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SUMMARY

In the last decade, the number and dimensions of catastrophic flooding events in the
Niger River Basin (NRB) have markedly increased. Despite the devastating impact of the
floods on the population and the mainly agriculturally based economy of the riverine
nations, awareness of the hazards in policy and science is still low. The urgency of this
topic and the existing research deficits are the motivation for the present dissertation.

The thesis is an initial detailed assessment of the increasing flood risk in the NRB. The
research strategy is based on four questions regarding (1) features of the change in flood
risk, (2) reasons for the change in the flood regime, (3) expected changes of the flood
regime given climate and land use changes, and (4) recommendations from previous
analysis for reducing the flood risk in the NRB.

The question examining the features of change in the flood regime is answered by
means of statistical analysis. Trend, correlation, changepoint, and variance analyses show
that, in addition to the factors exposure and vulnerability, the hazard itself has also
increased significantly in the NRB, in accordance with the decadal climate pattern of West
Africa. The northern arid and semi-arid parts of the NRB are those most affected by the
changes.

As potential reasons for the increase in flood magnitudes, climate and land use changes
are attributed by means of a hypothesis-testing framework. Two different approaches,
based on either data analysis or simulation, lead to similar results, showing that the
influence of climatic changes is generally larger compared to that of land use changes.
Only in the dry areas of the NRB is the influence of land use changes comparable to that of
climatic alterations.

Future changes of the flood regime are evaluated using modelling results. First
ensembles of statistically and dynamically downscaled climate models based on different
emission scenarios are analyzed. The models agree with a distinct increase in temperature.
The precipitation signal, however, is not coherent. The climate scenarios are used to drive
an eco-hydrological model. The influence of climatic changes on the flood regime is
uncertain due to the unclear precipitation signal. Still, in general, higher flood peaks are
expected. In a next step, effects of land use changes are integrated into the model.
Different scenarios show that regreening might help to reduce flood peaks. In contrast, an
expansion of agriculture might enhance the flood peaks in the NRB. Similarly to the
analysis of observed changes in the flood regime, the impacts of climate- and land use
changes for the future scenarios are also most severe in the dry areas of the NRB.

In order to answer the final research question, the results of the above analysis are
integrated into a range of recommendations for science and policy on how to reduce flood
risk in the NRB. The main recommendations include a stronger consideration of the
enormous natural climate variability in the NRB and a focus on so called “no-regret”
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adaptation strategies which account for high uncertainty, as well as a stronger
consideration of regional differences. Regarding the prevention and mitigation of
catastrophic flooding, the most vulnerable and sensitive areas in the basin, the arid and
semi-arid Sahelian and Sudano-Sahelian regions, should be prioritized. Eventually, an
active, science-based and science-guided flood policy is recommended. The enormous
population growth in the NRB in connection with the expected deterioration of
environmental and climatic conditions is likely to enhance the region’s vulnerability to
flooding. A smart and sustainable flood policy can help mitigate these negative impacts of
flooding on the development of riverine societies in West Africa.
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ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Wihrend des vergangenen Jahrzehnts nahmen die Anzahl und die Ausmalle von
katastrophalen Hochwassern im Einzugsgebiet des Nigerflusses (NEZG) deutlich zu. Trotz
der verheerenden Auswirkungen der Hochwasserkatastrophen auf die Menschen und die
hauptséchlich auf Landwirtschaft basierende Wirtschaft der Anrainerstaaten wird das
Thema von Politik und Wissenschaft noch kaum beachtet. Die Relevanz der Thematik und
das Forschungsdefizit sind die Motivation fiir die vorliegende Dissertation.

Sie ist die erste ausfiihrliche Analyse des steigenden Hochwasserrisikos im NEZG. Die
Forschungsstrategie leitet sich aus vier Forschungsfragen ab:

(1) Was sind die Merkmale der Verdnderungen des Hochwasserrisikos?

(2) Was sind die Ursachen der Verdanderungen des Hochwasserregimes?

(3) Welche zukiinftigen Entwicklungen des Hochwasserregimes sind auf Grund des
Klima- und Landnutzungswandels zu erwarten?

(4) Welche Empfehlungen zur Reduzierung des Hochwasserrisikos im NEZG kénnen
aus den vorhergehenden Untersuchungen abgeleitet werden?

Die Frage nach den Merkmalen der Verdnderungen im Hochwasserrisiko wurde
mithilfe von statistischen Untersuchungen beantwortet. Trend-, Korrelations-,
Changepoint- und Varianzanalysen zeigen, dass neben den Risikofaktoren Exponiertheit
und Verwundbarkeit auch die Hochwasserstinde selbst im NEZG in den letzten
Jahrzehnten signifikant und entsprechend der typischen dekadischen Klimamuster
Westafrikas angestiegen sind. Die ariden und semi-ariden Teile des NEZG sind dabei am
starksten von den Verdnderungen betroffen.

Als potentielle Ursachen des Hochwasseranstiegs werden Klima- und
Landnutzungswandel anhand einer Zuschreibungsanalyse untersucht. Zwei verschiedene
Ansitze, basierend auf Daten sowie auf Simulationen, fiihren zu &hnlichen Ergebnissen
und zeigen, dass der Einfluss der Klimaverdnderungen verglichen mit dem Einfluss von
Landnutzungsidnderungen im Allgemeinen grofer ist. Nur in den trockenen Gebieten des
NEZG ist der Einfluss der Landnutzungsénderungen derzeit vergleichbar stark.

Das zukiinftige Hochwasserrisiko wird anhand von Modellergebnissen abgeschitzt.
Zunichst werden Ensembles statistisch und dynamisch hochaufgeldster Klimamodelle
basierend auf verschiedenen Emissionsszenarien untersucht. Die Modelle stimmen in
einem deutlichen Temperaturanstieg iiberein. Das Niederschlagsignal ist jedoch nicht
kohédrent. AnschlieBend wird mit den Klimaszenarien ein 6ko-hydrologisches Modell
angetrieben. Der Einfluss des Klimawandels auf das Hochwasserregime ist auf Grund des
diffusen Niederschlagssignals unsicher. Tendenziell werden aber hohere Maximalabfliisse
erwartet. In einem néchsten Schritt wird der Effekt der Landnutzungsidnderung in das
Modell einbezogen. Verschiedene Szenarien zeigen, dass Renaturierung hiilfe,
Hochwasserspitzen zu kappen. Eine Ausweitung der Agrarflichen dagegen wiirde die
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Hochwasser im NEZG weiter verstirken. Wie bei der Analyse der beobachteten
Veranderungen sind auch bei den Zukunftsszenarien die Auswirkungen der Klima- bzw.
der Landnutzungsénderungen in den trockenen Gebieten am stérksten.

Fiir die Beantwortung der vierten Forschungsfrage flieBen die Ergebnisse der bisherigen
Untersuchungen in eine Reihe von Empfehlungen fiir Wissenschaft und Politik ein.
Zentrale Empfehlungen beinhalten eine stirkere Einbeziehung der enorm starken
natlirlichen Klimavariabilitit im NEZG, eine Fokussierung auf sogenannte ,,no-regret*
Anpassungsstrategien, die der hohen Unsicherheit gerecht werden, sowie eine stirkere
Berticksichtigung regionaler Unterschiede. Hinsichtlich Pravention und Minderung der
Hochwasser sollte den verwundbarsten und sensibelsten Regionen des Einzugsgebiets, den
ariden und semi-ariden Regionen, Prioritdt eingerdumt werden. Letztendlich wird eine
aktive, wissenschaftlich geleitete und begleitete Hochwasserpolitik empfohlen. Die
enorme Bevolkerungszunahme im NEZG verbunden mit der zu erwartenden
Verschlechterung der Umwelt- und Klimabedingungen wird mit hoher Wahrscheinlichkeit
auch die Verwundbarkeit beziiglich Hochwésser weiter ansteigen lassen. Eine verniinftige
und nachhaltige Hochwasserpolitik kann helfen, die negativen Folgen auf die Entwicklung
der Anrainerstaaten des Nigerflusses abzumindern, und damit beispielsweise dazu
beitragen, die Fliichtlingsbewegungen aus Westafrika zu verringern.
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1.INTRODUCTION

1.1. Catastrophic flooding in the Niger River Basin

Annual floods are characteristic of rivers with a tropical pluvial regime (Pardé¢, 1963).
In riverine societies living alongside this type of river, floods are traditionally perceived as
positive and often they even carry religious connotations. This is commonplace for the
Nile River in Africa, but it holds, to a smaller extent, also for the Niger River and its
tributaries. The monsoon rainfalls and the related river floods are a fundamental part of
local livelihoods in the Niger River Basin (NRB), providing freshwater and enabling
agriculture, fisheries, transport, livestock and, in an increasingly important manner, also
energy production. Occasionally, however, these river floods can turn into catastrophes,
drowning people and washing away the homes and belongings of hundreds of thousands of
persons living in the NRB. Such flooding has also destroyed world cultural heritage sites
in Timbuktu, Mali (UNESCO, 2012).

Catastrophic flooding affects people and their livelihoods not only directly, but also in
many indirect ways. Flooding impacts food security by washing away crops, killing
livestock and spoiling stocks. In addition, floods contaminate water and deteriorate the
hygienic and sanitary conditions of the area affected, causing an increasing risk of malaria,
respiratory diseases, diarrhea, and even cholera (Hashizume et al., 2008; Shimi et al.,
2013).

These adverse and catastrophic impacts of floods in the NRB have been increasingly
observed in the recent decades. Practically every year during the rainy season, new
catastrophic floods are reported, some of them of tremendous proportions. For eight of the
last 15 years, for example, floods are reported to have affected more than 100,000 people,
in 2009 and 2010 over 1 million and in 2012 over 10 million people.

The increasing flood risk can, however, not be simply attributed to an increase of
flooding. Flood risk is understood as product of hazard, exposure and vulnerability (1)
(IPCC, 2012; Kron, 2005; Merz, 2006)

Flood risk = Hazard * Exposure * Vulnerability (1)

The pronounced vulnerability of developing riverine nations enhances the adverse
effects of the hazard, which in turn hinders development. As indicator for exposure, the
immense population growth in West Africa is also likely to contribute to the increase of
people affected by floods. This context has to be taken into account when regarding the
flood risk in the NRB.

The impacts of catastrophic flooding, however, are not limited to the specific regions
directly affected. Commonly, extreme events do not lead to large-scale, permanent mass-
migration of affected population (L. Perch-Nielsen et al., 2008), but in cases of a spiral of
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environmental deteriorations like climatic pressure, land degradation and an increasing
frequency of hazards including floods, the likelihood of environmentally-induced
migration increases (Black et al., 2011; Renaud et al., 2011; Tschakert et al., 2010).
Therefore, floods are also indirectly relevant in a larger-scale context, for example for
other African countries or European migration policy.

Despite the awareness of environmental degradation and climatic deterioration as major
factors for poverty and calamities in the region, the political and scientific recognition of
catastrophic flooding as a relevant threat in the NRB is indeed growing but still remains
low. In West Africa, the widespread “desertification narrative in which heavy rainfall
events and flooding have no place” (Tschakert et al., 2010) is still dominant. Therefore,
this thesis is intended to encourage greater awareness of catastrophic flooding, in addition
to its main goal of contributing to the scientific debate on flood risk in the NRB.

1.2. State of research on flooding in the Niger River Basin

The first scientific approach to catastrophic flooding in the NRB was undertaken by
Tarhule (2005), who focused on floods in the Sahelian parts of the basin. He referred to the
catastrophic flooding as “the other Sahelian hazard”, alluding to the fact, that droughts are
commonly the primary natural disaster in West Africa. Subsequently, several studies
described an increase in flooding over the last decade within the NRB or parts of it
(Amogu et al., 2010; Descroix et al., 2012; Jury, 2013; Kundzewicz et al., 2013; Mahe et
al., 2013; Oyerinde et al., 2014; Tschakert et al., 2010). A comprehensive overview on the
existing literature on NRB flooding is provided in Chapter 2.1. The characteristics of flood
risk changes have not yet been analyzed for the NRB.

Some studies point to an increasing vulnerability to flooding in the NRB as way to
explain the increasing flood risk (Di Baldassarre et al., 2010; Mertz and Mbow, 2011;
Tschakert et al., 2010). They suppose, however, as well, that this increasing vulnerability
1s most probably only one factor among others, namely increases in flood magnitude
and/or frequency. Increased flood magnitudes in the NRB have, however, not been
described or analyzed in detail. They have been vaguely associated to a general “return to
wet conditions” (Jury, 2013) in West Africa. This increase in flood magnitudes is mostly
attributed to two different drivers. On the one hand, human influence through land use and
land cover (LULC) changes are related to increases in flood magnitude and/or frequency
(Descroix et al., 2012; Mahe et al., 2013; Sighomnou et al., 2013). Sealed soils, crusting
and deforestation increase direct runoff due to reduced infiltration, which in turn leads to a
higher river runoff, even if the overall amount of water in the system decreases. On the
other hand, a general change in the precipitation pattern can be observed during the past
few decades (Lebel and Ali, 2009; Paeth et al., 2011a; Panthou et al., 2012, 2014).

Recently, Tarhule et al. (2015) analyzed hydroclimatic variability in the NRB between
1901 and 2006, finding a positive trend in precipitation and streamflow time series after
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1969, and thus confirming the wetting trend. Findings of overall increasing precipitation
and flood magnitudes, however, do not apply for the entire NRB. One remarkable feature
of the positive discharge trends in the arid and semi-arid parts of the NRB is the so-called
“Sahel Paradox”, described first by Albergel (1987). Paradoxical refers to the fact that
discharges are increasing despite decreasing rainfalls. This phenomenon has been
attributed to adverse LULC change and crusting of soils, which leads to an increase of
surface runoff, even though the climate in the region tends to become drier (Amogu et al.,
2010; Descroix et al., 2012). Still, there is no study that systematically attributes the
changes in the flood regime, taking into account climate and LULC changes.

With regard to future hydro-meteorological conditions for the NRB, several studies
confirmed that temperature projections are robust and coherent, showing show a strong
increase above those of average global warming levels. A meridional warming gradient is
projected, with temperature increases at the end of the 21* century between approximately
2°C — 3 °C at the coast in the South and 4 °C — 6 °C in the Sahel region in the North,
depending on the emission scenario (Diallo and Sylla, 2012; Gbobaniyi et al., 2013; Sylla
et al., 2013). For precipitation, projections are not coherent and model robustness is low.
Projections show either increasing or decreasing trends with strong regional
heterogeneities (Diallo et al., 2013; Druyan, 2011; Klutse et al., 2015; Nikulin et al., 2012;
Paeth et al., 2011b; Vizy et al., 2013). The impact of climate change on vegetation is
projected to be severe, and to shift climate zones to more arid conditions, mainly due to the
temperature increase (Sylla et al., 2015; Yu et al., 2015).

Hydrological projections for the NRB exist mostly for parts of the basin (Kamga, 2001;
Oguntunde and Abiodun, 2013; Okpara et al., 2009; Ruelland et al., 2012) or as part of
global studies (Falloon and Betts, 2006; Manabe et al., 2009; Murray et al., 2012; van
Vliet et al., 2013). Roudier et al. (2014) recently reviewed the existing literature and found
high uncertainty amongst the models, with a tendency to rather increasing streamflow for
the NRB. They identified mainly changes in precipitation as the main driver of the changes
and, to a lesser extent, also evapotranspiration. However, with regard to flooding, they
stated that they “[...] especially underline the lack of information concerning projections
of future floods [...].”

1.3. Research questions and strategy

A review of the existing literature on flooding in the NRB reveals several research
deficits and open questions. Particularly in the face of the rapidly increasing adverse
impacts of flooding in the NRB, it seems important to (1) understand the trends in flood
risk and the role of the hazard, (2) identify the drivers for the changes in flood magnitudes,
(3) project future flood regimes taking into account the drivers found before and (4)
eventually identify further research needs and provide adaptation/mitigation options to
reduce the flood risk in the NRB.




Research questions and strategy

These gaps in the scientific research on catastrophic flooding in the NRB are the
motivation for the present thesis. In order to assess flooding and its context, four explicit
research questions (RQ) have been identified:

(1) What are the characteristics of the changes in flood risk?

(2) What are the drivers of the changes in the flood regime?

(3) What changes in the flood regime can be expected in the future, taking into account
the identified drivers?

(4) How can the flood risk be reduced?

In order to answer these questions, a systematic research strategy has been developed
(Figure 1). In a first step (RQ 1), the role of hazard for flood risk in the context of
vulnerability and exposure is analyzed. In addition, changes in the hazard, i.e. the available
discharge time series from gauging stations along the Niger River and its tributaries, are
analyzed using state-of-the-art statistical methods with a focus on trends, correlations,
changepoints, and variance (Chapters 2 and 3).

Gojections \
eAnalysis of Regional
G‘ahlsis \ (Attribution \ C“"‘Ztle 'V'Odd; ( \

Projections .

eTrend, correlation, eData-based eUncertainty Recommendations
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hazard in the assessment of eco-hydrological

\increasing flood risk J Qttribution J model \ J

eIntegrated climate
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Figure 1 Research strategy for assessing catastrophic flooding in the Niger River Basin
on the basis of the identified research questions.

In a second step (RQ 2) the causes for the changes in the flood regime are analyzed.
Therefore a strategy proposed by Merz et al. (2012) is applied. It consists of both data-
based and simulation-based methods within a hypothesis-testing framework in order to
attribute changes in the flood regime to potential drivers. Both methods are applied to
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identify the contribution of climate and LULC changes to variations in the flood regime in
the NRB; moreover the uncertainty of the attribution is assessed (Chapter 3 and 4).

The third part (RQ 3) focuses on the future flood regime in the NRB. Therefore climate
projections of statistically and regionally downscaled climate models are analyzed.
Subsequently, impacts of climate change scenarios on the flood regime are projected
applying the eco-hydrological Soil and Water Integrated Model (SWIM) in the NRB. The
SWIM model has been selected due to the fact that it integrates all relevant eco-
hydrological processes and has already been applied successfully in the NRB. In order to
evaluate the different sources of uncertainty along the modelling chain, the uncertainty of
each research step is assessed individually and eventually a systematic analysis of variance
(ANOVA) is applied (Chapter 5). Finally scenarios of future LULC changes and future
Climate Change are included in the modelling projections (chapter 6 and 7). LULC
changes are, however, not adequately represented in the current version. Therefore, a
dynamic LULC module is developed here for the SWIM and, amongst other adaptations, is
included in the model code (see model description in Chapter 1.4). The results of the
antecedent analyzes are the basis for comprehensive discussion and conclusion in
Chapters 8.1 to 8.3.

RQ 4 relates to all references from the aforementioned research and also includes
thoughts on a meta-level about the research context of floods in the NRB itself. This and
all the individual conclusions for flood assessment are integrated into the
recommendations given in Chapter 8.4. Finally, overall conclusions summarize the results
(Chapter 8.5), and a short outlook on future assessments of catastrophic flooding in the
NRB is provided (Chapter 8.6).

1.4. The eco-hydrological model SWIM

For the simulation-based attribution of the flood risk in the NRB and the climate and
LULC change projections on the flood regime, the eco-hydrological model SWIM is
applied. SWIM is a process-based and spatially semi-distributed model of intermediate
complexity for river basins. It integrates hydrological processes and vegetation growth at
the basin scale on a daily time step, integrating hydrological processes, vegetation growth,
nutrient cycling, erosion and sediment transport (Figure 47). Hydrological processes are
simulated in four main segments: (1) the soil surface, (2) the root zone of the soil, (3) the
shallow aquifer, and (4) the deep aquifer. Represented processes include precipitation,
surface runoff, evapotranspiration, subsurface runoff, and percolation. At the soil surface,
the surface runoff is estimated as a non-linear function of precipitation and a retention
coefficient. It depends on soil water content, land use, and soil type. The vegetation
component is based on the Environmental Policy Integrated Climate (EPIC) approach
(Williams et al., 1983) and includes arable crops and other general vegetation types (e.g.
pasture, savannah, evergreen forest). The effects of vegetation on the hydrological
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processes include a cover-specific retention coefficient, impacting surface runoff and
influencing the amount of transpiration. Transpiration is simulated as a function of the
potential evapotranspiration and leaf area index.

The hydrological processes of the shallow aquifer represented in the model are
groundwater recharge, capillary rise to the soil profile, lateral flow, and percolation to the
deep aquifer. Potential evapotranspiration is calculated using the Turc-Ivanov method
(Wendling and Schellin, 1986). Actual evaporation from soil and transpiration by plants
are simulated following Ritchie (1972). The model is described in more detail in the
respective chapters and a comprehensive description of SWIM has recently been published
by Krysanova et al. (2014).

Since the current model version of SWIM does not include all the relevant processes
needed for answering the research questions, a LULC module and three other substantial
improvements and enhancements have been developed and included, amongst smaller
changes and adaptations.

(1) The dynamic land use change module modifies the land classes of SWIM at any
frequency or given point in time, while keeping constant the instantaneous balance of
water and other modelled fluxes during the change. This means that the number and areas
of hydrotopes within a sub-basin can fluctuate: new hydrotopes can appear or existing ones
may disappear. The LULC module has been used for the studies presented in Chapters 3
and 7 and is described in detail in the latter. The module is designed for further
enhancement as a fully coupled eco-hydrological-LULC model.

(2) The climatological data which drives SWIM often lacks information on short wave
downwelling radiation. This holds also for parts of the climate model data used for the
NRB. Since this radiation parameter is crucial for calculating evapotranspiration, a method
developed by Hargreaves and Samani (1982) has been adopted and implemented in
SWIM. When genuine short wave downwelling radiation data is missing, the parameter
can be calculated on the basis of information on maximum and minimum daily
temperatures as well as on latitude.

(3) SWIM commonly uses the Muskingum method for calculating the routing of the
water (McCarthy, 1938). Under certain circumstances, the formula becomes unstable and
results in an oscillation of values or negative values. This effect has been corrected in the
SWIM code using a solution proposed by Viessman et al. (1989).

(4) The Inner Niger Delta (IND) fundamentally alters the Niger River’s hydrograph by
delaying the maximum runoff and smoothing the peak. In order to incorporate this effect
into the model, Liersch et al. (2013) developed a process based inundation module which
has been used for the study in Chapter 6. Since no detailed results for the IND have been
necessary for the other studies, and furthermore considering that the process-based module
is computationally relatively time-consuming, a simpler method has been included. It
simulates the effect using the inflow-outflow relation, including storage and
evapotranspiration over the flooded area as a power law modified from Zwarts (2010).
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1.5. The Niger River Basin

“Egerou n-igereou”, “river of rivers”, is the original Tuareg name of the Niger River
(Tarhule, 2006). This designation bears testimony to its importance and significance for
the regional societies. The Niger River is the dominant geographic feature in West Africa,
spreading over ten countries and an area of approximately 2.15 million km? (Figure 2). The
geographic heterogeneity of the land it flows through ranges from arid deserts to moist
mountain forests. Its location between the arid Sahara desert and the equator, however,
results in the curious fact, that only approximately 59 % (1.27 million km?) of the area is
actually contributing to the river’s discharge. Still, the Niger is vital for the agriculture,
economy, and cultural identity of the riverine nation’s societies. The following chapters
provide a short overview of the current knowledge of the physical and human geography
of the NRB, in order to illustrate the context, in which catastrophic flooding occurs in the

region.
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INTRODUCTION

1.5.1. History of the exploration of the Niger River Basin

Occidental written records of the Niger River go back to the first historian, Herodotus
(484-425 B.C.). He described the geographical features of the Niger in his description of
the Phoenicians and Carthaginian exploration voyages, albeit without mentioning the
river's name (Herodotus, Bk IV). The name “Niger” was first mentioned by the Roman
writer Vitruvius Pollio around 10 B.C. Since then, many classical authors such as Ptolemy,
Sueton, Pliny and Strabo and, later in the Mediaeval period, Leo Africanus and Ibn Battuta
mentioned and described the river (Meek, 1960). But, even before the classical period, the
NRB was home to human societies. A comprehensive overview on the history of cultures
in the basin is given in Collins and Burns (2013). However, there are no local historical
traditions derived from the region’s cultural history such as the Nok culture, and only
archeological finds remain (Breunig, 2014; Collins and Burns, 2013). Therefore, the
above-mentioned European and Arabic sources are the only references available for the

classical and mediaeval periods. As of the 1t

century, different empires have dominated
the basin; during the 16™ and 17" centuries trade with European nations along the coast of
West Africa started to influence the local cultures (Andersen et al., 2005).

