in the
project GlobeDrought developed the Integrated Drought Tool (Figure 41). The portal
provides access to more than 26 geospatial data sets and can be used for
visualization and displaying statistics. Users can select the scale of the drought
assessment (global, South Africa, Zimbabwe) and the sector affected by drought
(irrigated agriculture, rainfed agriculture, water supply). According to the selections
made by the users, corresponding indicators for drought hazard, exposure,
vulnerability, risk or impact are displayed and can be selected. For each of the
indicators available in the drought information system, metadata explaining data
sources and methods used to compute the indicators can be displayed (Figure 41).

The portal was introduced to various stakeholders, specifically in Zimbabwe, in order
to validate products and get feedback to its usability. One main outreach and
stakeholder activity was the stakeholder workshop in Zimbabwe, which was
facilitated online (Figure 42). The survey results from this workshop showed that the
portal is considered to be utmostly useful for a number of use cases in the region,
foremostly food security mitigation measures and to support finance-based
forecasting. Future commercialization opportunities were assessed through
discussions with insurance companies (e.g. Hagelschaden), German Helmholtz
Research Centers (GFZ and UFZ) and numerous agri-business conglomerates in
Brazil (sugar cane and palm oil processing companies).
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Figure 41. The portal interface showing the indicator Accumulated Drought Severity,
which is a hazard indicator which can be seen from the left panel. The panel
furthermore shows that is dat set is a Global’ data set and relevant for rainfed
agriculture
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It is anticipated to develop a commercially viable integrated drought service for an
array of customers in the future. In the Zimbabwe stakeholder workshop, the
usefulness of the portal for decision makers was assessed and the result (Figure 43)
clearly illustrates an above average rating for all three criteria.

Dominik Semet (...

Figure 42. Participants overview of the online Zimbabwe stakeholder meeting,
facilitated in September 2020

Usefulness for decision making 4
Format/easiness to interp

Fasiness lo access

Not at all useful
Extremely useful

Figure 43. Stakeholders’ survey results on the usefulness of the Globe Drought
portal that was developed in this sub project. The criteria ‘usefulness for decision
makers’ attained the highest score (4.8)
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5.2 Knowledge dissemination by webinars and electronic lectures

The GlobeDrought Learning Platform (Figure 44) was set up and deployed in 2018
with capabilities to manage learners, course content, discussions, assessment, and
certification. It was later configured with learning blocks according to the developed
learning strategy. By the end of the project, over 600 people had signed up to the
platform. The Learning Platform provides access to online courses (Table 2) and to
webinars developed and recorded during the project time. All webinars were
announced on the website and through the newsletter. They were integrated in the
learning platform together with the lecture videos and discussion forums on each of
the topics. In total, 11 webinars were hosted, featuring experts from all of the project
partners as well as strategic co-hosts from Oxford University Environmental Change
Institute, CGIAR, Save Somali Women & Children, GFZ German Research Centre
for Geosciences, University of Freiburg, FAO, UNCCD, and WMO. In aggregate,
these webinars were attended by over 300 participants. Recordings of the webinars
were made available on the Learning Platform where they were viewed over 800
times. All project partners contributed to the webinars and electronic lectures.

Table 2. Online courses provided by the GlobeDrought Learning Platform

2) GlobeDrought —
Characterizing and
assessing drought risk and
drought impacts at the
global and regional level

1) GlobeDrought Course

3) Drought impacts I:
Migration

4) Drought impacts Il:
Gender / women

5) Drought hazards I:
Meteorological droughts

6) Drought hazards I
Hydrological droughts

7) Innovation: Total water
storage change analysis
from GRACE and
hydrological modeling

8) Detecting drought and
vegetation health with
remote sensing

9) Understanding and
assessing risk of drought
impacts

10) Drought impacts lI:
Agricultural systems

11) Drought impacts IV:
Food Security

12) Droughts and the post-
2015 agenda
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Appendix
Appendix A1 - Time series of global drought hazard 1981-2018

1. Rainfed agricultural systems

Year 1981

Arid regions I Very wet Normal I Severe drought
I Extremly wet Wet Mild drought I Extreme drought
Year 1982

Arid regions I Very wet Normal I Severe drought
I Extremly wet Wet Mild drought I Extreme drought

Seite 90 von 154



Al
/\ Drought
T Final report — Appendix A1 - Time series of global drought hazard 1981-2018
Year 1983

Arid regions I Very wet Normal I Severe drought
I Extremly wet Wet Mild drought I Extreme drought
Year 1984

Arid regions I Very wet Normal I Severe drought
I Extremly wet Wet Mild drought I Extreme drought
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Year 1985

Arid regions I Very wet Normal I Severe drought
I Extremly wet Wet Mild drought I Extreme drought
Year 1986

Arid regions I Very wet Normal I Severe drought
I Extremly wet Wet Mild drought I Extreme drought
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Year 1987

Arid regions I Very wet Normal I Severe drought
I Extremly wet = Wet Mild drought I Extreme drought
Year 1988

Arid regions I Very wet Normal I Severe drought
I Extremly wet = Wet Mild drought I Extreme drought
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Year 1989

Arid regions I Very wet Normal I Severe drought
I Extremly wet Wet Mild drought I Extreme drought
Year 1990

Arid regions I Very wet Normal I Severe drought
I Extremly wet Wet Mild drought I Extreme drought
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Year 1991

Arid regions I Very wet Normal I Severe drought
I Extremly wet = Wet Mild drought I Extreme drought
Year 1992

Arid regions I Very wet Normal I Severe drought
I Extremly wet = Wet Mild drought I Extreme drought
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Year 1993

Arid regions I Very wet Normal I Severe drought
I Extremly wet Wet Mild drought I Extreme drought
Year 1994

Arid regions I Very wet Normal I Severe drought
I Extremly wet Wet Mild drought I Extreme drought
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Year 1995

Arid regions I Very wet Normal I Severe drought
I Extremly wet Wet Mild drought I Extreme drought
Year 1996

Arid regions I Very wet Normal I Severe drought
I Extremly wet Wet Mild drought I Extreme drought
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Year 1997

Arid regions I Very wet Normal I Severe drought
I Extremly wet Wet Mild drought I Extreme drought
Year 1998

Arid regions I Very wet Normal I Severe drought
I Extremly wet Wet Mild drought I Extreme drought
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Year 1999

Arid regions I Very wet Normal I Severe drought
I Extremly wet = Wet Mild drought I Extreme drought
Year 2000

Arid regions I Very wet Normal I Severe drought
I Extremly wet = Wet Mild drought I Extreme drought
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Year 2001

Arid regions I Very wet Normal I Severe drought
I Extremly wet = Wet Mild drought I Extreme drought
Year 2002

Arid regions I Very wet Normal I Severe drought
I Extremly wet = Wet Mild drought I Extreme drought
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Year 2003

Arid regions I Very wet Normal I Severe drought
I Extremly wet = Wet Mild drought I Extreme drought
Year 2004

Arid regions I Very wet Normal I Severe drought
I Extremly wet = Wet Mild drought I Extreme drought
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Year 2005

Arid regions I Very wet Normal I Severe drought
I Extremly wet = Wet Mild drought I Extreme drought
Year 2006

Arid regions I Very wet Normal I Severe drought
I Extremly wet = Wet Mild drought I Extreme drought
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Year 2007

Arid regions I Very wet Normal I Severe drought
I Extremly wet = Wet Mild drought I Extreme drought
Year 2008

Arid regions I Very wet Normal I Severe drought
I Extremly wet = Wet Mild drought I Extreme drought
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Year 2009

Arid regions I Very wet Normal I Severe drought
I Extremly wet = Wet Mild drought I Extreme drought
Year 2010

Arid regions I Very wet Normal I Severe drought
I Extremly wet = Wet Mild drought I Extreme drought
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Year 2011

Arid regions I Very wet Normal I Severe drought
I Extremly wet = Wet Mild drought I Extreme drought
Year 2012

Arid regions I Very wet Normal I Severe drought
I Extremly wet = Wet Mild drought I Extreme drought
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Year 2013

Arid regions I Very wet Normal I Severe drought
I Extremly wet = Wet Mild drought I Extreme drought
Year 2014

Arid regions I Very wet Normal I Severe drought
I Extremly wet = Wet Mild drought I Extreme drought
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Year 2015

Arid regions I Very wet Normal I Severe drought
I Extremly wet = Wet Mild drought I Extreme drought
Year 2016

Arid regions I Very wet Normal I Severe drought
I Extremly wet = Wet Mild drought I Extreme drought
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Year 2017