Interestingly, all reports from the first classics until the 19" century regard the Niger as
a tributary of the Nile (Meek, 1960). Responsible for the long ignorance of the Niger
River’s geography was presumably also its uncommon and curious course, running away
from the sea into the Sahara desert at what is known as the Niger bend, where it turns
towards the sea again and finally disembogues into the Gulf of Guinea.

The first to finally shed light on the course of the Niger River was Scottish explorer
Mungo Park. He published his findings in the famous book “Travels in the Interior of
Africa” in 1799 (Park, 1858), which was a bestseller and fueled the era’s enthusiasm for
Africa (Lupton, 1979). Despite this great public interest, the support of the British
Government and the efforts of countless expeditions (Gramont, 1991), it was not before
1947, that a French expedition succeeded in travelling the entire length of the river from
the Guinean Highlands to its Delta (Rouch, 1954).

However, modern scientific exploration of Niger River Basin’s geography started
mainly with the colonial interest of European Nations in the 19" century. A comprehensive
overview of the Niger River’s history until the colonial times is provided by Gramont
(1991). Ever since then, the basin has been the object of scientific explorations and
surveys: in particular, continuous river discharge measurements have been performed since
the very early 20" century (e.g. the daily discharge time series of Koulikoro, Mali, starts in
1907 and has almost no missing data until today (GRDC, 2013)). Unfortunately, the
network of hydro-climatic measurements was not significantly extended, and even
decreased in certain regions throughout the 20™ and 21% centuries. This phenomenon can
be explained, however, by the political and economic conditions prevailing during the
post-colonial era. Regular monitoring and data availability are thus very limited, despite
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their socio-economic significance. The availability of long-term satellite data and other
modern techniques like climatic reanalysis may help to close these gaps. But, research is
still limited by a lack of data, as was often experienced during the research for this
dissertation.

1.5.2. Climate

The large-scale climate of the NRB is mainly determined by its location within the
West African Monsoon (WAM) system, which is described in detail in Janicot et al.
(2011). The movement of the Intertropical Convergence Zone (ITCZ), which essentially
follows the maximum insolation between the Tropics of Capricorn and Cancer, causes the
typical tropical seasonal cycle of dry and rainy seasons. The rise of the South Atlantic
high-pressure (also called St. Helena High) in June toward the North and the related
northbound movement of the ITCZ are associated with the beginning of the monsoon
season in West Africa (Sun et al., 2010). Moist and relatively cool air masses move from
the Atlantic Ocean in north-eastern direction towards the Sahara desert. Therefore the
WAM is characterized by a distinct spatio-temporal meridional gradient, with precipitation
amounts of up to 2000 mm from June until September at the coast and around 50-150 mm
in July and August at its northern edges. As the ITCZ wanders back towards the equator,
the high-pressure zone stays over the Sahara desert. The northeasterly trade wind, which is
underlain by the southwestern monsoon winds during the rainy season, blows at the
surface during the dry season from December to May, and is known as “Harmattan™. It
blows dry and hot air from the Sahara to the coast, transporting fine dust and sand
particles.

Compared to the Asian monsoon, the WAM has a very distinct, high interannual
rainfall variability. These large variations are characteristic of West Africa and especially
the Sahel region. Illustrative were the famines during the 1970s and 1980s, caused by
droughts brought by a WAM that had been extremely week over several years (Janicot et
al., 2011).

Due to the meridional gradient of the WAM, three to five different eco-climatic zones
are commonly distinguished over West Africa, and the NRB has a share of each (Figure 4).
They range from the arid North at the bend of the Niger (Saharan, < 150 mm/a), the semi-
arid desert zone (Sahelian, 150-300 mm/a), the semi-arid tropical (Sudano-Sahelian 300 -
750 mm/a), and pure tropical zones (Sudanian/Sudanese 750-1200 mm/a) to the
transitional tropical zone (Guinean, > 1200 mm/a). (The classification and names of the
climate zones are modified following Andersen et al. (2005) and FAO (2004)). This
classification is used throughout the entire dissertation unless noted otherwise. The mean
annual temperature is highest in the Sahelian zone of the NRB between 28 °C and 30° C.
In the other parts of the basin it ranges from 24° C to 28 °C (Figure 4). Due to the coastal
effect, the temperature range has a meridional gradient, extending from an annual average
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temperature range between 21 °C and 28 °C at the coast to distinctly larger variations
between 12 °C and 29 °C in the North (Andersen et al., 2005).

The effect of global climate change on West Africa is subject to research and scientific
debate, and is described comprehensively in Paeth (2005). Particularly the complexity of
the WAM and its extremely large natural variability make it difficult to understand and
project the characteristics of regional climate change and even the direction of trend
signals, for example for precipitation, is highly uncertain (see Chapters 5, 6 and 7).

Annual precipitation

B < 150 mm/a [ 750 -1200 mm/a B <2:c [J24-26°c [ 28-30°C

N
[ 150- 300 mm/a I 1200 - 2000 mm/a B 22-24c [J26-28°c M >30°C A
[] 300- 750 mm/a B > 2000 mm/a o S0 1000 1.500
Kilometers

Data sources: WORLDCLIM, ESRI

Figure 4 Annual precipitation and mean annual temperature in the Niger River Basin
(1950-2000).

1.5.3. Hydrology

The flow regime differs within the active part of the NRB, and six main hydrographic
regions are generally distinguished (Andersen et al., 2005; Ogilvie et al., 2010). The Upper
Niger Basin is a typical tropical headwater with an extensive network of tributaries. Here,
the annual Guinean flood occurs during the rainy season, whose flood peak is still
noticeable in the Delta 4200 km downstream. However, in the shallow-sloped floodplains
of the IND, the annual flood forms a huge marsh, which can in some years cover a surface
of over 80,000 km?. The section stretching from the IND to Lokoja (Nigeria) is the Middle
Niger, which is again subdivided into left and right banks. The left bank reaches far to the
north, and mainly the so-called Wadis, or dry river valleys, contribute episodically to the
Niger. The right bank is a low-altitude plateau with periodic tributaries, amongst which the
Sirba and Goroul Rivers have been the subject of detailed studies (see Chapter 4).

The Benue River is the major tributary, contributing more than the actual Niger River at
the confluence. It originates from the Adamawa Plateau in Cameroon and has a length of
1200 km until Lokoja, where it enters the Niger. From Lokoja to the Delta, the river travels
for another 200 km through a plane landscape with few, small tributaries. The Delta itself

11
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covers around 30,000 km? and has over 30 outlets to the Gulf of Guinea. Although all
sectors of the Niger seem to be prone to catastrophic flooding, there is a clustering of
floods in the drier parts of the river basin (see Chapter 3 and Figure 6).

1.5.4. Geology, Hydrogeology and Soils

The basin is mainly located on the West Africa Craton, one of the five cratons that form
the Precambrian basement of Africa (Wright et al., 1985). These mainly crystalline rocks
make up the foundation of the basin in all parts that are not overlain with sediment
deposits. These rocks are mainly impermeable and have very limited groundwater
resources, predominantly in weathered zones (fractured aquifers) (Fontes et al., 1991).
Still, there are vast groundwater aquifers in the NRB (intergranular aquifers), mainly in the
tertiary, quaternary and recent deposits of the IND, the Lower Niger Basin and parts of the
Benue valley (Wright et al., 1985). Withdrawal of groundwater is not systematically
reported but is estimated to still be very low despite the high potential of groundwater
resources (Jager and Menge, 2012; World Water Assessment Programme (WWAP), 2009).

Since West Africa was not covered by glaciers during the glacial periods, soils are
generally old and deep compared to European soils. Typical, tropical feralitic soils which
result from chemical weathering dominate the basin. They usually have a high iron but low
silica content and limited fertility. In West Africa, their depth varies commonly from 3 m
to 10 m, but can also exceed this depth locally. With regard to hydrological characteristics,
feralitic soils feature high porosity and permeability despite their relatively high clay
content, due to micro-aggregates and bioturbation (Wiese, 1997). Also, typical of tropical
soils are the hardened lateritic layers that result from ferrous oxides and can hinder or
impede agriculture. Locally bleached layers of feralitic soils occur where water stands
periodically, for example around the IND. In the flood context, LULC-induced changes in
the soil are relevant. For example can compression of soils influence the generation of
surface-runoff which again alters the flashiness of river regimes.

1.5.5. Vegetation

The Niger River flows through all vegetation zones of West Africa, ranging from arid
deserts to evergreen forests (Figure 5) (Hogan, 2013). The strong meridional climatic
gradient causes a distinct stratification of ecoregions, running mainly in the east-west
direction. The headwaters of the Niger River are located in the Guinean Highlands, where
montane forest grows as part of the Guinean forest-savanna mosaic (Figure 3/1). On its
way to the IND, the river flows through the West Sudanian savanna composed of long
grasses, shrubs, herbs and major trees (Figure 3/2). The IND itself is a major wetland
dominated by grasses and aquatic plants (Figure 3/3). The northern part of the basin is
dominated by Sahelian acacia savanna which consists mainly of deciduous bushland
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(Figure 3/4). After the bend of the Niger on its way to the Delta, the Niger passes again
through West Sudanian savanna (Figure 3/7) and Guinean forest-savanna mosaic. The
Benue River shares also the savannah types the Niger flows through, with the addition of
Cameroonian Highland forests (Figure 3/8) and Northern Congolian forest-savanna
mosaic. The Delta of the Niger is subdivided into the upper coastal Delta, which is

dominated by swamp forests and the lower coastal Delta with Central African mangroves
(Figure 3/9).

#_ Niger River Basin Sahara desert [ Jos Plateau forest-grassland mosaic
£% National boarder © West Saharan montane xeric woodlands | East Sudanian savanna
~—" River B south Saharan steppe and woodlands I Guinean forest-savanna mosaic
[] Vegetation zZone not Sahelian Acacia savanna I Guinean montane forests
:l:::lii‘; ::?;ii:ra;;m #254 Inner Niger Delta flooded savanna | Northern Congolian forest-savanna mosaic
0 West Sudanian savanna - CameroonianHighlandsforests
A Mandara Plateau mosaic I Mangroves; transition forests; swamp farests
0 500 1,000 1,500

Kilometers  Data sources: WWEF, ESRI

Figure 5 Vegetation zones of the Niger River Basin.

The semi-natural vegetation described here, has, however, been always subject to
human intervention. Even though there are strong indications of a regreening of many
parts of the Sahel and Sudano-Sahelian ecozones, many other areas are still degraded or
undergoing degradation (Kaptu¢ et al., 2015). In addition, the natural climatic variability
has always challenged and altered the area’s vegetation and shifted vegetation zones.
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Meanwhile, however, human intervention seems to be the most significant driver of
vegetational changes which greatly influence discharge and, hence, floods (Chapter 7).

1.5.6. Agriculture and Socio-economics

Livelihoods in the NRB are mostly based on agriculture, usually for subsistence food
production and cash sales. The main crops are yams, rice, sorghum, millet, maize and
cassava, depending on the respective ecological zone (Ferguson, 1983). However, of the
2.5 million ha of arable land in the NRB, only approximately 20 % is actually exploited.
Currently 85 % of the cultivation is rain fed; irrigation is increasing but still poorly
developed (Ogilvie et al., 2010).

Similar to agriculture, the large hydropower potential of the NRB remains relatively
untapped. Currently, there are five major reservoirs which are used to generate
hydropower: Selingué¢ (Mali), Kainji, Jebba, Shiroro (all three in Nigeria) and Lagdo
(Cameroon). Additional reservoirs are planned and some are already under construction.
The future strategy of the Niger Basin Authority (NBA) includes its member states joint
investment in several hydropower plants that will feature 760 GWh installed capacity
under the umbrella of the “Cooperation in International Waters in Africa” (CIWA)
(Worldbank, 2014).

The Niger River itself has for a long time been the only supraregional way of exchange
within the basin, and it is still used today for the transportation of people and goods. Of the
approximately 4200 km covered by the river, most parts are navigable, and the stretch
between Koulikoro (Mali) until the Delta, even admits larger boats during the rainy season.

1.5.7. Flood risk reduction measures

The high and growing numbers of people affected by floods in the NRB show that there
is an existing lack of adaptation to the current flood risk. However, there are different
existing measures and initiatives aimed at reducing the flood risk in the basin. The NBA,
which was originally founded by the riverine states of the basin in order to jointly manage
the water resources, also coordinates flood protection measures (Niger Basin Authority,
1980). The NBA has listed approximately 75 existing reservoirs for the whole basin (Niger
Basin Authority and BRL, 2007) that can potentially be used for flood management.
However, there are plans to build several new major dams and some are already under
construction (Zwarts et al., 2005). Current efforts increasingly include integrated flood
management at the local (e.g. Aletan et al., 2012) as well as the international level (e.g.
GIZ, 2013).

A Flood Early Warning System for the NRB was agreed upon in 2011 by the Council of
Ministers of the NBA and is partly implemented under the name “Forecasting Computer
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System — SIP”. Although, it seems not to be currently functional, there are initiatives to
improve the system (Niger Basin Authority and GIZ, 2015).

The occurrence of more frequent flooding is often associated with decreasing
vulnerability. This so-called “adaptation effect” is described by Baldassarre and Viglione
(2015) and might in the future also help to reduce flood risk in the NRB, even under
increasing flood magnitudes. However, given the large size of the basin and the frequent
reports of catastrophic floods, the current initiatives to mitigate hazardous floods and
increase resilience, still seem to be insufficient.

1.6. Overview of articles

The present dissertation comprises six different articles in Chapters 2 — 7, which follow
the overall structure explained in chapter 1.3. The analyses for RQ 1 resulted in two
research papers which form Chapters 2 and 3). The attribution of changes in the flood
regime (RQ 2) is divided in a data-based approach which is part of the analysis research
paper of chapter 3 and a simulation-based approach published separately and included in
chapter 4. The projections for future flood regimes (RQ 3) are analyzed in three research
articles. The first study treats the uncertainty of the modelling chain (Chapter 5), the
second publication focuses on the impacts of climate change on the basin hydrology
(Chapter 6) and the last article covers the impacts of climate and LULC scenarios on the
flood regime (Chapter 7). All manuscripts except the one featured in Chapter 5 have been
completely drafted by Valentin Aich, including all figures, tables and calculations unless
otherwise noted below.

Chapter 2, Page 19:
Title: Time series analysis of floods across the Niger River Basin
Authors: Valentin Aichl, Bakary Konez, Fred F. Hattermann' and Eva N. Miiller

! Potsdam Institute for Climate Impact Research (PIK), Potsdam, Germany
? Wetlands International, Mali Office, Mopti, Mali
3 Institute of Earth and Environmental Science, University of Potsdam, Potsdam,
Germany
Journal:
Year and status: 2015, under review

Bakary Kone organized and provided discharge data from the NBA for this paper. The
general idea and structure were discussed with Dr. Fred F. Hattermann and Dr. habil. Eva
N. Miiller, who also helped in shaping the text. The paper contains analyses also
undertaken in the discussion article in Chapter 3. However, the general structure and all

15



Overview of articles

parts beside the methodology and site description are completely new and independent of
the discussion paper.

Chapter 3, Page 45:
Title: Floods in the Niger Basin — Analysis and Attribution
Authors: Valentin Aich 1, Bakary Kone 2 , Fred F. Hattermann and Eva N. Miiller *

! Potsdam Institute for Climate Impact Research (PIK), Potsdam, Germany
% Wetlands International, Mali Office, Mopti, Mali
3 Institute of Earth and Environmental Science, University of Potsdam, Potsdam,
Germany
Journal: Natural Hazards and Earth System Sciences Discussion (Nat. Hazards Earth
Syst. Sci. Discuss.)
Year and status: 2014, published as discussion paper

The data for this paper is similar to the previously mentioned, and was similarly
provided by Bakary Kone. The general idea and structure were discussed with Dr. Fred F.
Hattermann and Dr. habil. Eva N. Miiller, who also contributed to shaping the text.

Since the paper has been published as discussion paper the first version has been
revised including the recommendations of the discussion. Especially the approach used for
the data-based attribution has been improved substantially, since it was the main subject of
the discussions. Therefore, the relevant revised version is added in the appendix.

Chapter 4, Page 75:
Title: Climate or Land Use? — Attribution of Changes in River Flooding in the Sahel
Zone
Authors: Valentin Aich !, Stefan Liersch ', Tobias Vetter ', Jafet C.M. Andersson 2,
Eva N. Miiller * and Fred F. Hattermann '

! Potsdam Institute for Climate Impact Research (PIK), Potsdam, Germany
2 Wetlands International, Mali Office, Mopti, Mali
3 Institute of Earth and Environmental Science, University of Potsdam, Potsdam,
Germany
Journal: Water (Water)
Year and status: 2015, published

Observed discharge was provided by Dr. Jafet C. M. Andersson. Dr. habil. Eva N.
Miiller helped to structure the article and all co-authors contributed to the final version of
the manuscript.
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Chapter 5, Page 111:
Title: Multi-model Climate Impact Assessment and Intercomparison for three large-
scale River Basins on three Continents
Authors: Tobias Vetter 1, Shaochun Huang ! Valentin Aich !, Tao Yang 2, Xiaoyan
Wang %, Valentina Krysanova ', and Fred F. Hattermann '

! Potsdam Institute for Climate Impact Research (PIK), Potsdam, Germany
? Hohai University, Nanjing, China

Journal: Earth System Dynamics (Earth Syst. Dynam.)
Year and status: 2015, published

For this paper, Valentin Aich contributed modelling results of the SWIM model for the
NRB and helped to shape the text. All analysis, figures and tables as wells the draft were
are the work of Tobias Vetter.

Chapter 6, Page 153:
Title: Comparing Impacts of Climate Change on Streamflow in four large African
River Basins
Authors: Valentin Aich 1, Stefan Liersch 1, Tobias Vetter 1, Shaochun Huang I Julia
Tecklenburg ', Peter Hoffmann ', Hagen Koch ', Samuel Fournet ', Valentina
Krysanova ', Eva N. Miiller ' and Fred F. Hattermann '

! Potsdam Institute for Climate Impact Research (PIK), Potsdam, Germany
% Institute of Earth and Environmental Science, University of Potsdam, Potsdam,
Germany

Journal: Hydrology and Earth System Sciences (Hydrol. Earth Syst. Sci.)

Year and status: 2014, published

Tobias Vetter, Julia Tecklenburg and Dr. Shaochun Huang provided modelling results
from African catchments, namely the Oubangui, the Upper Blue Nile and the Limpopo
Basins, respectivley. Peter Hoffmann contributed one figure (43), showing the mean
temperature and precipitation trends for Africa. All co-authors contributed to the final text
version of the manuscript.

Chapter 7, Page 193:
Title: Flood Projections for the Niger River Basin considering future Land Use and
Climate Change
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Authors: Valentin Aich 1, Stefan Liersch 1, Tobias Vetter 1, Samuel Fournet 1, Jafet
C.M. Andersson 2, Sandro Calmanti * , Frank H.A. van Weert 4, Fred F. Hattermann 1,
Eva N. Miiller °

! Potsdam Institute for Climate Impact Research (PIK), Potsdam, Germany

? Swedish Meteorological and Hydrological Institute (SMHI), Norrkdping, Sweden

3 Jtalian National Agency for New Technologies, Energy and Sustainable Economic
Development (ENEA), Roma , Italy

4 Wetlands International (WI), Wageningen, The Netherlands

> Institute of Earth and Environmental Science, University of Potsdam, Potsdam,
Germany

Journal: Science of the Total Environment (Sc. Total Environ.)

Year and status: 2015, under review

Dr. habil. Eva N. Miiller helped to structure the article and all co-authors contributed to
the final version of the manuscript.
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2. TIME SERIES ANALYSIS OF FLOODS
ACROSS THE NIGER RIVER BASIN

Valentin Aich 1’*, Bakary Kone 2, Fred F. Hattermann ' and Eva N. Miiller *

! Potsdam Institute for Climate Impact Research (PIK), Potsdam, Germany
> Wetlands International, Mali Office, Mopti, Mali
3 Institute of Earth and Environmental Science, University of Potsdam, Potsdam, Germany

* Corresponding author: Valentin Aich

Journal: Hydrological Sciences Journal (Hydrolog. Sci. J.)
Status: Submitted

Abstract: This study analyses the increasing number of catastrophic floods in the Niger
River Basin, focusing on the relation between long term hydro-climatic variability and
flood risk over the last 40 to 100 years. Time series for three subregions (Guinean,
Sahelian, Benue) show a general consistency between the annual maximum discharge
(AMAX) and climatic decadal patterns in West Africa regarding both trends and major
changepoints. Variance analysis reveal rather stable AMAX distributions except for the
Sahelian region, implying that the changes in flood behavior differ within the basin and
affect mostly the dry Sahelian region. The timing of the floods within the year has changed
only downstream of the Inner Niger Delta due to retention processes. The results of the
hydro-climatic analysis generally correspond to the presented damage statistics on people
affected by catastrophic floods. The damage statistics shows positive trends for the entire
basin since the beginning in the 1980s, with the most extreme increase in the Middle
Niger.

Keywords: Niger River Basin, Floods, Flood risk, Climate Change
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2.1. Introduction

In the last two decades, the occurrence of extensive catastrophic flooding has increased
drastically in the Niger River Basin (NRB) (Amogu et al., 2010a; Descroix et al., 2012;
Mahe et al., 2013; Panthou et al., 2014). Kundzewicz et al. (2013) set the regional
flooding, also for Africa, in a global perspective, mentioning that losses have increased
greatly globally and regional assessments are needed. However, little research is currently
being conducted for the NRB on the factors contributing to flood risk and the associated
flood damages. Tarhule (2005) addressed the catastrophic flooding in the Sahel for the first
time scientifically, calling the floods “the other Sahelian hazard”, alluding to the lesser
significance of catastrophic floods in the face of the dominant water scarcity in the region.
Since then, several studies have contributed to the discussion from different perspectives
studying either climatic or hydrological time series or both.

Paeth et al. (2011) looked at the meteorological patterns that led to the extreme flooding
of 2007 and connected it to a La Nifia event. Panthou et al. (2014, 2012), Ozer et al. (2009)
and Lebel and Ali (2009) detected changes in rainfall patterns in the region. Okpara et al.
(2013) analyzed general rainfall discharge patterns, however without considering data after
2002. The studies of Panthou et al. (2014, 2012) analyzed changes in rainfall and heavy
rainfall, concluding that there has been a recent increase in heavy precipitation. Jury
(2013) analyzed streamflow trends in Africa, including one station in the NRB (Niamey),
and found an increase in streamflow that matched their general finding of a “return to wet
conditions” in Africa in recent decades. Tarhule et al. (2015) analyzed the hydroclimatic
variability between 1901 and 2006 in the NRB, and found a general changepoint in the
year 1969, after which both rainfall and streamflow timeseries show a positive trend in the
NRB, confirming the wetting trend. Descroix et al. (2012, 2011) examined increasing river
discharges in the NRB and came to the conclusion that adverse land-use change and
crusting of soils have led to an increase in flooding as the climate in the region tends to
become drier. Using modelling approaches, Aich et al., (2015) and Séguis et al. (2004)
also found a strong influence of land use change effects on the flood trends in the region.
Sighomnou et al. (2013) backs up their findings and attributed the extreme flooding of
2012 to the aforementioned changes in land use and crusting for the region around
Niamey. Descroix et al. (2009) and Amogu et al. (2010) also addressed this phenomenon,
finding an increasing trend for streamflow of rivers in the Sahelian zone.

Whilst mean discharges have been evaluated extensively, the role of climatic variability
for high or extreme flows and the increased flood risk in the NRB has not been
systematically addressed yet; neither has the associated impact on people been
systematically collected and quantitatively evaluated. This study aims to contribute to this
discussion with a comprehensive analysis of the hydroclimatic attributes and trends of
catastrophic floodings and the associated impacts on the local population in the NRB. The
specific objectives were a) to analyze time series of rainfall and annual maximum
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discharge (AMAX) to assess changes and trends over the last 40 to 100 years using
changepoint and variance analysis methods, b) to detect changes in the timing of annual
flood peaks, and c) to assess and relate damage statistics on the impacts of floods to the
results of this flood analysis.