Arid regions I Very wet Normal I Severe drought
I Extremly wet = Wet Mild drought I Extreme drought
Year 2018

Arid regions I Very wet Normal I Severe drought
I Extremly wet = Wet Mild drought I Extreme drought
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2. Irrigated agricultural systems

Year 1981

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
Year 1982

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought

Seite 109 von 154



{
'/\ Drought
T Final report — Appendix A1 - Time series of global drought hazard 1981-2018
Year 1983

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
Year 1984

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
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Year 1985

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
Year 1986

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
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Year 1987

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
Year 1988

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
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Year 1989

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
Year 1990

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
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Year 1991

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
Year 1992

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
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Year 1993

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
Year 1994

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
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Year 1995

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
Year 1996

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
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Year 1997

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
Year 1998

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
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Year 1999

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
Year 2000

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
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Year 2001

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
Year 2002

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
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Year 2003

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
Year 2004

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
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Year 2005

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
Year 2006

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
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Year 2007

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
Year 2008

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
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Year 2009

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
Year 2010

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
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Year 2011

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
Year 2012

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
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Year 2013

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
Year 2014

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
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Year 2015

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
Year 2016

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
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Year 2017

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
Year 2018

I Extremly wet = Wet Mild drought I Extreme drought
I Very wet Normal I Severe drought
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Appendix A2 - Time series of global drought risk at country level (2000-2018)

1. Rainfed agricultural systems

2001 — Drought risk of rainfed agricultural systems

Risk Legend (Rainfed)

<0

0-0.1

0.1-02

0.2-03

0.3-04

0.4-05

0.6-0.7

=07

Missing

2002 — Drought risk of rainfed agricultural systems

Risk Legend (Rainfed)

<0

0-0.1

0.1-02

0.2-03

0.3-04

0.4-05

0.6-0.7

=07

Missing
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2003 — Drought risk of rainfed agricultural systems

Risk Legend (Rainfed)

<0

0-0.1

0.1-0.2

02-0.3

0.3-04

04-0.5

06-0.7

=0.7

Missing

2004 — Drought risk of rainfed agricultural systems

Risk Legend (Rainfed)

<0

0-0.1

0.1-0.2

02-0.3

0.3-04

0.4-05

06-0.7

=0.7

Missing
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2005 — Drought risk of rainfed agricultural systems

Risk Legend (Rainfed)

<0

0-0.1

0.4-0.2

02-0.3

0.3-04

04-05

06-0.7

=0.7

Missing

2006 — Drought risk of rainfed agricultural systems

Risk Legend (Rainfed)

<0

0-0.1

0.1-0.2

02-0.3

0.3-04

0.4-05

06-0.7

=0.7

Missing
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2007 — Drought risk of rainfed agricultural systems

Risk Legend (Rainfed)

=0

0-0.1

0.1-02

0.2-0.3

0.3-04

0.4-05

0.6-07

=07

Missing

2008 — Drought risk of rainfed agricultural systems

Risk Legend (Rainfed)

=0

0-0.1

0.1-02

0.2-0.3

0.3-04

04-05

0.6-0.7

=07

Missing
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2009 — Drought risk of rainfed agricultural systems

Risk Legend (Rainfed)

<0

0-0.1

0.1-02

0.2-03

0.3-04

04-05

0.6-0.7

=07

Missing

2010 — Drought risk of rainfed agricultural systems

Risk Legend (Rainfed)

<0

0-0.1

0.1-02

0.2-03

0.3-04

0.4-05

0.6-0.7

=07

Missing
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2011 — Drought risk of rainfed agricultural systems

2012 — Drought risk of rainfed agricultural systems
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2013 — Drought risk of rainfed agricultural systems

Risk Legend (Rainfed)

<0

0-0.1

0.1-0.2

0.2-0.3

0.3-04

04-05

06-0.7

=0.7

Mizzing

2014 — Drought risk of rainfed agricultural systems

Risk Legend (Rainfed)

<0

0-0.1

0.1-02

0.2-0.3

0.3-04

04-05

06-0.7

=0.7

Missing
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2015 — Drought risk of rainfed agricultural systems

Risk Legend (Rainfed)

<0

0-0.1
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0.2-03

0.3-04

04-05

0.6-0.7

=07

Missing

2016 — Drought risk of rainfed agricultural systems

Risk Legend (Rainfed)