In order to take the regional heterogeneity of the NRB into account, we differentiate
between a Guinean, a Sahelian and the Benue subcatchment according to their main source
areas and data availability Figure 6. Specific emphasis is put on the Sahelian sub-
catchment in the Middle Niger, where two annual flood peaks occur (generally called the
Guinean and Sahelian floods). The results are then discussed with a holistic view of the
increasing flood risk, taking into account the changes in the hydroclimatic hazards, and
vulnerability and exposure.

2.2. Niger River Basin

The NRB covers a total area of approximately 2,156,000 km?, of which only
approximately 1,270,000 km? contribute to the river discharge (Figure 6) (Ogilvie et al.,
2010). The whole basin is spread over the territory of ten countries: Guinea, Cote d’Ivoire,
Mali, Burkina Faso, Algeria, Benin, Niger, Chad, Cameroon and Nigeria (Zwarts et al.,
2005). It extends over different agro-climatic and hydrographic regions with individual
topographic and drainage characteristics. The Niger runoff regime is affected by different
types of reoccurring floods, which result from the geographic locations and characteristics
of their main source areas. The first one is the Guinean Flood, which originates from the
headwaters of the Niger in the low-altitude plateaus known as the Guinean highlands
during the rainy season between July and November. From here, the Niger and Bani
Rivers flow into the Inner Niger Delta (IND). This vast wetland covers an area of
approximately 36.000 km? in central Mali and comprises lakes and floodplains that are
regularly flooded with large annual variations. It influences the hydrological regime of the
Niger significantly by flattening and slowing down the peak of the annual flood (Liersch et
al., 2013; Zwarts, 2010).

Most of the inflow in the middle section of the NRB comes from the plateaus of the
right-bank subbasins. The vast subbasins to the left reach up into the central Sahara but
only contribute a minor amount of inflow, and local tributaries are endorheic most of the
time (Amogu et al., 2010a). The annual peak during the rainy season (July to November)
in the mid-section of the Niger downstream of the IND is called the “Red Flood” or
“Sahelian Flood”, the latter of which will be used in this study for the second subregion
(For the definition of the region please see Descroix et al., 2012). The third flood we focus
on here is the flooding of the Benue River, which flows into the Niger at the Nigerian city
of Lokoja. Coming from a high-altitude plateau, it is the largest tributary in terms of
discharge and surpasses the Niger by about one-third at the confluence near Lokoja. This
part of the NRB will henceforth be referred to as “Benue”. Finally, the Niger flows into the
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Gulf of Guinea, forming the Niger Delta, a flat region characterized by swamps and
lagoons (Andersen et al., 2005a). As no discharge data were available for the region
between Yidere Bode and the confluence of the Benue, nor for the part after the
confluence, these parts are not included in the analysis.

The population density in the NRB ranges from less than one person per km? in the
deserts of the North to over 1,000 in rural areas in Nigeria and Mali (Figure 6) (FAO
GEONETWORK, 2015). Of the three regions on which this study focuses, Benue is the
most densely populated, with many regions containing over 100 persons per km?. Also in
the areas along the Niger River, however, many regions in the Upper NRB and the Middle
Niger have similar population densities. The population growth rate in the countries of the
NRB is extreme, ranging from 2% to 3.5% with the highest increases in the Sahelian
countries of Mali and Niger (Central Intelligence Agency, 2013).
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River flood
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Figure 6 Niger River Basin: Source areas of floods in the Guinean, Sahelian and Benue
regions, location and number of catastrophic floods plotted as blue pies, discharge
gauging stations used for analysis are marked in green and reservoirs as red ovals.
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Figure 7 Flood risk in the Niger River Basin as result of hazard (AMAX trend for
gauging stations 1985-2012), exposure (population density 2015), and vulnerability
Human Development Index 2013).

2.3. Methodology

2.3.1. Data

2.3.1.1. Discharge, precipitation data and Atlantic Multidecadal Oscillation data

Observed river discharge at a daily resolution was provided by the Global Runoff Data
Centre (Fekete et al.,, 1999) and the NRB Authority. In stations where the flood peak
originating from the Guinean flood occurred after the 31* of December, the value was
attributed to the previous year. The annual maximum discharge (AMAX) value of a certain
year was only used if it was the overall change point of the annual hydrograph and if we
could reasonably eliminate the possibility that any missing values might have been higher.
Missing values were ignored for the analysis. Peaks for the Guinean and Sahelian floods
occur at the Ansongo and Niamey stations. The flood originating in the Guinean highlands
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experiences its peak before it enters the IND, usually around October. Due to the
increasing distance and the buffering/retention effect of the wetlands, the flood peak leaves
the IND with a delay of approximately three months. Therefore, it arrives in the middle
section of the Niger around January, although rainfall in the Sahelian region falls at the
same time as in the Guinean highlands. Thus, here the Guinean and Sahelian regimes
generate a flood which can usually be clearly distinguished (an example is shown for the
Niger at Niamey in Figure 8). The Sahelian peaks are limited to August through October
and do not occur every year. Therefore, the AMAX time series for the Sahelian flood at
these gauging stations along the Niger River have gaps for years where a separate peak
could not be distinguished. Due to these gaps, the time series cannot be analyzed
statistically. Therefore, two gauging stations at Sahelian tributaries to the Niger River,
which are not influenced by the Guinean flood and therefore have no gaps, were used for
statistical analysis. The Alcongui station at the Gouroul River and the Garbe-Kourou
station at the Sirba River (Figure 6) were not available in their entirety from GRDC data,
and the missing years have been read-out from hydrographs which are available from the
“Nigerhycos” (Niger Basin Authority, 2014).

To analyze precipitation in the regions, we used reanalysis data from the WATCH
Forcing data ERA 40 (WFD) (Weedon et al., 2011) for the period from 1960 to 2001 and
the WATCH Forcing data ERA interim, which is processed similarly on the ERA 40
reanalysis data set for the period from 1979 to 2012 (WFDEI) (Weedon et al., 2014). The
precipitation parameter of both data sets is sampled on a 0.5 x0.5 grid. For the analysis of
the means, only the months during the rainy season (June-November) within the different
subregions have been included (Figure 6). For the analysis of heavy precipitation, we
derived the 95™ percentile of the daily precipitation for each year. Both parameters of the
reanalysis time series of WFD and WFDEI were validated with observed rainfall data from
stations in all subregions (Bamako in Mali, Gao in Mali, Niamey in Niger, Maradi in
Niger, and Garoua in Cameroon, Figure 6). The reanalysis data was interpolated via the
Inverse Distance Weighting method to the location of the stations, and it shows good
performance with regard to annual and heavy precipitation (Figure S 1, Supplementary
material).

The Atlantic Multidecadal Oscillation (AMO) is a mode of variability occurring in the
northern Atlantic Ocean and is derived from sea surface temperatures (Dijkstra et al.,
2006). It is closely connected to the rainfall in West Africa (Knight et al., 2006; Nicholson
et al., 2000). The data on the AMO is provided by the National Oceanic and Atmospheric
Administration (NOAA) in an unsmoothed version (Enfield et al., 2001) which is based on
the Kaplan Extended Sea Surface Temperature dataset.
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Figure 8 Hydrograph of the Niamey gauging station with Sahelian flooding (red) and
Guinean flooding (blue) for the period from 2003 to 2012.

2.3.1.2. Data on people affected by floods

Data on people affected by catastrophic flooding were derived from three different
sources: the NatCatService of the Munich Reinsurance Company (MunichRe, 2015), the
EM-disaster database of the University of Leuven, Brussels (EM-DAT, 2015) and the
Global Active Archive of Large Flood Events of the Darthmouth flood observatory
(Brakenridge, 2015). All data are based on media reviews of the respective organization
and the collection of data from official sources. The latter archive derives additional
information from remote sensing data. Only the period from 1980 to 2012 is considered for
the analysis, since only for this period climatic reanalysis are available. All three sources
provide additional information on whether the flood was a flash or river flood. The EM-
disaster database distinguishes between ‘“general river flood” and “flash flood”, the
NatCatService and the dataset of the Darthmouth flood observatory between “flood” and
“flash flood”. None of them are specific about the exact definition of flash flooding. Since
the majority of the information is derived from the media, the discrimination between
flood types is most probably not homogeneous; however, the rough differentiation is
assumed to be correct. The data for West Africa is not systematically and uniformly
collected. Some reports are on the village level, others on the regional or even national
level. The numbers for the whole NRB or the individual regions have been summed up
from the provincial or village level. For the Sahelian zone, most of the data was grouped
and could not be distinguished from other regions in the Middle Niger. Therefore, the data
also comprises the people affected for the whole Middle Niger until Yideré Bodé (Figure
6). Since most of the reports come from the media, the numbers reported are not verifiable
and often differ substantially between sources. Another open question concerns a bias in
media coverage, which might have increased during the last decades and could result in an
increasing number of flood reports. This issue has been analyzed by Tarhule (2005) for the
region around Niamey by comparing flood reports in the media with rainfall data. The
conclusion of the study is that the quality of the environmental reporting of the newspapers
is reasonable for the Niamey region from 1970 to 2000, allowing some confidence on data
consistency over the last decades. Another aspect of the media coverage bias is the better
coverage of urban areas compared to rural areas. However, as we do not analyze the spatial
distribution of the flooding on the subregional scale, this bias does not affect the analyses
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directly. In sum, the datasets of people affected by floods are uncertain and should be
interpreted with caution. Still, they are the best available source for damage data on
catastrophic floods in West Africa, and even though their absolute numbers might be
uncertain, the general trend of the combined three data sets are assumed to be reliable.
Data on population density was derived from the latest estimation of the Food and
Agriculture Organization (FAO GEONETWORK, 2015) and data for the Human
Development Index on country level as indicator for vulnerability was derived from the
latest Human Development Index ranking of the United Nations for 2013 (Malik, 2014).

2.3.2. Statistics

In order to visualize tendencies in the data more clearly, the local regression-fitting
technique LOESS was used (Cleveland and Devlin, 1988). It is a nonparametric regression
method that combines multiple regression models in a k-nearest-neighbor-based meta-
model. When plotted, it generates a smooth curve through a set of data points (LOESS
Curve).

For analyzing the relation between time series, Spearman's rank correlation was
applied. This is a nonparametric measure of the statistical dependence between two
variables and is widely used to assess monotonic relationships.

Monotonic linear trends in the precipitation, discharge and damage data were identified
using the Mann-Kendall test (Mann, 1945). This is a robust nonparametric test in which
each element is compared with its successors and ranked as larger, equal or smaller. On
this basis, it is possible to test the statistical significance of rejecting the null hypothesis
(for all tests o = 0.05). The linear trend was estimated using the Theil-Sen approach (Sen,
1968; Theil, 1950). Since serial independence is a requirement of the Mann-Kendall test,
we checked beforehand for autocorrelations in all precipitation and hydrologic time series
using the Durbin-Watson statistic test (Durbin and Watson, 1950, 1951). If an
autocorrelation of the first order was found, trend-free pre-whitening was applied
according to the method proposed by Yue et al. (2002): First, the trend estimated with the
Theil-Sen approach was removed from the time series. Then, the first-order autocorrelation
coefficient was calculated and subtracted from the time series. Finally, the trend was added
back to the autocorrelation data and the Mann-Kendall test was applied in order to test for
its significance.

2.3.2.1. Changepoint identification

Since the West African climate is strongly dominated by a decadal pattern (e.g.
Nicholson et al., 2000; Sarr et al., 2013), changepoints are identified in order to see
whether the AMAX follows this decadal pattern as well. The resulting changepoints are
eventually compared with the periods of Atlantic Multidecadal Oscillation (AMO). For
changepoint analysis, the cumulative sums method (CUSUM) given by Page (1954) is a
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common approach. Combined with an algorithm to minimize the cost function (1), it is
able to detect multiple changepoints (Killick et al., 2012):

m+1

D C (o + i ] + B (m) @
i=1

C is the cost function of the time series segment Y (t;_; + 1):t; and Bf (m) and is the
penalty function. The cost function relates to the cost of segmentation. Different
algorithms exist to minimize this function, and for this study the Segmented Neighborhood
(SN) method of Auger and Lawrence (1989) is appropriate because it is an exact approach
and the datasets are relatively small so that the generally high computational cost of this
method is acceptable. The cost functions for all possible segments are iteratively
calculated. By that means, SN is able to compute the segments; however, it does not
provide information about the number of segments which would be identical with the
number of observations without restrictions. In order to prevent this overfitting, the penalty
function was introduced. In this study, we used Akaike's Information Criterion (AIC)

(Akaike, 1974)

AIC = 2k — 2In(L
n(L) 3)
where k is the number of parameters in the model and L is the maximized value of the
likelihood function.

2.3.2.2. Non-stationary Generalized Extreme value distribution

In order to detect non-linear and non-stationary trends in the AMAX time series, non-
stationary Generalized Extreme value models (NSGEV) (Coles et al., 2001) have been
used. This method has proven to be an effective tool, not only to detect trends in the flood
average, but also in flood variability (e.g. Delgado et al., 2010; Hundecha et al., 2008). The
method is described in detail by Delgado et al. (2010) and is based on the generalized
extreme value function (GEV), which is cumulatively written as:

1

£ <
exp —(1—;()6—#)) if £+0

F(x) = 4)

X = U\ .
exp [—exp (— T)] ifé=0
with p as the location parameter, ¢ as the scale parameter and & as the shape parameter.
This cumulative distribution is then fitted systematically with different combinations of
linear, second- and third-degree time-dependent parameters, but only for the location and
scale parameters. These time-dependent parameters were then inserted in a maximum
likelihood function.
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Instead of the different parameters, the linear, second- or third-degree terms were
inserted in the likelihood function. In order to identify the parameter setting which best fits
with the data, a likelihood deviance statistic was applied. By this means, it could be tested
whether the model of higher complexity from stationary to third-degree is an
improvement, and whether this improvement is not just obtained by chance but is instead
significant. So, each model M; was tested against the simpler model M,. The deviance
statistic of the models M, € M; is defined as

D = 2{¢;(M;) — £4(Mo)} (6)
where ¢;(M;) and ¢,(M,) are the maximized log-likelihoods for the models. The
distribution D is asymptotic, and its degree of fit can be tested with a Chi-square test (y?).
The degrees of freedom k express the difference in dimensionality between M, and M;.
So, larger values of D suggest that model M; explains the variation in the data better than
M, and is therewith accepted as the NSGEV distribution. Since an analysis of the mean for
all stations in one subregion might balance out changes in the frequency, the most
complete time series for each subregion was selected for the trend detection. For the
Guinean region, Kouroussa was selected because the flow is not influenced by the IND.
For the Benue region, no time series was long enough for the analysis. In order to avoid
the complex distributions of the whole time series that change their directions several
times, the analysis was limited to the period after the changepoint around 1970 which was
identified by the changepoint analysis in all regions.

2.3.2.3. Wavelet analysis of annual maximum discharge time series

To detect changes in the frequency of AMAX, we applied a wavelet power spectrum
(Torrence and Compo, 1998) This can be described as a correlation coefficient between a
dataset and a given function. This function slides over the dataset and is scaled to account
for different frequencies. In our case, we used the Morlet function, a complex
nonorthogonal function which is commonly used for hydrographical time series (e.g.
Delgado et al., 2010) The wavelet analysis is a powerful tool used to show changes in the
frequency over time, and indicates whether trends exist in the variance of the time series.
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2.4. Results

2.4.1. Analysis of long-term dynamics of rainfall and annual flood peaks

2.4.1.1. Analysis of trends of rainfall and annual flood peaks

Figure 9 shows a significant increase of annual precipitation, heavy precipitation and
the annual maximum discharge (AMAX) for the time period 1979-2012 averaged over all
available stations from the three investigated regions of the NRB (Guinean, Sahelian and
Benue).
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Figure 9 AMAX, annual precipitation and heavy precipitation for the three subregions of
the Niger River Basin as an anomaly from 1979-2012. All trends are significant (6¢=0.05)
and the Theil-Sen estimator trend is added as a dashed line and the slope as number.

Considering a longer time period (although with incomplete data records), Figure 10
depicts the rainfall values and AMAX values of all available years and all single
investigated stations of the three regions. The precipitation from 1960 to 2001 from the
Watch Forcing Data (WFD) and from 1979 to 2012 from the Watch Forcing Data ERA
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Interim (WFDEI) show the same pattern in the three regions of the Niger: the mean annual
rainfall decreases until the mid-1980s up to -10% and again increases afterwards by around
10%. The anomalies in the Sahelian region are with more than +/- 30% the most distinct
ones.

The longest times series of the Guinean region (1907-2012) shows an increase of
AMAX from 1910 to the 1950s, a decrease of AMAX until the mid 1980s followed by the
increase which was already depicted in Figure 4 for the last 35 years. AMAX of the
current period are generally smaller than the AMAX values which were reached in the
peak period of the 1950s. The shorter time series from Benue (1970-2012) shows a
decrease of AMAX until the mid 1980s, followed by an increase as before. The AMAX
time series of the Sahelian region (1950-2012) shows a decrease until the 1970s and a
continuous increase since then, which is not in accordance with the rainfall trends
(“Sahelian Paradox™). This interesting phenomenon is further analyzed in the
supplementary material chapter 10.1 since it shows the differences between the hydro-
climatic dynamics of the Guinean and the Sahelian flood. Both the Sahelian and the Benue
time series are too short to give information on the larger peak in the 1950s which is

visible in the Guinean time series.
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Figure 10 Annual maximum discharge (AMAX), precipitation and people affected by
floods in the NRB, separated for the three subregions. Detected changepoints for the
mean AMAX in each region are plotted as black dashed lines. Note that for the Sahelian
region the numbers of people affected by catastrophic floods are plotted for the whole
Middle Niger (see chapter 2.3.1.2). Please also note for the Sahelian region that only
stations on the tributaries (Alcongui, Garbe-Korou) have been used for the Loess curve.
The station Niamey has gaps where the red flood was covered by the Guinean flood in the
hydrograph
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2.4.1.2. Analysis of changepoints of annual flood peaks

Changepoint analysis was carried out to assess if these changes of AMAX are
predominantly related to decadal pattern of the Atlantic Multidecadal Oscillation (AMO),
which is here used as a proxy for longer-term climatic pattern of West Africa (the available
rainfall time series were thought to be too short and inconsistent for this analysis).
Changepoints of the AMO were detected for mid 1920s, beginning of 1960s and mid
1990s (Figure 6). Corresponding changepoints were detected for the AMAX series of all
three regions in the mid 1990s (Figure 5); for the longer time series in Guinean region, a
corresponding changepoint was detected for the mid 1920s, only for the Sahelian region
was a corresponding changepoint detected for the mid 1960s, whereas the Guinean region
showed a changepoint later in that time period at the end of the 1960s (Benue data set was
too short to be included). This correspondence shows that for the identified periods of
higher and lower AMAX are roughly consistent with the periods of the Atlantic
Multidecadal Oscillation (AMO), i.e. the West African decadal pattern. However, the
AMAX series in Figure 5 show several changepoints which corresponding ones in the
AMO series, which might be either due to limitations of the method (and data availability)
or potentially a sign that other factors than rainfall and climatic variability influenced the
changes of AMAX, such as for example land-use change.

Departure of A
o
N
L

I I |
1950 1970 1990 2010

|
1930

I
1910
Year

Figure 11 Atlantic Multidecadal Oscillation with LOESS
2.4.1.3. Analysis of changes in the variance of annual flood peaks

In contrast to the trend analysis in Figure 9, the AMAX time series have been analyzed
using non-stationary generalized extreme value functions (NSGEV) in Figure 12, in order
to see if there are changes in their variability. For the Guinean region, a model with a
constant scale parameter but a third-degree location parameter has the highest value in the
Chi-square test and is therefore the most suitable for explaining the distribution of
probabilities for the AMAX time series. The curve changed from higher (approx. 1200
m’s™) discharge in 1969 to lower (approx. 500 m’™) discharges in the 1970s and 1980s,
and then half-way back up (approx. 800 m3™") by 2012. This implies that the frequency of
the AMAX in the Guinean subregion changed rather linearly.
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In contrast, the time series of the Sahelian tributaries Gouroul (Alcongui) and Sirba
(Garbe-Kourou) can be explained with the best model fit by exponential location
parameters and linear scale parameters. The NSGEV for these time series show not only
the same characteristics but also similar probability values, which adds confidence to the
result. For both stations, the peak moved from approximately 150 m?™ to 300 m’s™" with
an increasing rate at the end. The distributions of both of the latter stations become flatter
over time, which implies a linear increase in variability and an exponential increase trend
in flood magnitude.

In order to verify the results of the NSGEV, wavelet power spectra are applied to the
same time series (Figure S 3, Supplementary material). For the Guinean time series
wavelet, there is no significant change in variance during the last four decades. This
supports the finding that no changes in variability occurred in the AMAX of this region,
but only linear trends for the flood magnitude. The wavelet analysis for the time series of
Garbe-Kourou also confirms the findings of the NSGEV. There is a change in frequency
during the 1970s and 1980s and a return to the patterns of the 1950s and 1960s afterwards.
This return to wet conditions is reflected in the change in probability of the NSGEV for
this station, beginning in 1969 and lasting until 2012. The results show, that only in the dry
catchments of the Middle Niger, a significant change of the variability towards more
extreme AMAX can be detected. The reason for this inconsistency of more strongly

increasing AMAX compared to precipitation is probably due to a stronger effect of land-
use change compared to other regions (Aich et al., 2015).
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Figure 12 Non-stationary extreme value probability distributions for Kouroussa,
Alcongui and Garbe-Kourou.
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2.4.2. Analysis of changes in the timing of annual flood peaks

The temporal occurrence of AMAX (day of the year) was analyzed for all regions. No
significant trend could be detected except for the stations downstream of the IND Figure
13. Here, AMAX timing of the Guinean flood shifted from February/March in the 1950s
and 1960s to December/January in the 1970 to 1980s, and since then occurs again slightly
later during January/February (see e.g. for the Malanville station in Figure 13).

This AMAX shift of regions downstream of the IND is attributed not directly to shifts
in the rainfall regime, but may be explained by retention processes within the IND: water
from the Guinean subregion accumulates in the Delta and only a limited amount can pass
through its outlet near Diré at any time. In the time periods of generally lower AMAX (as
e.g. during the 1980s to 1990s), the floods reached the downstream stations considerably
earlier in the year, whereas higher AMAX values as observed in the 1950s or 2010
resulted in a delay of the AMAX at gauging stations affected by the retention processes of
the Inner Niger Delta.

In summary, the timing of AMAX for the period 1910-2012 changes for the stations
downstream of the IND where the Guinean flood occurs and depends on the total amount
of water stored in the Delta.
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Figure 13 Shift in day of AMAX for the stations influenced by the Inner Niger Delta for
the Guinean flood.

2.4.3. Analysis of damage statistics

The locations with the largest number of catastrophic floods between 1980 and 2012
were reported along the main stem of the Niger River, e.g. around the cities of Bamako,
Niamey, Maradi and in the upper Benue, while they were less frequent in the Delta. The
number of people affected by catastrophic floods in the NRB per year for the period from
1980 to 2014 is displayed in Figure 14 (note the logarithmic scale in the plot). The
differences between the numbers for the three employed sources (see 2.3.1.2) is small for
most of the years, though for some years at least one source has strong underestimations,
e.g. the NatCatService for 1988 or the Darthmouth Flood Observatory data for 2009 and
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2011. The increase in frequency of hazardous floods since the new millennium is striking.
During the 1980s, around 120,000 people were affected by catastrophic flooding according
to the reports, over 500,000 in the 1990s, and well over 10 million from 2000 until 2012.

In Figure 14, the catastrophic floods are spatially plotted and flash floods were
separated from areal and river floods, since both have different underlying mechanisms
according to the differentiation of the three data sources (as detailed in 2.3.1.2). The
majority of the floods are river and areal floods and only a small proportion of the
catastrophic floods are flash floods. For the trend and correlation analysis, only the data on
people affected by river floods were considered. Figure 6 also shows that floods in the
NRB were relatively homogeneously distributed along the river and its main tributaries.