<0

0-0.1

0.1-0.2

0.2-0.3

0.3-0.4

04-0.5

0.6-0.7

=0.7

Missing
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2017 — Drought risk of rainfed agricultural systems

Risk Legend (Rainfed)

<0

0-0.1

0.1-0.2

02-0.3

0.3-04

04-05

0.6-0.7

=0.7

Missing

2018 — Drought risk of rainfed agricultural systems

Risk Legend (Rainfed)

<0

0-0.1

0.1-02

0.2-0.3

0.3-04

04-05

06-07

=0.7

Missing
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2. Irrigated agricultural systems

2001 — Drought risk of irrigated agricultural systems

Risk Legend (Irrigated)

=0
0-0.1
0.1-02
02-03
0.3-0.4
04-05
0.5-06
=06
Migsing

2002 — Drought risk of irrigated agricultural systems

Risk Legend (Irrigated)

=0
0-01
0.1-02
02-03
0.3-04
04-05
0.5-06
=0.6
Mizsing
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2003 — Drought risk of irrigated agricultural systems

Risk Legend (Irrigated)

=0
0-0.1
0.1-02
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03-04
04-05
05-06
=0.6
Migsing

2004 — Drought risk of irrigated agricultural systems

Risk Legend (Irrigated)

=0
0-0.1
0.1-02
02-0.3
0.3-0.4
04-05
05-06
=06
Missing
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2005 — Drought risk of irrigated agricultural systems

Risk Legend (Irrigated)

=0
0-0.1
0.1-0.2
02-03
0.3-04
04-05
0.5-06
=0.6
Missing

2006 — Drought risk of irrigated agricultural systems

Risk Legend (Irrigated)

=0
0-0.1
0.1-02
02-0.3
0.3-0.4
04-05
05-06
=06
Missing
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2007 — Drought risk of irrigated agricultural systems

Risk Legend (Irrigated)

<0
0-0.1
0.1-02
0.2-03
0.3-04
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0.5-06
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Migsing

2008 — Drought risk of irrigated agricultural systems

Risk Legend (Irrigated)

<0
0-0.1
0.1-02
02-03
0.3-04
04-05
05-06
=0.6
Missing
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2009 — Drought risk of irrigated agricultural systems

Risk Legend (Irrigated)

=0
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0.3-04
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=06
Missing

2010 — Drought risk of irrigated agricultural systems

Risk Legend (Irrigated)

=0

0-0.1
0.1-02
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03-04
04-05
05-06
=0.6

Migsing

Seite 141 von 154



Globe { (-/

’/ Drought
—~— Final report — Appendix A2: Global drought risk 2000-2018

2011 — Drought risk of irrigated agricultural systems

Risk Legend (Irrigated)

<0
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0.2-04
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Missing

2012 — Drought risk of irrigated agricultural systems

Risk Legend (Irrigated)
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Mizsing
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2013 — Drought risk of irrigated agricultural systems

Risk Legend (Irrigated)
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2014 — Drought risk of irrigated agricultural systems

Risk Legend (Irrigated)
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2015 — Drought risk of irrigated agricultural systems

Risk Legend (Irrigated)
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2016 — Drought risk of irrigated agricultural systems

Risk Legend (Irrigated)
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2017 — Drought risk of irrigated agricultural systems

Risk Legend (Irrigated)
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2018 — Drought risk of irrigated agricultural systems

Risk Legend (lrrigated)
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Appendix A3 - Drought impact analysis: regional anomalies in domestic food
supply, net trade and production of cereals, oil crops and pulses

For three crop categories of cereals, oil crops and pulses, changes relative to the

five years mean of three elements of domestic supply quantity, net trade and crop

production were extracted from FAOSTAT for selected counries or regions for the

years around their most extreme drought events (drought year, two years before and

two years after).
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Southern Africa (1992)
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Australia (2002)
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Northern America (2002)

=== Cereals == Qil crops === Pulses
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Western Europe (2003)
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Australia (2006)

=== Cereals == Qil crops === Pulses
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Eastern Europe (2010)

=== Cereals == Qil crops === Pulses

Dom. supply quantity Net trade Production
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Eastern Africa (2012)
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Eastern Europe (2012)

=== Cereals == Qil crops === Pulses
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Southern Africa (2015)

Dom. supply quantity Net trade
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