For the individual regions, the number of people affected by catastrophic floods is
plotted in Figure 6. Please note that it was not possible to distinguish the numbers of the
Sahelian region from the other parts of the Middle Niger in the data sources because
information was, in many cases, not clearly localized in the data sources (see chapter
3.1.2). The scale is logarithmic, but a distinct positive trend is nevertheless visible for the
Sahelian and Benue regions. It is not visible for the Guinean region, but in all three regions
there is a statistically significant linear trend when tested with the Mann-Kendall test. In
addition, there is a strong correlation between AMAX and the number of people affected
for the Sahelian and Benue regions (Spearman’s p: 0.67, 0.63) (Figure S 4, Supplementary
material). For the Guinean region, the correlation is moderate at p = 0.37.
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Figure 14 People affected by catastrophic floods per year in the Niger River Basin from
1980 to 2014 for three different data sources. Note that the scale of the y-axis is
logarithmic. Please note that for 2013 and 2014 no data from Munich RE was available.

Table 1 Correlation of AMAX with heavy precipitation (95™ percentile) and annual
precipitation. All correlations are significant (a = 0.05).

Guinean Sahelian Benue
Heavy 0.72 0.64 0.71
precipitation
Annual 0.72 0.6 0.65
precipitation
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2.5. Discussion

The presented results related to research question a) on the long term statistics of
rainfall and AMAX dynamics showed that the previously established high variability of
rainfall and mean discharge holds also true for large floods, as was shown for the AMAX
time series; the results also revealed a remarkably strong regional heterogeneity for the
later.

The period from approximately 1970 to approximately 1990 was, in general,
exceptionally dry in West Africa. In the Sahelian and Benue regions, the mean rainfall
during this period was approximately 35% lower compared to the preceding period. This
dry period is followed by a return to wetter conditions in West Africa (e.g. Jury, 2013;
Tarhule et al., 2015). During the return to a wet phase, the annual precipitation up to 2012
did not exceed values that have been measured during the 1960s. For the AMAX, these
findings are mainly consistent, and the correlation between precipitation and AMAX is
strong for all regions (Table 1). The variation of AMAX and the detected changepoints
during the analyzed period of up to 100 years follow the decadal climatic pattern in West
Africa. However, the magnitude of the trends is only consistent for the Guinean region,
where the levels of AMAX do not exceed values from the 1950s and 1960s. For the Benue
subregion, there is only one changepoint detectable and therefore the antecedent periods
before 1970 cannot be compared.

In the Sahelian region, however, the AMAX levels of recent decades exceed the levels
of the 1960s. Particularly remarkable is the increase in frequency and magnitude of
Sahelian flooding, which was also found by Descroix et al. (2012). Even during the wet
1960s, the Guinean flood peak was always higher than the Sahelian peak. Starting in 1980,
the Sahelian flood was higher than the Guinean in nine of the years. In Niamey, the flood
peak of 2012 was the highest peak since the beginning of records in 1929. This particular
case of the Sahelian region is also reflected by the probability distribution. While the scale
of the distribution stays constant for the Guinean region, it causes a flattening of the curve
in the Sahelian region, implying that rare floods with a certain return period at the tail of
the curve are more extreme during wet periods. The reason for this inconsistency of more
strongly increasing AMAX compared to precipitation is probably due to land-use change
and heavy precipitation (Aich et al., 2015).

Research question b) on temporal shifts in the AMAX revealed a shift of the AMAX
timing of the Guinean flood downstream of the IND. This shift is not related to the timing
of the rainfall regime, but rather to the amount of rainfall and a related retention process in
the IND. The IND is responsible for a basin effect, where large Guinean floods occur up to
3 months later than small floods. The trend of the timing of the Guinean flood downstream
of the IND reflects therefore the long-term trend of AMAX magnitudes.

The answer on research question c) on the links between the increasing AMAX trends
and the impact of catastrophic floods is complex. The consistent trends of Figure 10
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suggest a simple relationship between a return to wet conditions and increasing flood risk
in the NRB, however this inference would neglect the complexity of catastrophic flood
generation. Flood risk is not defined by flood frequency and magnitude alone, but by the
product of exposure, vulnerability and hazard (IPCC, 2012; Kim et al., 2006; Kron, 2005;
Merz, 2006), and we argue that exposure (population density) and vulnerability has
increased significantly since the 1980s.

In West Africa, the population has multiplied by a factor of approximately 2.5 since
1980 (United Nations, Department of Economic and Social Affairs, 2013); the increase in
population is matching the trend of people affected by floods for the same period. For all
countries in the NRB, the population growth rate is over 2%, and for the Sahelian countries
of Mali and Niger even more than 3% (Central Intelligence Agency, 2013). In the Sahelian
subbasin, where the strongest trend in catastrophic floods occurs, the population increase is
also about one percentage point greater compared to the other subregions; Figure 2 shows
the spatial distribution of population density for 2015 (Central Intelligence Agency, 2013).

Regarding the vulnerability, the Human Development Index ranking (HDI) (Malik,
2014) was used in this study as an indicator for the spatial distribution of vulnerability (as
depicted in Figure 2), since underdevelopment is closely linked to high vulnerability to
disasters such as flooding (e.g. Yamin et al., 2005). Even if the general state of
underdevelopment decreased in the countries of the NRB in contrast to their flood
statistics, the absolute numbers of HDI still relate to the spatial patterns of catastrophic
flood increase. The Republic of Niger, where most of the Middle Niger with its extreme
increase in flood risk is located, is the country with the lowest development in the whole
region since the HDI started to be recorded in the 1980s.

Figure 7 provides an overview on current flood risk in the NRB, taking into account the
three described dimensions of flood risk hazard (changes in AMAX), vulnerability
(Human Development Index) and exposure (population density). The figure indicates that
the increase in flood risk in the NRB is attributed not only to increases in flood discharge
but to a complex overlay of the regionally heterogeneous patterns

2.6. Conclusions

In all regions, the number of people affected by catastrophic floods increased
drastically, although this increase can only partly be explained by increasing flood
magnitudes and frequencies. Our results denote that the increasing flood risk in the NRB is
caused by an increase in all three relevant factors: population, vulnerability and flood
attributes such as intensity and frequency. The substantial increase in inhabitants affected
by floods in the Middle Niger is the result of the greatest increase in all of these factors in
this subregion. Our statistical analysis confirms previous studies regarding a general return
to wet conditions since the end of the 1980s and, moreover, detects an increase in annual
maximum discharge (AMAX) in the NRB for the same time period. However, the
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relationship between the climatic drivers and discharge is complex and varies significantly
between the regions of the basin. Several studies have shown that the changes in
precipitation patterns in the region are very heterogeneous (e.g. Lebel and Ali, 2009;
Panthou et al., 2014). This holds also for the sensitivity of the catchments in terms of
changes. The dry Sahelian region is more sensitive to changes compared to the Guinean or
Benue regions. The AMAX amplitude for dry (e.g. 1970s-1980s) and wet (e.g.1950s-
1960s, 2000s-2012) periods differ substantially between the regions, and the discharge
regime of the Sahelian catchment shows the strongest reactions compared to the wetter
regions. Only in the dry Sahelian part, the AMAX variability increases significantly during
wet periods, and extremer flood magnitudes become more probable. In order to account for
dynamics of the entire basin and include climate change induced flood risk, detailed
modelling studies on a subregional level are a prerequisite in order to project future flood
risks in the NRB and discuss uncertainties (Doll et al.,, 2014). Such an effort should
include land-use change, population density and vulnerability, all of which have been
proven to be strong factors for flood risk in the basin.

Other implications can be derived from the decadal AMAX patterns. Since West Africa
is currently experiencing a period of relative wetness, the likelihood of high AMAX in the
coming years remains high, taking into account the consistent decadal patterns. This
implies that short-term responses are needed in order to halt the trend of increasing flood
risk, especially in the Middle Niger. A promising way includes the ongoing research
activities on short- and medium-term hydrological forecasting systems, which should be
connected with a flexible early-warning system. In the longer run, the existing action plan
of the NRB Authority should be implemented, which includes, for example, more dams for
flood control. These measures on the supranational level need to be accompanied by
complementary actions from the national to the household level.
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Abstract: This study addresses the increasing flood risk in the Niger basin and assesses
the damages that arise from flooding. Statistics from three different sources (EM-DAT,
Darthmouth Flood Observatory, NatCat Munich RE) on people affected by floods show
positive trends for the entire basin beginning in the 1980s. An assessment of four
subregions across the Niger basin indicates even exponential trends for the Sahelian and
Sudanian regions. These positive trends for flooding damage match up to a time series of
annual maximum discharge (AMAX): the strongest trends in AMAX are detected in the
Sahelian and Sudanian regions, where the population is also increasing the fastest and
vulnerability generally appears to be very high. The joint effect of these three factors can
possibly explain the exponential increase in people affected by floods in these subregions.
In a second step, the changes in AMAX are attributed to changes in precipitation and land
use via a data-based approach within a hypothesis-testing framework. Analysis of rainfall,
heavy precipitation and the runoff coefficient shows a coherent picture of a return to wet
conditions in the basin, which we identify as the main driver of the increase in AMAX in
the Niger basin. The analysis of flashiness (using the Richards—Baker Index) and the focus
on the "Sahel Paradox" of the Sahelian region reveal an additional influence of land-use
change, but it seems minor compared to the increase in precipitation.

" A revised version of the attribution approach is in the Appendix 10.2.1. This version incooporates the
comments and suggestions on the discussion paper but is unpublished.
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Introduction

3.1. Introduction

In the last two decades, the occurrence of extensive flooding has increased drastically in
the Niger basin (Amogu et al., 2010a; Descroix et al., 2012; Mahe et al., 2013; Panthou et
al., 2014); however, very little research is currently being conducted on both factors
contributing to flood risk and the associated flood damages. Tarhule (2005) addressed the
flooding in the Sahel for the first time scientifically, calling the floods “the other Sahelian
hazard” referring to the lesser significance of floods in the face of the dominant water
scarcity in the region. Since then, several studies have contributed to the discussion from
different perspectives.

Paeth et al. (2011) looked at the meteorological patterns that lead to the extreme
flooding of 2007. Panthou et al. (2014, 2012) and Ozer et al. (2009) detected changes in
rainfall patterns in the region and connected them to changes in flood occurrence. Jury
(2013) analyzed streamflow trends in Africa, including one station in the Niger basin
(Niamey) and found an increase of streamflow that matched their general finding of a
“return to wet conditions” in Africa in recent decades. Descroix et al. (2012, 2011)
examined increasing river discharges in the Niger basin and came to the conclusion that
adverse land-use change and crusting of soils lead to an increase in flooding as the climate
in the region tends to become drier. For the Sahelian zone, this effect of increasing
discharge despite decreasing rainfall is called the “Sahelian Paradox”, first described by
Albergel (1987). Sighomnou et al. (2013) attributed the extreme flooding of 2012 to the
aforementioned changes in land use and crusting for the region around Niamey. Descroix
et al. (2009) and Amogu et al. (2010) also addressed this phenomenon and found an
increasing trend for streamflow of rivers in the Sahelian zone and a decreasing trend for
rivers in the Sudanian zone. Descroix et al. (2013) summarized the results on the “Sahelian
Paradox” and argued for a more regionalized assessment of the floods. Still, the role of
climatic variability for the increased flood risk in the Niger basin has not been
systematically addressed; neither has the associated damage been quantified.

Flood risk is not defined by flood frequency and magnitude alone, but by the product of
value, vulnerability and hazards (Kron, 2005; Merz, 2006). Value in the formula is
represented by the population that could be affected by floods in the basin. In West Africa,
the population has multiplied ~2.5 times since 1980 (United Nations, Department of
Economic and Social Affairs, 2013). For all countries in the Niger basin, the population
growth rate is over 2%, and for the Sahelian countries of Mali and Niger, even over 3%
(Central Intelligence Agency, 2013). The studies of Di Baldassarre et al. (2010) and
Tschakert et al. (2010) provided evidence that the vulnerability of the population with
regard to catastrophic floods has increased in the past due to several reasons, e.g. the loss
of traditional knowledge about flood adaptation.

This study aims to contribute to the discussion with a comprehensive analysis of
flooding and its damages in the Niger basin, thus attempting to disaggregate the total risk
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and attribute it to different flood risk components in the Niger basin. In order to take the
regional heterogeneity of the Niger basin into account, we differentiate four subcatchments
according to their main source areas and data availability (Guinean, Sahelian, Sudanian
and Benue, Figure 15).

We first evaluate the three most extensive databases on floods in Africa (NatCat
database of Munich Re, Dartmouth Flood Observatory, International disaster database
EM-DAT). The numbers of people affected are visualized spatially in order to see how the
increase in people affected by floods during the past decades is associated with
corresponding annual maximum discharges (AMAX) and rainfall in the subcatchments. In
a second step, we focus on the timing of the AMAX and look for temporal shifts. Then, the
time series are analyzed with regard to non-stationary trends and decadal patterns. Decadal
patterns are correlated to the Atlantic Multidecadal Oscillation (AMO) in order to see
whether this mode of variability can indicate flooding in the region.

Based on the systematic trend analysis, we use a data-based approach within a
hypothesis-testing framework to attribute the detected trends (Merz et al.,, 2012).
Therefore, rainfall data is analyzed and correlated to AMAX, and the flashiness of the
discharge is examined in order to distinguish between the influence of climatic variability
and land-use change effects. A focus on the special case of the “Sahelian Paradox™ allows
a qualitative estimation of the magnitude of influence of land-use change compared to
climate change signals. The results are then discussed with a holistic view of the increasing
flood risk, taking into account the hazards, vulnerability and population growth.

3.2. Niger basin

The Niger basin covers a total area of approximately 2,156,000 km?, of which only
~1,270,000km? contribute to the river discharge (Figure 15) (Ogilvie et al., 2010). The
whole basin is spread over the territory of ten countries: Guinea, Cote d’Ivoire, Mali,
Burkina Faso, Algeria, Benin, Niger, Chad, Cameroon and Nigeria (Zwarts et al., 2005). It
extends over different agro-climatic and hydrographic regions with individual topographic
and drainage characteristics. The Niger runoff regime is affected by different types of
reoccurring floods, which result from the geographic locations and characteristics of their
main source areas. The first one is the Guinean Flood, which originates from the
headwaters of the Niger in the low-altitude plateaus called the Guinean highlands during
the rainy season between July and November (Figure 25, Descroix et al., 2012). From
here, the Niger and Bani Rivers flow into the Inner Niger Delta (IND). This vast inland
delta covers an area of ~36.000km? in central Mali and comprises lakes and floodplains
that are regularly flooded with large annual variations. It influences the hydrological
regime of the Niger significantly by flattening and slowing down the peak of the annual
flood (Liersch et al., 2013; Zwarts, 2010).
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Most of the inflow in the middle section of the Niger basin comes from the plateaus of
the right-bank subbasins. The vast subbasins to the left reach up into the central Sahara but
only contribute a minor amount of inflow, and local contributories are endorheic most of
the time (Amogu et al., 2010a). The annual peak during the rainy season (July to
November) in the mid-section of the Niger downstream of the IND is called the “Red
Flood” or “Sahelian Flood”, the latter of which will be used in this study for the second
subregion (Figure 25, Descroix et al., 2012). The third flood we define in this study is the
“Sudanian Flood”, which originates from the part of the basin downstream of the Sahelian
zone and contributes to the gauge Yidere Bode in Nigeria, also reaching into the Sahelian
climate zone. The fourth flood we focus on here is the flood of the Benue River, which
flows into the Niger at the Nigerian city of Lokoja. Coming from a high-altitude plateau, it
is the largest tributary in terms of discharge and outreaches the Niger by about a third at
the confluence near Lokoja. This part of the Niger basin will henceforth be referred to as
“Benue” (Figure 15). Finally, the Niger disembogues into the Gulf of Guinea forming the
Niger Delta, a flat region characterized by swamps and lagoons (Andersen et al., 2005a).
As no discharge data were available for the region between Yidere Bode and the
confluence of the Benue, nor for the part after the confluence, these parts are not included

in the analysis.
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Figure 15 Niger basin and source areas of floods in the Guinean, Sahelian, Sudanian and
Benue regions.

There are five major dams in the Niger basin which influence the discharge regime of
the Niger and its tributaries (Table 2). In the Action Plan for the Niger Basin of the Niger
Basin Authority (NBA), several scenarios with additional major dams are listed, such as
Fomi in Guinea and Taoussa in Mali, for example (Niger Basin Authority, 2007).
Currently, only the Kandadji dam in the Niger is actually under construction.

Table 2 Major reservoirs in the Niger basin.

Reservoir Country / River Completion Max. volume
date [million m?*]*
Kainji Nigeria / Niger River 1968 15000
. ; Mali / Sankarani
Selingué ) 1982 2135
River
C /B
Lagdo ameroon /Benue 1982 7800
River
Jeeba Nigeria / Niger River 1984 3880
) Nigeria / Kaduna
Shiroro . 1990 7000
River

*including dead storage
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The population density in the Niger basin ranges from less than one person per km? in
the deserted North to over 1,000 in rural areas in Nigeria and Mali (Figure 16) (Nelson,
2004). Of the four regions on which this study focuses, the Sudanian zone and the Benue
are the most densely populated, with many regions containing over 100 persons per km?.
But also in the riverine areas along the Niger River, many regions in the Upper Niger basin
and the middle section have similar population densities. The population growth rate in the
countries of the Niger basin is extreme, ranging from 2% to 3.5% with the highest
increases in the Sahelian countries of Mali and Niger (Central Intelligence Agency, 2013).
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Figure 16 Population density in the Niger basin (data derived from Nelson, 2004).

3.3. Methodology

3.3.1. Data

3.3.1.1. Data on people affected by floods

Data on people affected by catastrophic flooding were derived from three different
sources: the NatCatService of the Munich Reinsurance Company (MunichRe, 2015), the
EM-disaster data base of the University of Leuven, Brussels (EM-DAT, 2015) and the
Global Active Archive of Large Flood Events of the Darthmouth flood observatory
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(Brakenridge, 2015). All data are based on media reviews of the respective organization
and the collection of data from official sources. The latter archive derives additional
information from remote sensing data. Only the period from 1980 to 2012 is considered
here, because all datasets provide input for this period. All three sources provide additional
information on whether the flood was a flash or river/ areal flood. However, the quality of
the data for West Africa is low, as there is no systematic and uniform assessment of floods.
Some reports are on the village level, others on the regional or even national level.
Therefore, a distinction between people affected in the Sudanian and Sahelian zones was
not possible because most reports grouped the number of people affected for both these
regions together (Figure 16). Since most of the reports come from the media, the numbers
reported are not verifiable and differ often substantially between sources. Still, they are the
best available source for damage data on catastrophic floods in West Africa. The data was
analyzed equally, and so even if absolute numbers are uncertain, trends in the data are
assumed to be reliable.

3.3.1.2. Discharge, precipitation and Atlantic Multidecadal Oscillation data

Observed river discharge at a daily resolution was provided by the Global Runoff Data
Centre (Fekete et al., 1999) and the Niger Basin Authority. In stations where the flood
peak originating from the Guinean flood occurred after the 31% of December, the value
was attributed to the previous year. The annual maximum discharge (AMAX) value of a
certain year was only used if it was the global change point of the annual hydrograph and
if we could reasonably eliminate the possibility that any missing values might have been
higher. At the Ansongo, Niamey and Malanville stations, peaks for the Guinean and the
Sahelian/Sudanian floods occur. The Sahelian and Sudanian peaks are limited to August
through October and do not occur every year. Therefore, the AMAX time series for the
Sahelian and Sudanian floods at these gauging stations have gaps for years where a
separate peak could not be distinguished.

To analyze precipitation in the regions, we used reanalysis data from the WATCH
Forcing data ERA 40 (WFD) (Weedon et al., 2011) for the period from 1960 until 2001
and the WATCH Forcing data ERA interim, which is processed similarly on the ERA 40
reanalysis data set for the period from 1979 until 2012 (WFDEI) (Dee et al., 2011). The
precipitation parameter of both data sets is sampled on a 0.5 x0.5 grid. For analysis of the
means, only the months during the rainy season (June-November) within the different
subregions have been included (Figure 15). For the analysis of heavy precipitation, we
derived the 95 percentile of the daily precipitation per year. Both parameters of the
reanalysis time series of WFD and WFDEI have been validated with observed rainfall data
from stations in all subregions (Bamako in Mali, Gao in Mali, Niamey in Niger, Maradi in
Niger, Garoua in Cameroon, Figure 15) (Figure S1). The reanalysis data was interpolated
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to the location of the stations, and it shows good performance with regard to annual and
heavy precipitation.

The Atlantic Multidecadal Oscillation (AMO) is a mode of variability occurring in the
northern Atlantic Ocean and is derived from sea surface temperatures (Dijkstra et al.,
20006). It is closely connected to the rainfall in West Africa (Knight et al., 2006; Nicholson
et al., 2000). The data on the AMO is provided by the National Oceanic and Atmospheric
Administration (NOAA) in an unsmoothed version (Enfield et al., 2001) which is based on
the Kaplan Extended Sea Surface Temperature dataset.

3.3.2. Statistics

3.3.2.1. Standard statistical methods

For the analysis of several time series, the local regression fitting technique LOESS was
used (Cleveland and Devlin, 1988). It is a nonparametric regression method that combines
multiple regression models in a k-nearest-neighbor-based meta-model. When plotted, it
generates a smooth curve through a set of data points (LOESS Curve).

For correlation analysis, Spearman's rank correlation was applied. It is a nonparametric
measure of the statistical dependence between two variables and is widely used to assess
monotonic relationships between parameters.

Monotonic linear trends were identified using the Mann-Kendall test (Mann, 1945).
This is a robust nonparametric test in which each element is compared with its successors
and ranked as larger, equal or smaller. On this basis, it is possible to test the statistical
significance of rejecting the null hypothesis (for all tests o = 0.05). The linear trend was
estimated using the Theil-Sen approach (Sen, 1968; Theil, 1950). Since serial
independence is a requirement of the Mann-Kendall test, we checked beforehand for
autocorrelations in all precipitation and hydrologic time series using the Durbin-Watson
statistic test (Durbin and Watson, 1950, 1951). If an autocorrelation of the first order was
found, trend-free pre-whitening was applied according to the method proposed by Yue et
al. (2002): First, the trend estimated with the Theil-Sen approach was removed from the
time series. Then, the first-order autocorrelation coefficient was calculated and subtracted
from the time series. Finally, the trend was added back to the autocorrelation data and the
Mann-Kendall test was applied in order to test for its significance.

In order to determine whether there was a trend influencing AMAX in addition to the
trend in the rainfall amount, we detrended the AMAX and the precipitation time series for
the corresponding rainy season in the region by subtracting the residuals of the linear
trend. We then formulated the coefficient between these two time series analogous to the
common runoff coefficient between mean discharge and precipitation (Figure 21).
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3.3.2.2. Changepoint identification

In order to detect changepoints in the means of datasets, the cumulative sums method
(CUSUM) of Page (1954) is a common approach. Combined with an algorithm to
minimize the cost function (1) it is able to detect multiple changepoints (Killick et al.,
2012):

m+1
D Cr (o + i )] + Bf (m) o

i=1

C is the cost function of the time series segment Y (t;_; + 1):t; and Bf(m) is the
penalty function. Different algorithms exist to minimize this function, and for this study
the Segmented Neighborhood (SN) method of Auger and Lawrence (1989) is appropriate
because it is an exact approach and the datasets are relatively small so that the generally
high computational cost of this method is acceptable. The cost functions for all possible
segments are iteratively calculated. By that means, SN is able to compute the segments;
however, it does not provide information about the number of segments which would be
identical with the number of observations without restrictions. In order to prevent this
overfitting, the penalty function was introduced. In this study, we used Akaike's
Information Criterion (AIC) (Akaike, 1974)

AIC = 2k — 2In(L) ®
where K is the number of parameters in the model and L is the maximized value of the
likelihood function.

3.3.2.3. Wavelet analysis of annual maximum discharge time series

For detecting changes in the frequency of AMAX, we applied a wavelet power
spectrum (Torrence and Compo, 1998). This can be described as a correlation coefficient
between a dataset and a given function. This function slides over the dataset and is scaled
to account for different frequencies. In our case we used the Morlet function, a complex
nonorthogonal function which is commonly used for hydrographical time series (e.g.
Delgado et al., 2010). The wavelet analysis is a powerful tool to show changes in the
frequency over time, and indicates whether trends exist in the variance of the time series.

3.3.2.4. Non-stationary Generalized Extreme value distribution

Non-stationary Generalized Extreme value models (NSGEV) (Coles et al., 2001) have
been proven to be an effective tool not only to detect trends in the flood average but also of
flood variability (e.g. Delgado et al., 2010; Hundecha et al., 2008). The method is

53



Methodology

described in detail by Delgado et al. (2010) and is based on the generalized extreme value
function (GEV), which is cumulatively written as:

( z
lexp —(1—£(x—u)> if£+0
F(x) = { o
l( exp [—exp (— %)] if&=0

with p as the location parameter, ¢ as the scale parameter and & as the shape parameter.

©)

This cumulative distribution is then fitted systematically with different combinations of
linear, second- and third-degree time-dependent parameters, however only for the location
and shape parameters. These time-dependent parameters were then inserted in a maximum
likelihood function.

n
L= 1_[ a(t) texp [— (1 - §M>l (10)
L a(t)

Instead of the different parameters, the linear, second- or third-degree terms were
inserted in the likelihood function. In order to identify the parameter setting which fits best
to the data, a likelihood deviance statistic was applied. By this means, it could be tested
whether the model of higher complexity from stationary to third-degree is an
improvement, and whether this improvement is not just obtained by chance but is rather
significant. So, each model M; was tested against the simpler model M,. The deviance
statistic of the models M, € M; is defined as

D = 2{£;(M;) — £o(Mo)} (11)

where £1(M;) and £,(M,) are the maximized log-likelihoods for the models. The

distribution D is asymptotic, and its degree of fit can be tested with a Chi-square test (y?).

The degrees of freedom k express the difference in dimensionality between M, and M;.

So, larger values of D suggest that model M; explains the variation in the data better than
M, and is therewith accepted as the NSGEV distribution.

3.3.2.5. Richards-Baker flashiness index

Changes in flashiness of the streamflows are quantified using the Richards-Baker
Flashiness Index (Baker et al., 2004). This index Fr_pis based on the ratio of absolute
day-to-day fluctuations in streamflow relative to the total flow in a year:

_ 2i=alqi — gl (1
FR—B - n
i=19i 2)
where q is the daily discharge of day i of the year (n=365).
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3.4. Results

3.4.1. Analysis of damage statistics

In Figure 17, the number of people affected by catastrophic floods in the Niger basin
per year for the period from 1980 to 2012 is displayed (note the algorithmic scale in the
plot). The differences between the numbers for the three sources (see chapter 503.3.1.1) is
small for most of the years, though for some years at least one source has strong
underestimations, e.g. the NatCatService for 1988 or the Darthmouth Flood Observatory
data for 2009 and 2011. The increase in flood frequency since the new millennium is
striking. During the 1980s, around 120,000 were affected by catastrophic flooding
according to the reports, over 500,000 in the 1990s, and well over 10 million from 2000
until 2012. In addition, the increase in people affected appears exponential when taking
into account that the scale is logarithmic.
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Figure 17 People affected by catastrophic floods per year in the Niger basin from 1985 to
2012 for three different data sources. Note that the scale of the y-axis is logarithmic.

In Figure 15, these floods are spatially plotted and flash floods were separated from
areal and river floods, since both have different underlying mechanisms. The majority of
the floods are river and areal floods and only a small proportion of the catastrophic floods
are flash floods. Figure 15 also shows that floods in the Niger basin are relatively
homogeneously distributed along the river and its tributaries, and that clustering is limited.
The locations with the largest number of catastrophic floods between 1985 and 2012 have
been reported along the main stem of the Niger River, e.g. around the cities of Bamako,
Niamey, Maradi and in the upper Benue, while they have been less frequent in the Delta.

In Figure 18, the numbers of people affected by floods are plotted in relation to the
anomalies of the annual maximum discharge (AMAX) and the anomalies of the rainfall
from reanalysis products (WFD, WFDEI) for each subregion. Changepoints were detected
for the mean of the AMAX time series for each subregion. Since the Inner Niger Delta
(IND) has a strong influence on the AMAX, stations within the reach of the wetland were
excluded in the analysis for the Guinean region and only the stations upstream of the Delta
(Kouroussa, Koulikoro and Douna) were considered. The Guinean region includes the
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gauges with the longest discharge observations and six changepoints were detected
between 1910 and 2012. For the Sahelian and Sudanian regions, data is available starting
in the 1950s and for both regions two changepoints were detected. For these three regions,
there was a changepoint around 1970 and an additional one around 1990. For the Benue
basin, data is only available from 1970 and only one changepoint at the beginning of the
1990s was detected. For the Guinean, Sudanian and Benue sub-basins, the last changepoint
was detected in 1992, and for the Sahelian subregion the last changepoint was detected 5
years earlier in 1987. When all stations affected by the Guinean flood, including the IND,
were taken into account, the latter two changepoints were not detected. This effect can be
explained by retention processes in the wetland that smooth the hydrograph (Figure S2).

The AMAX Loess curves of all regions show a decrease after 1970 that reaches its
lowest point in the Guinean region after 1990 and in the other regions around 1980. For the
Sahelian, Sudanian and Benue regions, the mean for the last period beginning around 1990
is approximately 25% higher than the mean of the antecedent period beginning around
1970. In the Guinean region, the mean of the last period beginning here around 1970 is
around 25% lower than the antecedent period in the 1960s. In the Sahelian and Sudanian
regions, this step is around -50%.

The precipitation anomalies from 1960 to 2001 from the Watch Forcing Data (WFD)
and from 1979 to 2012 from the Watch Forcing Data ERA Interim (WFDEI) show the
same pattern in all regions. The mean decreases until the mid-1980s up to -10% and again
increases afterwards by around 10%. The anomalies in the Sahelian region are the most
distinct (more than +/- 30%).

The number of people affected per year from 1985 to 2012 (see chapter 3.1.1) are
plotted at the bottom of each region. Note that it was not possible to distinguish between
the Sudanian and Sahelian regions in the data sources, so the joint numbers are plotted for
both of the regions (see chapter 3.1.1). The scale is logarithmic, but a positive trend is
nevertheless visible for the Sahelian, Sudanian and Benue regions. It is not visible for the
Guinean region, but in all four regions there is a statistically significant linear trend when
tested with the Mann-Kendall test. In addition, there is a strong correlation between
AMAX and the number of people affected for the Sahelian, Sudanian and Benue regions
(Spearman’s p: 0.67, 0.63, 0.63). For the Guinean region, the correlation is weak at p =
0.37.
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Figure 18 People affected by floods in the Niger basin, annual maximum discharge
(AMAX) and precipitation separated for the four subregions. Note that the same
numbers of affected people are plotted for the Sudanian and Sahelian regions (see
chapter 3.3.1.1). Detected changepoints for the mean AMAX in each region are plotted as
black dashed lines.

3.4.2. Analysis of changes in the timing of annual flood peaks

The occurrence of the flood peak as one day of the year was analyzed for all regions. A
trend test starting in the year of the last changepoint could not reveal a significant linear
trend for any of the time series (Guinean, Sudanian, Benue: 1992, Sahelian: 1987) (for
example, see Figure 19, left). This does not hold for the stations influenced by the
dynamics of the Inner Niger Delta (IND) (Figure 19, right). For these stations, significant
trends exist which reflect the trends of the AMAX time series. This can be explained by
the strong correlation between AMAX and the day of the year, caused by the basin effect
of the IND. The water from the Guinean subregion accumulates in the IND and only a
limited amount can pass through the outlet near Diré. Accordingly, the delay in AMAX at
the affected downstream stations is dependent on the total amount of water in the Delta.
Due to this correlation, the positive trend in AMAX causes a significant change in the
timing of the AMAX of the Guinean Flood in and downstream of the IND.
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Figure 19 Shift in day of AMAX for the Guinean stations upstream of the Inner Niger
Delta (left) and for the stations influenced by the Inner Niger Delta (right).

3.4.3. Trend analysis of annual flood peaks

In Figure 20, the AMAX time series are analyzed using non-stationary generalized
extreme value functions (NSGEV). Since an analysis of the mean for all stations in one
subregion might balance out changes in the frequency, the most complete time series for
each subregion has been selected for the trend detection. For the Guinean region,
Kouroussa was selected because the flow is not influenced by the IND. For the Benue
region, no time series was long enough for the analysis. In order to avoid the complex
distributions of the whole time series that change their directions several times, the
analysis was limited to the period after the changepoint around 1970 which was identified
by the changepoint analysis in all regions. For the Guinean region, a model with a constant
shape parameter but a third-degree location parameter was most suitable for explaining the
distribution of probabilities for the AMAX time series. The curve changed from higher
discharge (~1200 m3s™) in 1969 to lower (~500m?s™") discharges in the 1970s and 1980s,
and then half-way back up (~800 m3s™) by 2012. For the Sahelian and Sudanian time
series models, a linear trend in the location parameter and again a constant shape
parameter show the best fit. In the Sahelian region, the peak moved from ~750 m3™ to
1500 m3™ and in the Sudanian region from ~1200 m3 ™ to 1700 m3™". In the Sudanian and
Sahelian regions together, the distributions are flatter than in the Guinean region. This
means that the frequency of the AMAX in the analyzed subregions do change linearly,
meaning that an exemplary increase in the mean annual flood peak of 100 m3™ would
result in a corresponding increase for the 50- or 500-year return interval of 100 m3™, as
well. The analysis suggests that linear models are sufficiently complex to explain the
dynamics of AMAX during the period analyzed, from the beginning of the dry conditions
around 1970 until 2012. In addition, the linear trends found confirm the positive trends
observed in AMAX (chapter 3.4.1) for the Sahelian and Sudanian time series since the
1970s and for the Guinean time series since the 1980s.
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Figure 20 Non-stationary extreme value probability distributions for Kouroussa, Niamey
and Malanville.

In order to verify the results of the NSGEV, wavelet power spectra are applied to the
same time series (Figure S3) none of the wavelets could a significant change in variance be
detected during the last four decades, which supports the finding that no changes in
variability occurred in AMAX, but only linear trends for the flood magnitude.

3.4.4. Attribution of changes in annual flood peaks

3.4.4.1. Analysis of precipitation, heavy precipitation, runoff coefficients and flashiness

Figure 21 presents the AMAX, the annual precipitation in the corresponding
hydrological year and, as a measurement for heavy precipitation, the 95t percentile of the
daily precipitation for the four subregions. Since the NSGEV distribution of the subregions
revealed linear models to be best suitable after 1980, we limited the analysis to this time
period. In addition, this timespan also corresponds to the period when the data on people
affected by floods was available.

We found a significant positive trend for the AMAX, annual precipitation and heavy
precipitation in all four regions. The test for autocorrelation was only positive for the
AMAX time series of the Guinean region. Here, we then removed the autocorrelation as
described in chapter 3.2.1. The strongest trend for AMAX with an increase between 30%
and 40% can be found in the Sahelian, Sudanian and Benue regions. In the Guinean
region, the trend for AMAX is ~20% until 2012. The annual precipitation during the same
period increased ~15% in the Guinean, Sahelian and Sudanian regions, and only ~10% in
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the Benue region. The heavy precipitation expressed by the 95 percentile increased

proportionally in all regions between 20% and 30%.
The coefficient between the detrended AMAX and the detrended precipitation time
series in the corresponding rainy season did not show a significant trend in any of the

regions. We also tested trends for the runoff coefficient with the detrended time series of

the mean discharge and the rainfall in the rainy season. It showed the same temporal

characteristics, and the curve was very similar to the coefficient for AMAX and contained

neither trend (not shown).
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Figure 22 shows the anomaly of flashiness via the yearly Richards-Baker index for

discharge data and heavy precipitation as the 95" percentile for the four subregions. For

Koulikoro and Niamey, there are significant positive trends in flashiness since 1960, which

increase greater than heavy precipitation. Especially for the Sahelian gauge Niamey, this
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increase is extreme, from ~-50% to ~+40%. For Malanville in the Sudanian region, the
gaps in the daily data are too large to estimate a trend in the flashiness. Still, the available
data also indicates an increase in flashiness. In contrast, the gauge at Lokoja indicates a
minor decrease in flashiness after the millennium.
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Figure 22 Anomaly of Richards-Baker flashiness index and heavy precipitation (95th
percentile) for representative gauges in the Guinean (Koulikoro), Sahelian (Niamey),
Sudanian (Malanville) and Benue (Lokoja) subregions. The normalization is based on the
years 1960-2012 for which precipitation data is available. The Theil-Sen estimator trend
is added as a dashed line for Koulikoro and Niamey. For Malanville and Lokoja,
measurements are not sufficient to estimate the trend.
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3.4.4.2. Correlations with the Atlantic Multidecadal Oscillation

In order to determine whether the Atlantic Multidecadal Oscillation (AMO) could
provide information on flood magnitudes and trends, the similarity of patterns and
correlations were evaluated. The changepoints in the AMO were identified for the same
period for which discharge data is available (1907-2012) (Figure 23). The three
changepoints found for the AMO correspond to points found for the AMAX time series.
The point in the beginning of the twenties is reflected in the changepoint in the Guinean
AMAX and the changepoint at the beginning of the 1990s in the Benue, Sudanian and
Guinean regions upstream of the IND. However, the changepoint detected for the AMO at
the beginning of the 1960s is delayed in the AMAX time series of all regions around 1970.
The correlation between the AMO and AMAX is moderate for all regions and has a p of
around 0.5 (Table 3, supplementary material Figure S 7). The correlation of the AMO with
the precipitation is also moderate in the respective source regions. In the Guinean region,
the value is higher compared to the AMAX, with p = 0.54. For the other regions, p is
slightly smaller (around 0.45, see Table 3).
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Figure 23 Atlantic Multidecadal Oscillation with LOESS curve as a blue line and
detected changepoints as dotted black lines.

Table 3 Spearman’s correlations of the Atlantic Multidecadal Oscillation with AMAX
and precipitation for the regions. All correlations are significant.

Guinean Sahelian Sudanian Benue
AMAX,
Corr ( 0.47 0.51 0.55 0.48
AMO)
Prec.,
Corr— (Prec 0.54 0.46 0.45 0.45
AMO)

3.4.5. The “Sahel Paradox”

The flood originating in the Guinean highlands experiences its peak before it enters the
IND, usually around October. Due to the increasing distance and the buffering/retention
effect of the wetlands, the flood peak leaves the IND with a delay of approximately three
months. Therefore, it arrives in the middle section of the Niger around January although
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rainfall in the Sahelian region falls at the same time as in the Guinean highlands. Thus,
here the Guinean and Sahelian regimes generate a flood which can usually be clearly
distinguished (exemplarily shown for the Niger at Niamey in Figure 24). The peak of the
Guinean flood is already smoothed due to the large watershed and by the dynamics of the
IND, whereas the peak of the local Sahelian flood is more jagged and separated into
different peaks for local tributaries (Descroix et al., 2012).
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Figure 24 Hydrograph of the Niamey gauging station with Sahelian flooding (red) and
Guinean flooding (green) for the period from 1945 to 1954 (dominant feature: single
peak) and 2003 to 2012 (dominant feature: multiple peaks).

In Figure 25, the evolution of AMAX for both flood peaks at Niamey is plotted in
relation to the annual precipitation in the corresponding source area. For the Sahelian peak,
heavy precipitation is also plotted. For the Guinean peak, heavy precipitation is not shown,
since the source area in the Guinean highlands is located ~1500km from the gauge in
Niamey and these events do not have a noticeable effect here. The systematic detection of
the Sahelian peak supports the finding of Descroix et al. (2012) that the AMAX regime in
the middle section of the Niger has changed distinctively over the past 30 years. Between
1930 and 1980, a year with a separate peak for the Sahelian flood was rather an exception
in Niamey (see also the differences in Figure 24). Since 1983, only one year showed no
separate Sahelian peak and since then, the peak was even higher for nine years compared
to the Guinean flood (Figure 25, top). This effect is connected to the “Sahelian Paradox”,
which is illustrated in Figure 25 for the Sahelian peak. The positive trend in AMAX of the
Sahelian peak already started in the 1970s. In contrast, the related rainfall data shows a
further decrease in annual precipitation until the middle of the 1980s. The data for heavy
precipitation in the region shows similar trends and turning points as that for annual
precipitation. Therefore, heavy precipitation cannot explain the paradox of increasing
discharge despite decreasing rainfall. Since the end of the 1980s, all three trends show the
same direction and hence the paradox does not exist anymore, even if the underlying
process might still be continuing. For the Guinean peak, this effect is completely absent
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and the evolution of the AMAX series corresponds to the annual precipitation. For the time
series of the Guinean flood peak, the minimum for AMAX and precipitation are located in
the middle of the 1980s, i.e. analogues to the precipitation in the Sahelian region. Hence,
the Sahelian and Guinean flood peaks are decoupled even when observed at the same
gauging station.
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Figure 25, top: Sahelian AMAX for the Niamey station and annual/ heavy precipitation
from WFD and WFDEI for the Sahelian region. The red squares and crosses at the
bottom of the upper figure mark years with and without separate peaks of Sahelian
flooding. Bottom: Guinean AMAX for the Niamey station and annual precipitation from
WEFD and WFDEI for the Guinean region, all with Loess curves and global minima and
as an anomaly in %.
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3.5. Discussion

3.5.1. The return to wet conditions and the increasing number of catastrophic floods

The concurrence of changepoints for the annual maximum discharge (AMAX) time
series in the regions with a changepoint around 1970 and another around 1990 (Figure 18)
supports the findings by previous studies of a decadal climatic pattern in West Africa (e.g.
Nicholson et al., 2000; Sarr et al., 2013). The period from ~1970 to ~1990 was in general
exceptionally dry in West Africa, and this also holds for the flood peaks. In the Sahelian,
Sudanian and Benue regions, the mean during this period was ~35% lower compared to
the preceding period. The subsequent return of wetter conditions in West Africa (Jury,
2013) is again reflected in increased flood peaks which almost reach the same level as
before the dry period. In the Guinean region, the recovery is less distinct and the flood
peaks started to increase again later. In all regions, the positive trend is continuing (Figure
21). Especially in the Sahelian region, the AMAX reached levels in recent years that have
not been observed since recording began (Figure 25). Particularly remarkable is the
increase in frequency and magnitude of Sahelian flooding, which was also found by
Descroix et al. (2012). Even in the wet 1960s, the Guinean flood peak was always higher
than the Sahelian peak. This changed during the last three decades, and the trend for the
Guinean and Sahelian floods are now decoupled. Since 1980, the Sahelian flood was
higher than the Guinean in nine of the years. In Niamey, the flood peak of 2012 was the
highest peak since the beginning of records in 1929 (Figure 25, top). Further downstream
in the Sudanian region, we see the same decoupled patterns; however, the trend is less
distinct and the AMAX does not reach the values of the 1960s (Figure 8, bottom).

The increasing AMAX in all four regions is not connected to a change in the flood
regime. The distribution of the extreme stays the same, but on a different level (Figure 20).
Especially in the case of the Kouroussa gauge in the Guinean region, we can see that the
shape of the distribution moved from the higher level at the beginning of the 1970s to a
lower level, and stabilized in the recent past to a level between the two latter stages. This
holds also for the Sahelian and Sudanian regions; however, the change in the location
parameter is more distinct for the Sahelian station Niamey.

The patterns of increasing AMAX magnitudes are reflected by the number of people
affected by floods in all the regions (Figure 17). The trend is significant as well, and
strongly correlated to the AMAX in all regions (Figure 18). The most extreme increase, an
exponential increase, occurs in the Sahelian and Sudanian regions. In Figure 15, we can
see no difference in the number of catastrophic floods reported for the four regions. The
marks are distributed along the Niger River and its tributaries without showing a distinct
cluster in the Sahelian and Sudanian regions. However, the number of people affected
shows distinct differences in the recent past for these two regions when compared to the
other parts of the basin. We explain the more extreme increase in people affected by floods
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for the Sudanian and Sahelian regions with two main causes. First, the increase in the level
of AMAX compared to the preceding periods is more pronounced than in the other regions
(see chapter 3.5.2). In the Guinean and Benue regions, flood plains such as the IND or the
Benue wetlands (Uluocha and Okeke, 2004) are inundated in case of a flood event and
thereby reduce high flood peaks, while in the drier regions these retention areas are
missing, leading to higher flood peaks and subsequently more “catastrophic” events in
these areas. Second, the population increase in these subregions is about 1% greater
compared to the more southern subregions (Central Intelligence Agency, 2013). In
addition, in these regions the traditional knowledge of strategies for handling flood
magnitudes might be less widespread than in wetter subregions (Tschakert et al., 2010). In
the Guinean and Benue regions some of the traditional knowledge might still exist, since in
these regions the current flood levels are still lower than those experienced during the
1960s.

3.5.2. Attribution of the changes in the flood regime and the “Sahelian paradox”

The evolution of AMAX in the Niger basin is closely related to the evolution of the
Atlantic Multidecadal Oscillation (AMO) (Figure 23). The correlations between the AMO
and the AMAX, as well as for the precipitation, are high for all subregions. The dry
periods around the 1970s and 1980s (Figure 18) reflect the negative values of the AMO,
and the recovery occurring since the 1990s can be also explained by its changes. The
extremely high AMO values in the years 1998 and 2012 resulted in major flooding events
in the same years in the Niger basin, with exceptional high AMAX values (Figure 18).

The question of whether climatic variabilities or land-use changes are the dominant
drivers of the increasing AMAX is complex. The focus on the “Sahelian Paradox™ reveals
most clearly the influence of both drivers. The extreme increase in flashiness for Niamey
after 1960 supports the influence of land-use change (Figure 22). Sealed soils, crusting and
deforestation lead to more direct runoff due to less infiltration, as proposed by Descroix et
al. (2012). Figure 25 illustrates the fact that the increase in heavy precipitation started later
than the increase in AMAX. Therefore, heavy precipitation can be excluded as the cause of
the “Sahelian Paradox”; instead, land-use change is the most plausible explanation.

Descroix et al. (2012) concluded that, based on their findings of decreasing rainfall, the
recent increase in flooding in the Sahelian region and especially in the region around
Niamey are not related to a climatic changes but only to land cover changes due to more
intensive agricultural use. However, our findings contradict this conclusion for the
Sahelian region and the other subregions. The trend prevailing since the 1990s in rainfall
as well as in extreme events is significant and can at least partly explain the increase in
AMAX. In addition, the absence of a trend in the detrended runoff coefficient time series
indicates that land-use change at least plays no dominant role in the increase in AMAX
(Figure 21). The increase in precipitation as the driver for the increased flooding in the
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Sahelian region is a fact also supported by Aich et al. (2014). The study shows that for four
basins in Africa an increase in precipitation in drier regions with a rather low runoff
coefficient leads to proportionally higher increases in discharge compared to regions with
a wetter climate, where an increase in precipitation has less influence. Hence, wet years in
the dry Sahelian and, less distinctly, in the Sudanian region, lead to proportionally higher
discharges than in the Guinean or Benue regions of the Niger basin.

Also, the non-linear trend in heavy precipitation (Figure 21) supports the view that
climatic variability is the main driver of the change. The study by Panthou et al. (2014)
comes to the same results by analyzing a multitude of rainfall stations in the Sahel region
with up-to-date statistical methods. They were also able to detect a significant trend of
extreme events increasing. These results contradict the findings of Descroix et al. (2012)
for the Sahelian region, who detected trends neither for total precipitation nor for heavy
precipitation. In their study, they analyzed station data from one weather station at Niamey
collectively for 5 decades from 1960 to 2010. However, there is a significant trend in the
observed data for Niamey for the period 1980-2013 in the annual precipitation and an even
stronger trend in the heavy precipitation (Figure S 1, Niamey), both of which correspond
to the trends detected in the reanalysis data.

3.6. Conclusions and summary

The increasing flood risk in the Niger basin is caused by an increase in all three relevant
factors: population, vulnerability and hazards. The substantial increase in inhabitants
affected by floods in the Sahelian and Sudanian subregions is the result of the greatest
increase in all of these factors in these subregions. With regard to the hazards, we find
evidence for a general return to wet conditions since the end of the 1980s in time series of
annual maximum discharge (AMAX) and precipitation in the Niger basin. The Non-
stationary Generalized Extreme value (NSGEV) and wavelet analysis show linear trends in
AMAX. No change in the variance and form of distribution occurred in the last three
decades. The Atlantic Multidecadal Oscillation is strongly correlated to the AMAX, and
might be worth considering for use as an indicator of flood risk, e.g. for dam management.

With regard to the causes of the increased flood hazards and the AMAX, we identified
the variability and trends in precipitation in the Niger basin as the main causes. The
changes in flashiness prove the influence of land-use change on the hydrograph; however,
the analysis of changes in the runoff coefficient reveals that this effect does not determine
the magnitude of AMAX. In the special case of the “Sahel Paradox”, the effect of land-use
change on the magnitude of AMAX becomes visible, but also here precipitation seems to
play the major role in the increase. In order to quantify the share of annual precipitation,
land-use change, and the non-linear increase in heavy precipitation, a detailed modelling
study could bring more clarity and provide conclusive evidence. In addition, the role of
groundwater in the region is very complex (Leduc et al., 2001; Mahé¢, 2009) and should be
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addressed systematically. Detailed modelling studies on a subregional level are also
necessary to project future flood risks in the Niger basin. Such an effort should include
land-use change and population vulnerability. In order to halt the trend of increasing flood
risk, especially in the Sahelian and Sudanian subregions, the action plan of the NBA
should be implemented, which includes more dams. In addition, more adapted settlement
and housing policies are required and early warning systems based on forecasting and
hydrological modelling should be implemented in the Niger basin.
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Abstract: This study intends to contribute to the ongoing discussion on whether land use
and land cover changes (LULC) or climate trends have the major influence on the
observed increase of flood magnitudes in the Sahel. A simulation-based approach is used
for attributing the observed trends to the postulated drivers. For this purpose, the
ecohydrological model SWIM (Soil and Water Integrated Model) with a new, dynamic
LULC module was set up for the Sahelian part of the Niger River until Niamey, including
the main tributaries Sirba and Goroul. The model was driven with observed, reanalyzed
climate and LULC data for the years 1950-2009. In order to quantify the shares of
influence, one simulation was carried out with constant land cover as of 1950, and one
including LULC. As quantitative measure, the gradients of the simulated trends were
compared to the observed trend. The modeling studies showed that for the Sirba River only
the simulation which included LULC was able to reproduce the observed trend. The
simulation without LULC showed a positive trend for flood magnitudes, but
underestimated the trend significantly.

For the Goroul River and the local flood of the Niger River at Niamey, the simulations
were only partly able to reproduce the observed trend. In conclusion, the new LULC
module enabled some first quantitative insights into the relative influence of LULC and
climatic changes. For the Sirba catchment, the results imply that LULC and climatic
changes contribute in roughly equal shares to the observed increase in flooding. For the
other parts of the subcatchment, the results are less clear but show, that climatic changes
and LULC are drivers for the flood increase; however their shares cannot be quantified.
Based on these modeling results, we argue for a two-pillar adaptation strategy to reduce
current and future flood risk: Flood mitigation for reducing LULC-induced flood increase,
and flood adaptation for a general reduction of flood vulnerability.

Keywords: simulation-based attribution; Sahel; Niger River; climate variability;
hydrological modeling; flood mitigation; flood adaptation
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Introduction

4.1. Introduction

Catastrophic flooding in the Sahelian part of the Niger basin has become an increasing
threat during the last decades, leading to more than ten million people affected since the
year 2000 (Aich et al., 2014b). Tarhule (2005) were some of the first to bring the topic into
academic research, referring to it as the “other Sahelian hazard”. Aich et al. (2014b)
recently published a comprehensive overview of flooding characteristics within the entire
Niger basin, including a review of existing literature and damage statistics from different
sources. They found that the Sahelian part of the Niger basin was particularly affected by
catastrophic floods, with an almost exponential increase in people affected over the last
decades. They also showed that the increasing flood risk was related to the extreme
population growth, the increasing vulnerability of the population, and an increase in flood
magnitude.

However, the reason for the increase in flood magnitude in the Sahel is still not fully
understood. Descroix et al. (2012) stated that climate is not the cause of the phenomenon,
since the increasing discharges are accompanied by decreasing rainfall rates. This
inconsistency is called “the Sahel Paradox™ (SP) and is described in detail in Descroix et
al. (2013). Based on their statistical analysis and field observations on infiltration, they
argued that the effect of land use and land cover change (LULC), from the local to the
meso-scale, caused the increased discharge in the region. The main processes were land
clearing and the transformation of savannah into pasture, agricultural land or degraded
savannah. This led to soil crusting and a decrease in infiltrability, which subsequently led
to an increase in flood magnitude during the heavy rains of the Sahelian rainy season.

In contrast to their study, Aich et al. (2014b) identified climatic changes and a return to
wet conditions as the major driver of increasing flood magnitudes in the Niger basin,
including the Sahelian region. Aich et al. (2014b) used a data-based attribution approach
and compared time series of maximum annual discharge (AMAX) with precipitation time
series, as well as time series of flashiness of discharge, as a proxy for LULC. They showed
that even though the LULC caused an increase in flashiness since at least the 1960s, the
AMAX decreased until the 1980s and they concluded that LULC could not be the major
driver of the increased flood regime in the Sahel. In addition, they demonstrated that the
SP only existed during the 1970s and 1980s, after which the trends of precipitation and
discharge again correlated.

This study intends to contribute to the discussion on the reasons for the increasing flood
risk in the Sahelian part of the Niger basin. The specific research question is, to which
share LULC and/or climatic changes cause the increase of river flooding in the area. To
this end, a simulation-based attribution approach proposed by Merz et al. (2012) is used.
Merz et al. (2012) introduced a hypothesis testing framework for attributing changes of
flood regime, which is based on testing the consistency or inconsistency of plausible
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drivers with the observed flood trend and providing a confidence level for the attribution.
They distinguished between a data-based and a simulation-based attribution approach.

The data-based attribution compares flood time series or their statistics with those of the
assumed driver, for example, by evaluating the correlation between the time series of the
potential cause and effect variables. It is common and widely used in the literature (e.g.
Aich et al., 2014b; Giuntoli et al., 2013; Mediero et al., 2014; Murphy et al., 2013;
Prosdocimi et al., 2014; Villarini and Strong, 2014; Vorogushyn and Merz, 2012). The
simulation-based approach has been used in several studies with conceptual rainfall-runoff
models (Andréassian et al., 2003; Gebrehiwot et al., 2013; Harrigan et al., 2013; Schreider
et al., 2002; Seibert and McDonnell, 2010). Process-based hydrological models have not
been widely used for attribution approaches. There are studies, which distinguish climate
change and LULC impacts on historical trends in flood magnitude, but not systematically
and within one modeling approach (e.g. Hattermann et al., 2012) ). To the best of our
knowledge, the only study published which follows the protocol of Merz et al. (2012) is
that by Hundecha and Merz (2012). Hundecha and Merz (2012) drove a hydrological
model with a large number of stationary and non-stationary climate time series in order to
study whether the observed flood trend was climate driven.

In this study, we analyze the effects of LULC on the flood trend using the process-
based based ecohydrological model SWIM (Soil and Water Integrated Model) with
integrated dynamic land use change. The ecohydrological model is applied to simulate
flood discharges for the time period 1950-2009 with two different settings. The discharge
is simulated with static land cover as of 1950 in order to show how the discharge would
have developed over the last 60 years if there had not been any LULC.

The second/control run implicitly includes past LULC. We hypothesize that the
comparison of the modelled discharge of these two scenarios will give some initial
quantitative insights into the relative share of LULC and climatic changes on changes in
the Sahel flood regimes. There is an ongoing debate over whether the observed “return to
wet conditions” in West Africa itself can be attributed to global climate change or is still
within the boundaries of natural climatic variability (Jury, 2013; Kandji et al., 2006; Mahe
et al., 2013); without taking sides, we refer to the recent changes of the precipitation
patterns as “climatic” changes.

Since this study is the first to attribute LULC to flood trends via a process-based
hydrological model following the proposed protocol of Merz et al. (2012), it might
additionally shed first light on the requirements of data quality/availability and the
efficiency of the hydrological model in order to achieve robust attribution statements.
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4.2. Materials and Methods

4.2.1. Regional Setting

The Sahelian part of the Niger River is located downstream of Diré in Mali and extends
to around Niamey in the state of Niger (Figure 26). This part of the Niger basin until
Niamey covers around 297,400 km®. Its landscape is characterized by plateaus and smooth
valleys with long slopes. The climate is semi-arid, with annual precipitation ranging from
267 mm in Ansongo to 540 mm in Niamey. The potential evapotranspiration in the area is
3500 mm per year (Descroix et al., 2012). The typically convective rainfalls occur within
the rainy season between June and October. The vegetation in the region and its changes
since the 1950s are described in detail in Descroix et al. (2012). The original bushy and
woody savannah types have been replaced almost completely by crop fields, pasture and a
patchwork of woody savannah vegetation called Tiger Bush. The northern part, in which
the Sirba catchment is located, is too dry for effective rain fed agriculture and was
therefore turned mainly into extensively or intensively used pastoral land (Figure 27 and
Figure 28). In contrast, the southern part in which the Sirba catchment is located has
mainly been converted into cropland.

Most of the discharge in the Sahelian part of the Niger originates in its upstream regions
within the Guinean highlands. The Inner Niger Delta, a large wetland, limits the Upper
Niger basin. The wetland smooths the river flow and protracts the peak. The outlet of the
delta is close to Diré, and the flood, generated in the Guinean highlands, occurs between
November and January. This flood, referred to as the “Guinean Flood”, passes through
Niamey between December and the beginning of March (Aich et al., 2014b). Transmission
losses are high between Diré and Niamey, resulting in higher annual discharge at Diré
compared to Niamey. Little additional runoff is generated locally in the Sahelian part
(Amogu et al., 2010a). This locally generated discharge comes mainly from the plateaus of
the right-bank subbasins and results in another flood peak in the Sahelian Niger, previous
to the Guinean Flood. This first peak occurs during the rainy season (July—November) and
is called the “Red Flood” due to the red color of the sedimentary load of the local iron
oxide rich soils. The two main tributaries are the Goroul (44,900 km?) and Sirba Rivers
(38,750 km?), which are analyzed in this study (gauging stations Alcongui and Garbe-
Kourou). Both are intermittent rivers, and the annual peaks vary substantially, with values
between 35 and 300 m’/s for Alcongui and 20 and 460 m’/s for Garbe-Kourou (1950—
2009). The vast subbasins to the East reach up into the central Sahara and contribute only a
minor amount of inflow, and local tributaries are endorheic most of the year. The Guinean
and Red Floods can usually be clearly distinguished. The peak of the Guinean Flood is
already smoothed due to the large watershed and the dynamics of the Inner Niger Delta,
whereas the peak of the Red Flood is more jagged and flashy. However, in years where the
Red Flood is very low, a separate peak cannot be distinguished. This happened regularly
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during the 1950s and 1970s but has occurred significantly less often since the 1980s (Aich
et al., 2014b).
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Figure 26 Map of the research area in West Africa including land use classes used in the
model as base map in the year 2000. The orange, green, and red outlines mark the
watershed of the gauging stations Alcongui (Goroul River), Garbe-Kourou (Sirba River)
and the watershed of Niamey (Niger River). The grey dots show the grid of the PGFv2
climate reanalysis data set. The red dots show the grid of the climate data used for the
analysis. The hatched area marks the region which is used for the quantification of land
use and land cover changes
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Figure 27 Land use and land cover changes between 1950 and 2005 for crop and pasture
after Hurtt et al. (2011).
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Figure 28 Changes in the main land use classes of crop, savannah, and pasture from 1950
until 2005 for the watershed of the Niger River between Ansongo and Niamey, and the
catchments of the Sirba and Goroul Rivers (see area in Figure 26).

4.2.2. Ecohydrological Model and Model Set-Up

The ecohydrological model SWIM (Soil and Water Integrated Model) is a continuous-
time (daily) and spatially semi-distributed model of intermediate complexity for river
basins (Krysanova et al., 1998). SWIM was developed based on two models: Soil and
Water Assessment Tool (SWAT) (Arnold et al., 1993) and MATSALU (Krysanova et al.,
1989), with the aim to provide a tool for climate and LULC impact assessment in meso-
scale and large river basins. It integrates hydrological processes, vegetation growth, nutrient
cycling, erosion and sediment transport at the river basin scale (Huang et al., 2013). The
hydrological system of the model comprises four main segments: The soil surface, the root
zone of the soil, the shallow aquifer, and the deep aquifer. On the soil surface, the surface
runoff is estimated as a non-linear function of precipitation and a retention coefficient. It
depends on soil water content, land use, and soil type (modified after the Soil Conservation
Service curve number approach (Arnold et al., 1990)). The soil column is subdivided into
several layers. In these layers, the water balance is calculated, including precipitation, surface
runoff, evapotranspiration, subsurface runoff, and percolation. Hydrological processes
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represented in the shallow aquifer are groundwater recharge, capillary rise to the soil
profile, lateral flow, and percolation to the deep aquifer. Potential evapotranspiration is
calculated using the method of Turc-Ivanov (Wendling and Schellin, 1986). Actual
evaporation from soil and transpiration by plants are simulated following the Ritchie
concept (Ritchie, 1972).

A simplified Environmental Policy Integrated Climate (EPIC) approach (Williams et
al., 1983) is integrated in the model for the simulation of arable crops and other general
vegetation types (e.g., pasture, savannah, evergreen forest), using specific parameter
values for each crop/vegetation type. The parameter settings of the newest version of the
SWAT model are used for the aggregated vegetation types of the SWIM model (Arnold et
al., 2013). These parameter settings have been widely used in the African context for
LULC studies (e.g., Awotwi et al., 2014; Baker and Miller, 2013; Liersch et al., 2013;
Nyeko et al., 2013). The effects of the vegetation on the hydrological processes include the
cover-specific retention coefficient, impacting surface runoff and influencing the amount
of transpiration. Transpiration is simulated as a function of potential evapotranspiration
and leaf area index. A more detailed description of the representation of hydrological
processes within SWIM is given in Huang et al. (2013).

SWIM disaggregates a river basin into subbasins and hydrotopes. The subbasins are
delineated on the basis of flow accumulation in a Digital Elevation Model. The hydrotopes
are created by overlaying the subbasin map with maps of land use and soil. They represent
the spatial units used to simulate all water flows and nutrient cycling in soil as well as
vegetation growth based on the principle of similarity (i.e., assuming that units within one
subbasin that have the same land use and soil types behave similarly). The model was
applied for impact studies in several basins in Africa and showed good efficiency for the
whole Niger, the Blue Nile, the Limpopo and the Congo (Aich et al., 2014a; Liersch et al.,
2013). In addition, a multi-model intercomparison of hydrological models of Vetter et al.
(2015) has shown that SWIM is quite capable of simulating flow in the Niger basin.

For this study, the model has been set up for the Sahelian part of the Niger River, from
Diré in Mali to Niamey in the state of Niger. Since the model is only used for modeling
river flows in the past, monitored discharges are routed into the model at the Diré gauge.
The model includes 255 subbasins for the 297,000 km? area of the watershed. These
subbasins are integrated to form three subcatchments which are the catchments Goroul
(station Alcongui), Sirba (station Garbe-Kourou), and Niger (between the stations Diré and
Niamey) (Figure 26). These subcatchments were calibrated individually in order to fit the
model as closely as possible to the regional conditions (see Chapter 4.2.1).

4.2.3. Dynamic Land Use Change Module

The newly developed land use change module (LUCM) for the SWIM model is used for
the first time in this study. It changes the land classes at any frequency or given point in
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time, while keeping the instantaneous balance of water and other modelled fluxes constant
during the change, for example soil water content (SWC). This means that the number and
the areas of hydrotopes within a subbasin can change and new hydrotopes can appear or
others disappear.

The land-use status at given points in time (see Chapter 4.2.4.3) are read in by the
LUCM (in this study every five years; Shorter frequencies up to a daily change are
possible). The LUCM transforms the land classes and rearranges the hydrotopes on the
basis of so-called stable units (SU). SU are areas within a subbasin and do not change their
extent, like areas with uniform soil, for example. For these SU, fluxes like SWC remain
constant during the change, even if the land class changes. Thereby, all given information
on LULC on the subbasin level is used, and the transformation of the hydrotopes does not
alter the balances of water or other relevant fluxes.

The following two examples shall illustrate the main processes when hydrotopes
increase or decrease within a SU. If the shares of crop and pasture increase and the
savannah deceases, the SWC of the old hydrotopes have to be newly distributed. The SWC
of the savannah is reduced according to its areal share. The residual SWC is then added
proportionally to crop and pasture, depending on their areal increase.

In another case, an existing SU consists of cropland and savannah. In the new land use,
there is also pasture on the SU. Meanwhile, crop and savannah shrink. In this case, the
SWC of crop and savannah is reduced proportionally and the residual SWC is completely
added to the new pasture.

These examples show that the balance of the SWC remains constant during the change
on the SU. This holds also for all other simulated fluxes. Only parameters connected to
vegetation, such as biomass, for example, restart at zero for the additional area or are
reduced relative to the areal changes.

4.2.4. Data

4.2.4.1. Climate Data

Climate data are used to drive the simulations and to analyze the total annual
precipitation. For the modeling runs, a relatively dense spatial coverage of climate input is
needed, since the climate forcing is interpolated for each subbasin (see Chapter 4.2.2). In
the data-sparse research area, this can only be provided by reanalysis data sets. For this
study, three different data sets have been analyzed and compared to data from six weather
stations in the region, in order to check their performance in the face of the requirements
for an attribution study with regard to accuracy. The WATCH Forcing Data 20th Century
(WATCH) (1950-2001) (Weedon et al., 2011), data from the Global Soil Wetness Project
Phase 3 (GSWP3) (Kim, 2014) and the second version of the Global Meteorological
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Forcing Dataset for land surface modeling of Princeton University (PGFv2) (Sheffield et
al., 2006) (Figure 29 and Figure 30) have been selected as potential model input.

The visual comparison of temperature and precipitation shows that all of the data sets
generally have good correspondence with the measured data, yet also all of them have
some deficits (PGFv2: Figure 29 and Figure 30, WATCH: Supplementary Material Figure
S 9 and Figure S 10, GSWP3: Figure S 12 and Figure S 13). Regarding precipitation,
distinct deviations of single years or short periods do occur, as for example in all three data
sets for the station Timbuktu during the early 1990s. However, the general trends in
precipitation are represented in all three reanalysis products. Annual mean temperatures
only rarely deviate more than 1 °C from the observed station data and reproduce the
general trends also efficiently. Additional uncertainty derives from the limited evaluation.
The comparison only takes six stations into account for the whole region. These points
cannot represent the whole area. These uncertainties deriving from the climate data have to
be taken into account when discussing the modeling results. The comparison implies that
single years should not be compared between the modeling results and observations of
discharge. However, since the major trends of the climate data are represented in the
analysis, the climate data can be used for reproducing general trends with the model when
results are carefully interpreted.
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Figure 29 Comparison of precipitation from interpolated PGFv2 reanalysis data (red)
with observations from six weather stations (black) in the research area. For each station,
the annual precipitation (left) and the cumulative sum of the precipitation of the whole
period (right) is depicted.

Since no systematic differences could be detected with regard to data quality, the
PGFv2 data set was finally selected since it is the newest of the three data sets. It is a
combination of a suite of global observation-based data sets with the National Centers for
Environmental Prediction—National Center for Atmospheric Research reanalysis. The

83



Materials and Methods

spatial resolution is at 0.5° x 0.5° and for the modeling the 3-hourly data has been
aggregated to daily data.

For the precipitation analysis, annual rainfall data is aggregated for each subcatchment
(Niger, Sirba, Goroul) by building the mean over all data points in the subcatchment
region (Figure 26). Since the Guinean Flood is completely generated in the Upper Niger
basin, the related rainfall data was aggregated for this region outside the research area.
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Figure 30 Comparison of mean annual temperature of interpolated PGFv2 reanalysis
data (red) with observations from six weather stations (black) in the research area.

4.2.4.2. Discharge Data

Observed discharges from three monitoring stations (Figure 26) were used to calibrate
and validate the model and for the analysis of the AMAX. The observed discharge at the
Diré station was used as input for the model (see Chapter 4.2.2). The observations are part of
the Niger-HY COS monitoring network, managed by the Niger Basin Authority, which consists
of daily water-level readings at more than 100 locations across the basin, as well as
accompanying rating curves to compute discharge at these locations (Niger Basin
Authority, 2008).

The AMAX for the time series of Alcongui on the Goroul River and Garbe-Kourou on
the Sirba River are created by selecting the highest daily discharge per year, with gaps for
years where the peak cannot be identified due to missing values. The time series for Niamey
has two peaks per year (see Chapter 4.2.1). The second, the Guinean peak, occurs in most
of the years after the 31st of December but is still assigned to the rainy season of the
previous year. For the Red Flood, the procedure is not straightforward since the peak
cannot be distinguished in dry years hidden from the Guinean Flood and thus it cannot be
quantified for all years (see Chapter 4.2.1). For the simulation, this problem was solved by
simulating the discharge without the inflow of Dir¢, leading to a clear AMAX value of the
Red Flood, generated in the Sahelian part of the Niger basin after Diré. For the
observation, it is not possible to filter only the discharge which is generated in the basin
downstream of Diré. Therefore, identification of the AMAX depends on a clearly
distinguishable first peak of the hydrograph between July and October. For years when the
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flood peak cannot be detected since it is too low and hidden under the Guinean flood peak,
the AMAX time series contains gaps, which affects the statistical analysis (see
Chapter 4.2.7).

4.2.4.3. Land Cover and Land Use Change Data

For the representation of the LULC in the model, maps of the land cover for different
periods are needed. For this study, land use maps have been generated in five year steps
from 1950 until 2005.

There is no data available which provides this information to the degree of detail
necessary for ecohydrological modeling at the meso-scale with regard to land classes.
Therefore, the land cover maps have been derived using the information from two different
data sets. In the first step, a base map was derived which has the necessary details
concerning land cover at a fine spatial resolution. For the base map, land class information
was derived from the GLC2000 data set (Bartholomé and Belward, 2005). It differentiates
between 27 land classes and has a spatial resolution of 1—12, which corresponds to 1 km at

the equator. It is based on remote sensing data and includes a detailed legend. The
GLC2000 classes occurring in the research area have been transformed to the classes of
the ecohydrological model (Figure 26, see Chapter 4.2.2).

However, this map only represents the one point in time at which the data was collected
(year 2000). Therefore, an additional data set was used which gives information about the
change in land cover with regard to crop, pasture, and urban land but for different times in
history. The information on areal changes in crop and pasture was obtained from the Land-Use
Harmonization project (Hurtt et al., 2011). The harmonized land use scenarios connect
historical reconstructions with future scenarios and have been used as a basis for the Earth
System Models of the fifth Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC). The historical data for the period 1500-2005 are based on the model
HYDE (Klein Goldewijk et al., 2010, 2011), and contain information on changes to
cropland, pasture and urban land at a 0.5° x 0.5° resolution on an annual basis. The
reconstruction of the data set is based on satellite maps for the years they were available
and for the more distant past by combining information on population density, soil
suitability, distance to rivers or lakes, slopes, and specific biomes. Each grid point of the
LULC data contained the percentage of crop, pasture and urban land (Figure 27).

With this information on changes, the base map was altered for each of the 5-year time
steps in order to have land use maps which represent the LULC, as shown simplified in
Figure 31. The LULC information was added to the base map on the subbasin level of the
model, and existing land classes changed accordingly. The land classes of water, wetlands,
sandy/stony desert and bare rock have been kept constant in the year 2000. When pasture,
crop and/or urban land increase in a subbasin, other natural vegetation land classes like
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savannah or forest are proportionally reduced in the same subbasin. If crop, pasture and/or
urban land decrease, the land classes of the natural vegetation increase proportionally.

1. Land cover derived crop: 40% 3. LULC information applied on base map:
asture: 20%
:Lobr:i:'::tooo for Savannah' 8% t+1: year 2005 t: year 2000 t-11: year 1950
t (year 2000) water: 12%
as base map rock: 20%

2. Land Use and Cover Change (LULC) information:

t+1: 2005 t: 2000 t-11: 1950 .
crop 240% 20% 0% Crop: 40% Crop: 40% Crop:0%
pasture 28% 20% 8% Pasture: 28% Pasture: 20% Pasture: 8%
Savannah: 0% Savannah: 8% Savannah: 60%
Water: 12% Water: 12% Water: 12%
Rock: 20% Rock: 20% Rock: 20%

Figure 31 Exemplary process of how the information from the Land Use and Land Cover
data of the Land-Use Harmonization project is used on the subbasin level to produce
land cover maps for the different years which are then used by the land use change
module. The whole square represents one exemplary subbasin, with small squares
representing individual stable units (SU).

The emerging land class maps from 1950 until 2005 are used in the model as explained
in Chapter 4.2.3. In Figure 28 the changes are quantified for the watershed of Niamey until
Ansongo, corresponding to the area marked by climate grid points in Figure 26. The
related spatial distribution is shown in Figure 27.

Crop types were derived from a data set for West African crops (Ramankutty, 2004).
The four main types in the region are millet, sorghum, cowpea and rice. For every
subbasin, the same crop type has been used for the whole period, according to the
dominant crop in the data.

4.2.4.4. Soil and Topographic Data

Information on the soils in the research area for the modeling was derived from the
Digital Soil Map of the World (FAO et al., 2012). Relevant parameters for the model
include depth, clay, silt and sand content, bulk density, porosity, available water capacity,
field capacity, and saturated conductivity for each of the soil layers. For the delineation of
the subbasins and necessary topographic information, a Digital Elevation Model derived
from the Shuttle Radar Topography Missions at a 90 m resolution (Jarvis et al., 2008) was
used.

4.2.5. Calibration of the Model
An accurate representation of the main hydrological processes and characteristics of the

research is a crucial precondition for a robust modeling attribution. Therefore, the model
was calibrated with a standard procedure for SWIM and SWAT (Arnold et al., 2012) via
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an automatic calibration using the PEST software package (Doherty, 2005). This is
commonly applied, as for example done in the studies of Vetter et al. (2015) on the rivers
Rhine (Europe), Upper Niger (Africa), and Upper Yellow (Asia). The calibration was done
individually for the Sirba (station Garbe-Kourou), the Goroul (station Alcongui) and the
rest of the subcatchment between Diré and Niamey (station Niamey) to take into account
the distinctly different geographic attributes. During the calibration, the LUCM was used
in order to calibrate/validate the model with correct land use for the respective period and
region. The calibrated parameters/factors are static and do not change within a
subcatchment and over time. The focus of the calibration and model set-up for all
subbasins was to achieve adequate efficiency for streamflow simulations on daily time
steps, especially for high flows. Therefore, the main parameters/factors for the calibration
were related to groundwater, river routing, saturated conductivity and potential
evapotranspiration (Table 4). For the Sirba and Goroul catchments, the parameters related
to groundwater and the factors for potential evapotranspiration and saturated conductivity
showed the highest sensitivity. Routing parameters were somewhat less sensitive. For the
Niger basin between Diré and Niamey without the subcatchments of Goroul and Sirba, the
sensitivity for the routing and the potential evapotranspiration was higher and the
sensitivity of other parameters lower. This is likely due to the fact that the model is fed
monitored data from the Diré gauging station (see Chapter 4.2.2).

Table 4 Calibrated parameters of the ecohydrological model SWIM (Soil and Water
Integrated Model) with a short description.

Calibrated Parameter/Factors Short Description

Groundwater recession  Rate at which groundwater flow is returned to the stream.

The time it takes for water to leave the bottom of the root zone until it

Groundwater Groundwater delay ) ) )
lated reaches the shallow aquifer where it can become groundwater flow (in days).
relate
The baseflow factor is used to calculate the return flow travel time. The
parameters o o )
Baseflow factor return flow travel time is then used to calculate percolation in the soil from

layer to layer.

Correction factor for saturated ) ) )
. The factor is applied for all soils
conductivity

Correction factor for potential ) ) o ) .
o The factor is applied for all subbasins in the respective subbasin.
evapotranspiration

. . Routing coefficient to calculate the storage time constant of the flow from
Routing coefficient o o L .
the initial estimation which is based on channel length and celerity.

Prior to the calibration, the available observed discharge data was checked visually and
calibration periods were selected where distinct high and distinct low annual peaks are
represented in order to cover a broad range of rainfall-runoff conditions. The period was
finally selected when a period of eight years with a low amount of missing data was
available (Goroul (Alcongui): 1963—-1970, Sirba (Garbe-Kourou): 1986-1994, Niger
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(Niamey): 1988—1995). The validation periods are before or after the calibration period,
depending on the availability of observations (Goroul (Alcongui): 1971-1978, Sirba
(Garbe-Kourou): 1978-1985, Niger (Niamey): 1996-2003). Since there are not enough
climatic observations available, reanalysis data is used to drive the model, also during the
calibration. The results of the calibration are shown in Table 5.

Table 5 Calibration and validation results of the eco-hydrological model SWIM in
Nash-Sutcliff efficiency (NSE) and percent bias (PBIAS) for three stations.

Calibration Validation
Gauging Stations
NSE PBIAS NSE PBIAS
Alcongui (Goroul) 0.58 -0.4 0.55 -16.9
Garbe-Kourou (Sirba) 0.66 22.1 0.49 34.5
Niamey (Niger) 0.86 12.2 0.87 6.9

4.2.6. Sensitivity Analysis of the Effects of LULC on the Hydrological Regime

The representation of the LULC and their effect on the hydrological processes are
important for an understanding of the discharge changes. In Figure 32, the effects of
different land cover on the modelled hydrological regime are shown for the Sirba and
Goroul watersheds. The watersheds have been modelled with three set-ups, with either
crop, pasture or savannah vegetation covering the entire subcatchments. The model is run
for a period of 10 years (1985-1995). Regarding precipitation, the 10-year period was
selected with a rather dry beginning and above-average wet conditions at the end in order
to allow for different rainfall-runoff conditions.

The subcatchments covered solely with crops show a strong increase in peak
discharges. In the wetter Goroul catchment, this holds true even for the dry years at the
beginning of the 10-year period. The results for crop cover correspond to the changes as
described in detail in Amogu ef al. (2010) (Amogu et al., 2010a), Descroix et al. 2012
(Descroix et al., 2012) and Descroix ef al. 2013 (Descroix et al., 2013) for the research
area. The LULC processes lead to a decrease in infiltrability and more direct runoff and
regeneration of groundwater. They attribute the regeneration of the groundwater to the fast
infiltration in the rivers, which carry more water due to the increase in runoff. This effects
lead to a higher frequency of flow changes and flashiness. For pasture, this process seems
to be much weaker in the modeling results.

These results reflect the sensitivity analysis of different studies of LULC in Afica,
using the same land class parameters of the SWAT model. Awotowi et al. (2014) (Awotwi
et al., 2014) show for West Africa that land use classes of SWAT are generally suitable for
West African conditions. They found similar effects of LULC on the hydrology for the
Volta basin, where cropland replaced savannah and grassland. Other studies undertaken
with SWAT in East Africa studying the effects of LULC focus more on the transformation
of forest to cropland (Baker and Miller, 2013; Nobert and Jeremiah, 2012; Nyeko et al.,
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2013). Concerning the effect of the transformation from savannah into pasture as taken
place mainly in the Goroul catchment, it was not possible to test whether the
parameterization of the model reflects the hydrological processes. There is no quantitative
data or literature available to the authors which could be used to verify the modelled
effects. The potential misparametrization of pasture is discussed in more detail in
Chapters 4.3.2 4.3.3.

Sirba watershed
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Figure 32 Comparison of discharges with four different land use coverages (100%
crop, 100% pasture, 100% Savanna and land use as observed) for the Sirba and
Goroul watersheds.

4.2.7. Statistical Methods

In order to make general trends of the time series more clearly visible, the local
regression fitting technique LOESS was used (Cleveland and Devlin, 1988). This is a
nonparametric regression method that combines multiple regression models in a k-nearest-
neighbor-based meta-model (Altman, 2012). When plotted, it generates a smooth curve
through a set of data points. It is used to depict nonlinear trends in time series.

Since the absolute values of discharge differ distinctively between the different parts of
the catchment, AMAX anomalies are used in order to make the results more easily
comparable. The time series of AMAX anomalies is given by the time series of AMAX of
the individual years divided by the mean AMAX of the entire AMAX time series of 1950—
2009, given as a percentage. The annual rainfall time series are transformed to anomalies
accordingly.
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Linear trends in the observed and simulated AMAX time series are estimated using the
Theil-Sen estimator (Sen, 1968; Theil, 1950). It estimates the slope of a trend and is
widely used, since it is insensitive to outliers. Since serial independence is a requirement
of the test, the data was checked for autocorrelations using the Durbin-Watson statistic test
(Durbin and Watson, 1950, 1951). It tests the null hypothesis that the residuals from an
ordinary least-squares regression are not autocorrelated against the alternative that the
residuals are autocorrelated. If an autocorrelation of the first order was found, trend-free
pre-whitening was applied according to the method proposed by Yue ef al. (2002) (Yue et
al., 2002). It is a procedure to remove serial correlation from time series, and hence to
eliminate the effect of serial correlation on the Theil-Sen estimator.

As a result of the gaps in the time series for the Red Flood (see Chapter 4.2.4.2), it is
not possible to generate a local regression curve and to identify the minimum of the
AMAX time series. The linear trends are therefore only calculated from 1984 to 2009 with
five missing years (1986, 1987, 1993, 1995, 1996). This means that the AMAX trends are
calculated consistently for the simulations even with these gaps and can therefore be
included in the interpretation.

For the calibration and validation, the methods of Nash and Sutcliff (1970) (NSE)
(Nash and Sutcliffe, 1970), and percent bias (PBIAS) have been used. The NSE is
calculated using the formula.

2?:1(Qobs - Qsim)2 (13)

NSE =1 —
Z?=1(Qobs - Qobs)2

Values for the NSE range from 1 to negative oo values. An NSE of 0 means that the
model is no better than using average annual discharge as a predictor. If NSE = 1, it
means that the model is perfectly aligned with the observations. The PBIAS indicates the
over- or underestimation of discharge during the calibration or validation period as a
percentage. For the evaluation of the NSE and PBIAS the terminology of Moriasi et al.
(Moriasi and Arnold, 2007) is used (for NSE: very good: 0.75-1.0, good: 0.65-0.75,
satisfactory: 0.5-0.65, unsatisfactory: < 0.5; for PBIAS: very good: < |10|, good:
|10]-|15], satisfactory: |15]|-|25], unsatisfactory: > |25]).

4.2.8. Hypothesis Testing Framework

In order to attribute the increase of discharge observed in the research area to LULC
and/or climatic changes, a simulation-based approach within a hypothesis testing
framework as proposed by Merz et al. (Merz et al., 2012) is applied. The framework
consists of the evidence of consistency, the evidence of inconsistency, and the provision of
confidence level. In order to show the consistency or inconsistency, the observed trend is
compared to the change simulated by the hydrological model, either with or without
considering the potential driver LULC. The model which includes all postulated drivers, as
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in our case both changes in LULC and climatic regime, should be able to reproduce the
observed trends and are therefore control runs. The simulations without one of the
postulated drivers, might result in no trends or differing trends. This difference can then be
used for the quantification of the influence. In other words, if the model is capable of
simulating the observed trend without LULC, it would mean that LULC has no or little
influence on the discharge trend and vice versa (within the uncertainty limits of model runs).

In this study, the observed trend is an increase of flood peak magnitude since the
1970s/1980s. Therefore, the AMAX is derived from the observed and simulated daily time
series of discharge. The AMAX time series have been transformed from absolute values to
anomalies (see Chapter4.2.7) in order to be able to compare the gradients amongst the
subcatchments. The gradients of the trends are used as measure for the comparison.
Ideally, the second/control run including LULC shows a similar gradient like the observed
trend. The difference between the gradients of the run without LULC and the observed
then consequently indicates the share of the climatic variability.

Annual rainfall is used as general indicator of the wetness trend in the respective
watershed. The rainfall trend mainly helps to illustrate the SP (see Chapter 4.2.1), and
whether the simulations are able to reproduce the phenomenon when including LULC.

4.3. Results and Discussion

4.3.1. Validation of the Model

To quantify the efficiency of the model, the NSE and PBIAS were used (see Chapter 4.2.7).
The model showed very high efficiency at the gauging station Niamey for the validation
period (NSE: 0.87/PBIAS: 6.9) (Figure 33). For the Goroul basin, the results are
satisfactory for the NSE (0.55) and slightly unsatisfactory for the Sirba basin (0.49). For
the PBIAS, only the validation of the station Alcongui shows satisfactory efficiency
(—16.9). At the station Garbe-Kourou, the PBIAS is over 25 and therefore unsatisfactory.
The very good performance of the model for the station Niger can be explained by the fact
that monitored data was fed into the model at the station Diré¢, while the reason for the
weaker performance of the model in the watersheds of the Goroul and Sirba Rivers after
the intensive calibration efforts is unclear. We assume that the climatic reanalysis data for
these subcatchments are at above-average deficiency and/or that the land use data for these
regions are not accurate. In fact, some years with similar observed hydrographs, like 1974
and 1975 at the Goroul river, for example, are simulated once very accurately and yet in the
other year are deficient. An additional reason for the difficulties could be that the discharge of
rivers in dry environments is generally more sensitive to climate input due to the low runoftf-
coefficients (Aich et al., 2014a), which is especially the case for the intermittent rivers
Goroul and Sirba. Inaccurate climate forcing is therefore more likely to affect the model
performance in drier regions. The reasons, therefore, are the proportionally higher losses in
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smaller streams through evapotranspiration, transmission losses, efc. compared to large rivers.
A certain decrease in rainfall thus leads to a proportionally larger decrease in discharge in dry
areas compared to wetter areas (Aich et al, 2014a). Other explanations for the lower
performance might be data quality of the streamflow, the parametrization of the land use or
other deficits in the model structure, e.g., for the representation of the groundwater. These
input data related problems are taken into account in the discussion (see Chapters 4.3.2
and4.3.3).
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Figure 33 Validation and calibration of the SWIM model for the watersheds of Alcongui,
Garbe-Kourou and Niamey for eight-year periods using PGFv2 reanalysis climate
forcing. For Niamey, the measured discharge at the Diré gauge is additionally plotted,
which is fed into the model.

4.3.2. Attribution of Trends in Annual Maximum Discharges

4.3.2.1. Simulation Results

The gradients of the trend lines for all AMAX anomaly time series are used as a
quantitative attribution measure as specified in Chapter4.2.8. (see trend lines in the lower
part of Figure 35 and gradients in Table 6) All estimated observed and simulated trends are
positive and statistically significant (o = 0.05).
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Figure 34 Anomalies of annual maximum discharges for the gauging stations Alcongui
(Goroul River), Garbe-Kourou (Sirba River) and differentiated between the Red and the
Guinean Flood for Niamey (Niger River). On the top of each region, rainfall anomalies
over the respective catchment are plotted. A LOESS curve with a minimum point is
added as a dashed line and the Theil-Sen estimators for the discharge trends are plotted
as bold lines, beginning at the minimum of the observed discharge points. Please note
that, for the observed values of the Red Flood at Niamey, the time series is incomplete
(see Chapter 4.2.4.2). Therefore, the LOESS curve is not plotted and the trends start at
1984 (see Chapters 4.2.64.2.7). For the Guinean Flood at Niamey, all minima are on the
same point and the circle is plotted in black.

In the Sirba catchment, the simulation run including LULC reproduces the trend of
AMAX anomaly adequately (simyin LULC: 2.94, obs.: 2.42, Table 3), whereas the
simulation run that assumed no LULC since 1950s does not reproduce the observed trend
of AMAX anomaly adequately (simyjimoye LULC: 1.05).In contrast, for the Guinean flood
of the Niger River at Niamey, the AMAX anomaly gradients of both simulations are
similar to the observed trends of the AMAX anomaly (simyi, LULC: 1.37, simyimnout
LULC: 1.36, obs: 1.61). For the so-called Red Flood of the Niger River at Niamey, the
simulation with LULC is closer to the observed AMAX trend than the run without
considering LULC (simyijn LULC: 0.63, simyimour LULC: 0.56, obs.: 0.87), but both are
not able to reproduce the trend adequately. In the Goroul catchment, the gradients of both
simulation runs (simyi, LULC: 1.38, simyimens LULC: 1.29, obs.: 2.37) significantly
underestimate the observed gradient of AMAX anomalies.
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The Sahel Paradox (SP) of the Sirba catchment is distinct with an offset between the
minima of AMAX and annual rainfall of approximately 10 years. Both simulations show
this effect while the SP of the control run is more distinct, with an AMAX minimum close
to the observed AMAX minimum.

In the Goroul catchment the SP is very pronounced, too, with an offset of
approximately 14 years. Both simulations show the effect while they underestimate the
offset by approximately seven years. For the Red Flood at Niamey, it is not possible to
detect the magnitude of the SP shift of the observed AMAX due to the missing LOESS
curve and minimum (see Chapter 4.2.7). However, both simulations show an offset of
around five years, which is in accordance with the findings from the Sirba River.

For the Guinean Flood the effect of the SP does not occur and rainfall and AMAX

minima do not show the paradoxical offset.

Table 6 Gradient of the trends of AMAX anomalies as estimated with the Theil-Sen

approach.
Simulation w. LULC Simulation w/o LULC
Gauging Stations Observed % of Observed % of Observed
Gradient Gradient
Gradient Gradient
Sirba River (Garbe-Kourou) 2.42 2.94 121% 1.05 43%
Goroul River (Alcongui) 2.37 1.38 58% 1.29 54%
Niger River (Niamey, Red Flood) 0.87 0.63 72% 0.56 64%
Niger River (Niamey, Guinean Flood) 1.61 1.37 85% 1.36 84%

4.3.2.2. Discussion of Simulation Results

The effects of LULC are most pronounced in the model runs for the Sirba
subcatchment.

The main LULC in this watershed is a distinct increase in cropland and a reduction of
natural savannah (Figure 28). This leads to an increase of surface flow and less
evapotranspiration, both represented in the model parametrization. Because the run
without LULC generates a trend gradient of 43% of the gradient of the observed trend, this
share can be attributed to the climatic changes and, consequently, the other half to the
LULC.

The Guinean Flood is almost exclusively controlled by the hydrological setting
upstream of the Sahelian Niger. Since this study only simulates the basin downstream of
Diré, the LULC effects upstream are not simulated. If there were effects, they are inherent
in the observed discharge which was fed into the model at Diré. Still, the absence of any
LULC effect when flowing through the Sahelian part, as well as the correlation between
the rainfall and the AMAX trends, supports the finding of Aich et al. (2014b). They
identified the climate as the main driver of the Guinean Flood. The differences between the
trend magnitudes of rain and AMAX can be explained by the sensitivity of the Niger
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basin, which causes a higher increase in discharge compared to the magnitude of rainfall
(Aich et al., 2014a).

For the Red Flood of the Niger River at Niamey, there is almost no difference in the
gradients of the simulations with and without LULC. The runs without LULC and hence
with only the climatic forcing causing the trend can explain 64% of the observed AMAX
anomaly trend. The modelled effect of LULC is small and reproduces 72% of the observed
trend. These results of the Red Flood correspond to the results of the Goroul catchment,
which is the beside the Sirba catchment the second major tributary catchment generating
the Red Flood (see Chapter 4.2.1). Therefore they are discussed together.

In the Goroul catchment, the poor performance of the model runs with and without
LULC only allows a partial quantification of the relative effect of the drivers. Following
the simulation results without LULC, the climatic part of the simulations explains 54% of
the observed trend gradient. The cause for the remaining 46% is unclear, since the runs
with LULC do not reproduce the trend significantly better. Therefore, it is not possible to
give robust statements for the Goroul catchment and for the Red Flood as to the influence
of the assumed drivers and quantification is a fortiori uncertain. The results might even
indicate that there is an additional driver forcing the AMAX trends besides climatic
changes and LULC, which is not represented in the model and has not been postulated.
Another general point is the quality of the observed discharge data and the reanalyzed
climate data. Especially in the Goroul catchment, the validation shows that some peaks are
missed completely by the model (e.g., Alcongui 1977), or that peaks which are modelled
do not occur at all in the discharge data (e.g., Alcongui 1963). This indicates the general
deficit of the employed observed reanalyzed data and needs to be taken into account for
the interpretation as well. However, a more probable explanation is the combination of
inadequate information on LULC and/or a deficient representation of LULC in the model.
The dominant change in the reanalysis data set of LULC in the watershed is a
transformation of savannah to pasture (Figure 27). These two land cover types do not
differ substantially in their modelled effects on the hydrological regime (see Chapter 4.2.6,
Figure 32). Therefore, the similar and poor results for the runs with and without the LUCM
are a logical consequence. The parameters for pasture of the SWAT land class parameters
are most likely optimized for pastures in the temperate zone. The hydrological effects of
pasture in the Sahel differ probably from these temperate pastures. However, since no
other data was available to the authors in order to check or even change the effects and the
related parameters of pasture in the Sahel, this deficit could neither be verified nor
corrected. We assume that especially the infiltration capacities of Sahelian pastures are
lower than of pastures in the temperate zones, e.g., due to soil-crusting effects and less
dense vegetation. An additional source of uncertainty is the undifferentiated information
on LULC with regard to savannah. Descroix et al. (2012) describe the LULC of this region
with a change from the original bushy and woody savannah to a degraded savannah (Tiger
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Bush, see Chapter 4.2.1) and sandy slopes due to land clearing. These changes are not
represented in the LULC data (see Chapter 4.2.4.3).

The SP is a special aspect of the increase of flood magnitudes. Following our results,
the same statements and explanations, which can explain the increase in flood magnitude,
hold also for the SP. For all time series (except the ones from the Guinean Flood of the
Niger River at Niamey, where the SP did not occur), the SP phenomenon could be
reproduced without LULC, but to a lower degree than when accounting for LULC. We
assume that this effect is based on changes in the frequency of precipitation in the climatic
forcing. The findings of Panthou et al. (2012) and Panthou et al. (2014) of increasing
convective precipitation supports this theory that heavy precipitation leads to an increase
of the run-off coefficient, and finally to an increase in discharge. This effect is also shown
by means of measurements in Amogu et al. (2010). Eventually, the combined actions of
LULC and changes in precipitation patterns seem responsible for the observed SP in the
1970s/1980s.

Another finding is the non-stationary influence of climate. The model runs without
LULC, and hence with only climate as the driver show upward trends in AMAX for both
tributaries and the Red Flood of the Niger River at Niamey. These increases are, however,
stronger than the respective annual rainfall anomalies would suggest. Therefore, we
assume that changes in the rainfall patterns, most likely an increase in the frequency of
heavy precipitation, contribute to the trend. This is supported by state-of-the-art analysis of
climatic changes in the Sahel, for example by Panthou et al. (2012) and Panthou et al.
(2014).

4.3.3. Discussion of the Methodological Framework Employed and Related

Uncertainties

We acknowledge that simulation runs and the calibration procedure are affected by a
wide range of uncertainties regarding the processes in the model, their parametrization and
the driver data.

Relevant processes like evapotranspiration and surface runoff are not entirely physically
based in the model but simplified and calibrated with a factor or empirical (e.g., the factor
for potential evapotranspiration and the curve number approach). Therefore, the effects of
LULC on these processes could be represented inadequately. However, the SWIM model
showed in this study, like SWAT model in other LULC studies in the region (Awotwi et
al., 2014), that the process-based models are generally able to reproduce the effects of
LULC.

The data on LULC as the key driver of the attribution study cannot be easily improved
regarding temporal and spatial resolution since no other data products or observation on
LULC are available for the region. There is only a qualitative confirmation of the used
LULC data by studies which are based on observations (Amogu et al., 2010a; Descroix et
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al., 2012). The global LULC data set seemed therefore partly reliable, but, for example
degradation of savannah (Tiger Bush, see Chapter 4.2.1), as reported in the studies are not
represented in such a detail. We therefore recommended for similar studies the use of
regional and more detailed data sets, if available.

Regarding the uncertainty coming from the parametrization, especially the
representation of land cover types in the model has to be adequately included in terms of
their hydrological attributes.

The robustness of a simulation-based attribution study is therefore not only dependent
on the general validation results of the model, but rather on the ability of the model to
reflect well-known changes of the postulated driver(s) adequately. Especially the
parametrization of pasture in the model is questionable, but could, due to the lack of
related field data, not be improved. A way to avoid this uncertainty might be the
calibration of each of the main changing land cover types separately by looking at small
catchments which are dominated by one of these land uses (Stromgqvist et al., 2012). In
doing so, the sensitivity of the model against the impact of each change can be verified and
tested whether the representation is adequate or not. Unfortunately, discharge data for the
validation of the model performance on such homogeneous areas were not available for the
research area of this study.

Additional uncertainty is related to the general methodological framework. A modeling
attribution study only can provide robust results, if all potential drivers of the observed
change were adequately represented in the model. Two drivers, LULC and climatic
changes, which are mentioned by qualitative studies as potential sources for the increasing
flood trend (Amogu et al., 2010a; Descroix et al., 2012) are tested in this study. However,
we cannot exclude the influence of a third or more drivers for the observed changes. For
example the effects of the extreme population growth in the region, might influence the
hydrological regime, possibly via sealing of soils near settlements. Still, the two
considered drivers LULC and climate are the only potential drivers in the current literature
of the Niger, which makes the assumption more reliable.

Also the assumption of linear trends in the AMAX anomaly time series and accordingly
in the LULC and climatic changes is probably not realistic. However, comparing non-
linear trends would request an even higher level of data quality/density, which is not
available in the research area.

Another critical issue is model performance with respect to other important state
variables of the model like groundwater flows and evapotranspiration. In this study, the
performance of the model was only tested with regard to discharge, since no quantitative
data was available on groundwater dynamics. However, in the Sahelian part of the Niger,
groundwater is known to play a crucial role (Mahé, 2009) and it cannot be excluded that
the model underestimates the effects of a potential relevant process related to LULC.

However, keeping model uncertainty in mind, even under conditions of comparatively
poor data quality and availability, the simulation-based approach using a process-based
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based model, shed new light on attribution of increasing floods in the Sahelian part of the
Niger by developing some first quantitative measure of comparing the linear trend
estimates of AMAX anomalies. In addition, even without adequately representing the
LULC in the Goroul catchment and for the Red Flood at the station Niamey, the method
could show that at least climatic changes contribute substantially to the flood increase in
the region.

4.4. Conclusions

The research question, to which share LULC and/or climatic changes cause the increase
of flooding in the Sahelian part of the Niger basin, can only be answered partly by this
study. The most reliable conclusions can be drawn from the results of the Sirba catchment,
since the simulation including LULC is able to reproduce the observed trend adequately.
The influences of both drivers on the observed trend of AMAX seem to be roughly equal
with a share of 43% which can be—within the known limitations—attributed to the
climatic changes.

For the Goroul subcatchment and the Red Flood of the Niger River, the results are in
the same order of magnitude with shares of the climatic forcing of 54% (Goroul) and 64%
(Niamey Red Flood). Since the model was not able to reproduce the influence of LULC
adequately, the results for these two stations are uncertain and only partly reliable. For
Goroul and the Red Flood, we conclude that climatic changes have a major influence on
the observed trend of AMAX and LULC also contributes, but to an unknown amount.

Using a process-based eco-hydrological model seems to be a valid method for
attributing an increase of flooding. Even though main processes related to LULC, like e.g.,
evapotranspiration, are simplified and calibrated in the model or empirical like the curve
number approach for surface runoff, the effects of LULC on the hydrology are assumed to
be generally well represented since the modelled effects reflect observed effects and other
studies could show a general suitability of process-based models for LULC studies. Still
we see a general need for hydrological science to overcome the calibration of land use
sensitive parameters in favor of more physically-based models, especially for LULC
studies.

These efforts are, however, still limited by data availability, computing power and
partly also detailed process understanding.

In regard of the specific methodology applied in this study, the gradient proved to be an
uncomplicated and intuitive measure for comparing simulated and observed trends and
estimating the influence of different drivers. However, the demands for a robust attribution
on the model and data quality/density are high. Testing the method in a data-richer
environment, where especially more information on LULC are available, would help to get
a better understanding of its robustness and reliability.
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Regarding flood mitigation and adaptation strategies, the modeling framework could be
employed to assess different land management options. If the flood risk is to a significant
extent due to LULC (rather than due to a climatic change), it means that it can also be
counteracted. State-of-the-art options implemented locally can reduce surface runoff, for
example, by reforestation, smart planting techniques which also reduce erosion, shifting
cultivation etc., such as those published in the World Overview of Conservation
Approaches and Technologies (WOCAT, 2015) or weADAPT (weADAPT, 2015).
However, in the face of the existing flood risk in the region and the return to wet
conditions, mitigation is not enough.

There is a strong need for immediate adaptation measures and we argue for early-
warning systems, investments in flood protection infrastructure and flood-smart settlement
policies in the riverine nations. To ensure cost-efficient implementation, a simulation-
based approach can be further used to assess the relative merits of both mitigation and
adaptation measures (Andersson et al., 2013).
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Abstract: Climate change impacts on hydrological processes should be simulated for river
basins using validated models and multiple climate scenarios in order to provide reliable
results for stakeholders. In the last 10-15 years, climate impact assessment has been
performed for many river basins worldwide using different climate scenarios and models.
However, their results are hardly comparable, and do not allow one to create a full picture
of impacts and uncertainties. Therefore, a systematic intercomparison of impacts is
suggested, which should be done for representative regions using state-of-the-art models.
Only a few such studies have been available until now with the global-scale hydrological
models, and our study is intended as a step in this direction by applying the regional-scale
models. The impact assessment presented here was performed for three river basins on
three continents: the Rhine in Europe, the Upper Niger in Africa and the Upper Yellow in
Asia. For that, climate scenarios from five general circulation models (GCMs) and three
hydrological models, HBV, SWIM and VIC, were used. Four representative concentration
pathways (RCPs) covering a range of emissions and land-use change projections were
included. The objectives were to analyze and compare climate impacts on future river
discharge and to evaluate uncertainties from different sources. The results allow one to
draw some robust conclusions, but uncertainties are large and shared differently between
sources in the studied basins. Robust results in terms of trend direction and slope and
changes in seasonal dynamics could be found for the Rhine basin regardless of which
hydrological model or forcing GCM is used. For the Niger River, scenarios from climate
models are the largest uncertainty source, providing large discrepancies in precipitation,
and therefore clear projections are difficult to do. For the Upper Yellow basin, both the
hydrological models and climate models contribute to uncertainty in the impacts, though
an increase in high flows in the future is a robust outcome ensured by all three
hydrological models. Introduction Climate change impacts are commonly assessed on two
different scales: the global or continental scale allows for a general view of the larger
context and patterns, whereas regional studies focus on details, for example flood or
drought hazards. By comparing climate change impacts between different regions,
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Introduction

advantages of both approaches can be combined. This way of bridging these two scales is
likely to give new insights into the characteristics of climate change in the actual regions,
but also beyond.

5.1. Introduction

5.1.1. Hydrology of the basins

The Setting adequate climate stabilization goals and designing appropriate adaptation
policies should rely on a sound quantitative understanding of the expected impacts of
climate change under different emission scenarios and different levels of global warming.
In particular, a comprehensive assessment of climate impacts is urgently needed within the
Intergovernmental Panel on Climate Change (IPCC) process. However, the scientific
knowledge about the impacts of climate change still remains fragmentary. Very many
studies have been undertaken to investigate climate impacts for a number of sectors,
globally and on the regional scale, applying different models and emission scenarios, and
there are only a few model intercomparison studies using a consistent setup and global-
scale models.

Global assessment of climate change impacts is important for informing the global
policy makers, especially regarding mitigation efforts. However, climate impacts occur
and adaptation policies are implemented on the regional scale, the projections from global
impact models may not be precise enough. To make sure that climate impact research
meets the demand of stakeholders for reliable information on the regional level,
projections of climate impacts should be provided on the regional or river basin scale using
validated hydrological models and up-to-date scenarios.

Of course, numerous studies on climate change impacts are of value in their own right
by providing useful knowledge. However, a quantitative synthesis of climate impacts for
different regions, including consistent estimation of uncertainties from different sources, is
still missing. In order to achieve it, a systematic intercomparison of impacts simulated by
several state-of-the-art models performed for a set of representative regions on all
continents using an ensemble of climate scenarios is needed. It is now planned in the Inter-
Sectoral Impact Model Intercomparison Project (ISI-MIP), and the first results of the fast-
track modeling using global-scale models are already available (Warszawski et al., 2014).

While comparison of climate model outputs has a long tradition and is well established
on the global and continental scales (IPCC, 2000, 2007; Déqué et al., 2007; Jacob et al.,
2013), fewer studies can be found that intercompare hydrological models and study
propagation of uncertainty along the entire model chain of general circulation model
(GCM) — regional climate model (RCM) — impact models. The ones that can be found use
a variety of methods and techniques to assess the contribution of different sources of
uncertainty to the total uncertainty.
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A comprehensive intercomparison of hydrological models has been done, e.g., in the
Distributed Model Intercomparison Project (Reed et al., 2004; Smith et al., 2004)
comparing the performance of 12 hydrological models in three North American river
basins. A hierarchical validation testing scheme for model application to runoff predictions
in gauged and ungauged basins has been proposed by Refsgaard and Knudsen (1996) using
three types of hydrological models (lumped, physically based, semi-distributed) for a
catchment in Zimbabwe. An uncertainty intercomparison of different hydrological models
in simulating extreme flows for the Upper Yellow River has been published by Chen et al.
(2013) comparing the performance of three different hydrological models under current
climate conditions. These studies solely investigate the model performance and related
uncertainty of hydrological models without looking at simulation of climate change
impacts and the related uncertainty propagation (see also Veldzquez et al., 2013).

A set of 10 lumped, semi-distributed and fully distributed hydrological models has been
applied in the LUCHEM project aiming at investigating the envelope of predictions of
changes in hydrological fluxes due to land-use change, also considering land-use change
scenarios (Breuer et al., 2009).

A comprehensive comparison of uncertainty sources for climate change impacts on
flood frequency in England has been published by Kay et al. (2009). Six different sources
of uncertainty are discussed for two example catchments (future greenhouse gas emissions,
GCM structure, downscaling from GCMs, hydrological model structure, hydrological
model parameters and the internal variability of the climate system, sampled by applying
different GCM initial conditions). The results suggest that uncertainty from GCM structure
is by far the largest source of uncertainty. A probabilistic framework for assessing
uncertainties in climate change impacts on low-flow scenarios for the River Thames
considering a similar set of uncertainty sources is suggested by Wilby and Harris (2006).

All these studies compare results for the regional scale, while Schewe et al. (2014)
performed a multi-model assessment of water scarcity under climate change by comparing
results of twelve global hydrological models driven by five GCM projections. The study
highlights the large uncertainties associated with both, climate models and hydrological
models. The uncertainty introduced by the hydrological models is particularly dominant in
many regions affected by water resource scarcity, suggesting a high potential for improved
water resource projections through further improvement of hydrological models. Another
global-scale model intercomparison study was done by Haddeland et al. (2011). They
compared simulated runoff and evapotranspiration from six land surface models and five
global hydrological models for eight large river basins. Their simulations with uncalibrated
models (with one exception) showed high spreads in simulated seasonal and annual river
runoff and only little agreement with observed runoff. Doing impact assessment with eight
of those eleven models and three GCMs, Hagemann et al. (2013) found that, in some
regions, uncertainties caused by the impact models are higher than those caused by the
climate models.
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Recently, a number of studies were published suggesting the use of the analysis of
variance (ANOVA) approach for uncertainty assessment in hydrology and climatology.
For example, Yip et al. (2011) use ANOVA to quantify the contribution of different
uncertainty sources in climate models, distinguishing between model uncertainty, scenario
uncertainty and internal variation. Finger et al. (2012) used ANOVA to estimate impacts of
climate model uncertainty on water resource projections and hydro-power production in a
glaciated catchment in Switzerland during the 21* century. Ott et al. (2013) applied
ANOVA and a nonparametric test to address uncertainty sources in an assessment of high-
resolution climate change impacts on medium-sized river catchments in Germany,
applying an ensemble of RCM climate forcing data to three hydrological models. Using
the ANOVA approach, Bosshard et al. (2013) assessed uncertainties induced by climate
models, two different bias correction methods and hydrological models using the output of
eight RCMs that are fed into two hydrological models of the Upper Rhine. The results
indicate that none of the investigated uncertainty sources is negligible, and some of the
uncertainties are not attributable to individual modeling chain components, but rather
depend upon their interactions, while in total, climate model uncertainty has the largest
contribution to the entire uncertainty. Our study is intended as a contribution to the
intercomparison of climate change impacts for the water sector on the regional scale. It
was done for three large-scale river basins on three continents, the Rhine in Europe, the
Upper Niger in Africa and the Upper Yellow River in Asia, by applying three hydrological
models, SWIM (Krysanova et al., 1998), HBV (Bergstrom and Singh, 1995) and VIC
(Liang et al., 1994), after their calibration and validation. The bias-corrected climate
scenarios from five GCMs (HadGEM2-ES,IPSL-CM5ALR, MIROCESM- CHEM,
GFDL-ESM2M, NorESMI1-M) driven by four representative concentration pathways
(RCPs) were provided by the ISI-MIP project (Hempel et al., 2013) and used as input for
impact assessment. The four RCPs cover a range of emissions and land-use change
projections. The objectives were (a) to compare climate impacts on seasonal water
discharge, (b) to compare future trends considering three runoff quantiles, Qgo, Qso and
Q10, in terms of trend direction and slope, and (c) to evaluate uncertainties from different
sources, namely related to climate models (CMs) providing scenarios, hydrological models
(HMs) and RCPs.

5.2. Study areas, data and methods

5.2.1. Study areas: three river basins

From the general set of possible basins, we selected three basins on three continents,
which belong to different climatic zones. Besides, the three chosen basins belong to the
ISIMIP Phase 2 (Warszawski et al., 2014) river basins chosen for intercomparison of
climate change impacts on water using regional- and global-scale models.
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5.2.1.1. The Upper Niger

The Niger River basin is the largest basin of western Africa. Its source is located in the
Guinean highlands, from which the river flows in the northeasterly direction through the
dry Sahelian zone, and then enters the wetter tropical region north of the Gulf of Guinea.
In our study, only the Upper Niger catchment until the Koulikoro gauge station (Figure 35)
covering an area of about 122 000 km2 was taken for impact assessment. The complete
Niger River basin could not be properly modeled with HBV and VIC, since there is no
inundation module included in those models, and the flow of the Niger is very much
altered by the existence of the inner Niger Delta and related inundation processes. In
another study (Aich et al., 2014), the whole Niger basin was modeled with SWIM, with
several intermediate gauges. The same model setup for the Niger as in Aich et al. (2014)
was taken in the present study for SWIM simulations.

The studied upper part of the Niger basin spreads over the countries of Guinea and
Mali, and includes a small part of the Ivory Coast. The topography of the catchment is
quite heterogeneous, with several steep-sloped tributaries in Upper Guinea that flow into
the flat plane of the Niger River. The dominant land cover in the Upper Niger catchment is
forest (34 %) followed by savannah (30 %). The climate in the Upper Niger basin is
characterized by a dry season (November— May) and a rainy season from June to
September (see Table 7). The rainfall that feeds the river comes mainly from the Guinean
Highlands during the rainy season. The average annual precipitation of 1495mm in the
Upper Niger is the highest among the three basins in the study.

The catchment area until Koulikoro is not much influenced by human management.
There is only one dam, the Selingue (brought into service in 1982), influencing the
discharge downstream until Koulikoro. There are no major irrigation schemes in this part
of the catchment.

Table 7 Characteristics of the three river basins.

Rhine (Rees) Upper Yellow Upper Niger
Upper Yellow (Tanghaihai) (Koulikoro)
Area (km2) 160 000 110 000 122 000
Altitude range (min/mean/max) (m) 10/495/4275 2673/4256/6248 289/463/1407
Average temperature (1971-2000) (°C) 8.6 2.0 26.5
Temp. of coldest/warmest month (°C) 0.3/17.4 —14.2/8.23 23.8/28.6
Annual precipitation (1971-2000) (mm) 987 520 1495
Prec. of driest/wettest month (mm) 69/97 0/113 3/323
Cropland 38 Grassland 90 Forest 34
Dominant land cover .%/ Forest 25 Bare soil 4 Savanna 30
Grassland 9 Heather 3 Cropland 24
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Figure 35 Land-use maps of the three basins under study: the Upper Niger, the Rhine
and the Upper Yellow

5.2.1.2. The Upper Yellow

The Yellow River (hereafter called Yellow) in its lower reaches is heavily influenced
by human water use like irrigation, and abstraction for industry and municipal purposes.
Hydrological modeling of the total river basin requires a lot of water management
information, which is not easily available. Therefore, the headwater part, which is crucial
for water supply to the whole river basin, was chosen in our case. The Yellow River source
region above the Tangnaihai gauging station belongs to the Qing—Tibetan Plateau of
China. This Upper Yellow basin with the drainage area of about 122 000 km2 covering
approximately 15% of the entire Yellow River’s drainage basin, while supplying 38% of
the river’s total runoff (Chen et al., 2013), was chosen for our study. This area has been
designated as a part of the “Three Rivers’ Sources” National Nature Reserve, which was
created to protect the source region of the Yellow River, the Yangtze and the Mekong
(also called China’s water tower supplying water to the whole country). The Upper Yellow
flows mainly through pastures, swamps, and knolls between mountains, and crystal clear
lakes are characteristic of this area. The two major lakes along this part are Lake Zhaling
and Lake Eling, with capacities of 4.7 and 10.8 billionm2, respectively. The mean altitude
of the drainage area is about 4000 m.

The Yellow River source region belongs to the cold and dry climate zone, with the
annual average temperature about —4 C and average annual precipitation lower than
500mm (see Table 7), with 70% of precipitation falling from July to October. The
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headwaters of the Yellow River basin are not much influenced by human activities,
besides some overgrazing and wild herb digging.

5.2.1.3. The Rhine

The Rhine River basin covers a drainage area of about 185 000 km2 and spreads over
nine European countries. The Rhine River starts from the confluence of two small rivers
originating in Switzerland, then forms the Swiss—German and French—German borders
before flowing through Germany. In its lower part, it enters the Netherlands, where it
forms an extensive delta and finally releases into the North Sea. Its main tributaries are the
Main, the Neckar and the Moselle. Approximately two thirds of the Rhine drainage basin
is located in Germany. The altitude in the drainage area ranges from 4275ma.s.l. in the
Swiss Alps to Oma.s.l. at Rotterdam. Regarding its hydrological characteristics, the basin
can be subdivided into three major sub-areas: the Alpine area, the German middle
mountain area and the lowland area. Two major land cover types in the drainage basin are
arable land (38 %) and forest (25 %).

The average annual precipitation of 987mm in the Rhine is lower than in the Upper
Niger but higher than in the Upper Yellow (Table 7), and seasonality is not very distinct.
In the Alpine region, the maximum discharge of the Rhine is observed during summer due
to snowmelt. Downstream of Basel (close to the Swiss—French—German border crossing), a
pluvio-nival hydrological regime of the Rhine gradually becomes dominant. The rainfall-
dominated tributaries (Moselle and Neckar) contribute to the second maximum discharge
of the Rhine in winter in this part. In the middle and lower Rhine, the winter peak is higher
than the summer one, changing the runoff regime into the pluvial type. Compared to the
other two rivers in our study, the Rhine is more influenced by human water management.
In this study, the Rhine basin was modeled until the Rees gauge (160 000 km?2).

5.2.2. Input data and climate scenarios

The digital elevation model (DEM) constructed from the Shuttle Radar Topography
Missions with 90m resolution was used for altitude information (Jarvis et al., 2008). Soil
parameters (soil depth, texture, bulk density) were derived from the Digital Soil Map of
the World (FAO et al., 2009), and other parameters needed by models (field capacity — by
HBV — porosity, field capacity, available water capacity and saturated conductivity — by
SWIM and VIC) were derived using pedotransfer functions and tables (hoc AGBoden,
2006). Land use was parameterized using the Global Land Cover data (GLCF)
(Bartholomé and Belward, 2005). Observed river discharge data from the Global Runoff
Data Centre were used to calibrate and validate the hydrological models (GRDC, 1998).
As climate input for model calibration, the WATCH reanalysis data were applied with a
grid resolution of 0.5° (Weedon et al., 2011).
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For the climate impact assessment, the hydrological models were driven with outputs of
five bias-corrected earth system models of the Coupled Model Intercomparison Project
Phase 5 (CMIPS): HadGEM2-ES, IPSL-5 CMSALR, MIROC-ESM-CHEM, GFDL-
ESM2M, and NorESM1- M. Later, the following abbreviations are used for scenarios
produced by these models: Had, IPSL, MIROC, GFDL and Nor. Climate scenarios were
downscaled to a grid resolution of 0.5° and bias corrected by the ISI-MIP project using a
trend-preserving bias-correction method with the WATCH reanalysis data (Hempel et al.,
2013). Four RCPs covering a range of emissions and land-use change projections, from
RCP2.6 to RCP8.5, were included in the study.

5.2.3. Hydrological models

Two hydrological models, HBV and VIC, and the SWIM ecohydrological model were
used in the study.

5.2.3.1. HBV

The HBV model (Bergstrom and Forsman, 1973; Bergstrom and Singh, 1995) is a
conceptual rainfall-runoff model. The model was developed for runoff simulation and
hydrological forecasting. The advantage of HBV is that it covers the most important runoff
generating processes by quite simple and robust structures where topographic and climate
parameters serve as driving forces. Besides, HBV does not require extensive data sets.

In our study a modified semi-distributed version of the HBV model (HBV-D,
Krysanova et al., 1999), with a finer spatial disaggregation into subbasins and 10 elevation
zones and up to 15 land cover types, was applied. The modification was based on the
Nordic HBV version (Saelthun, 1996).

HBYV has been applied for modeling hydrological processes in countries with different
climatic conditions, as, for example, Sweden, China (Zhang and Lindstrom, 1996),
Zimbabwe (Lidén et al., 2001), and Mozambique (Andersson et al., 2011) and the scales
ranging from small catchments to the entire Baltic Sea drainage basin (Graham, 1999). The
model is also used worldwide in climate impact assessment studies (Menzel et al., 2006;
Yu and Wang, 2009).

5.2.3.2. SWIM

The SWIM (Soil and Water Integrated Model, Krysanova et al., 1998) ecohydrological
model is a continuous-time spatially semi-distributed model of intermediate complexity for
river basins. It integrates hydrological processes, vegetation growth, nutrient cycling,
erosion and sediment transport on the river basin scale. SWIM was developed based on
two models, SWAT (Arnold et al., 1993) and MATSALU (Krysanova et al., 1989), with
the aim of providing a tool for climate and land-use change impact assessment in

118



MULTI-MODEL CLIMATE IMPACT ASSESSMENT AND INTERCOMPARISON
FOR THREE LARGE-SCALE RIVER BASINS ON THREE CONTINENTS

mesoscale and large river basins. The spatial disaggregation scheme in SWIM includes
subbasins and hydrotopes. The hydrotopes are created by overlaying three maps:
subbasins, land use and soil. At the hydrotope level, all soil water flows, nutrient cycling in
soil and vegetation growth are simulated, based on the principle of similarity, i.e.,
assuming that units within one subbasin that have the same land use and soil types behave
similarly. The model was validated and applied for impact assessment in many medium
and large river basins in Europe, Africa and Asia (Hattermann et al., 2011; Huang et al.,
2013; Liersch et al., 2013). An overview of SWIM application for impact studies is given
in Krysanova et al. (2015).

5.2.3.3.VIC

The Variable Infiltration Capacity (VIC) model (Liang et al., 1994, 1996) is a semi-
distributed hydrological model for large-scale applications. The land surface processes in
VIC are modeled as a grid of large (usually >1 km), flat, uniform cells, and the sub-grid
heterogeneity (e.g., in elevation, or land cover) is handled using statistical distribution
functions. The water and energy balances at the land surface can be simulated at a daily or
sub-daily time step. The runoff processes are represented through the variable infiltration
curve, parameterization of the effects of sub-grid variability in soil moisture holding
capacity and a representation of the non-linear baseflow. The modeler can subdivide each
grid cell into an arbitrary number of tiles, each corresponding to the fraction of the cell
covered by a particular land cover (i.e., grassland, coniferous forest, etc.). VIC takes into
account snow in several forms: ground snow pack, snow in the vegetation canopy, and
snow on top of lake ice. The processes in grid cells are simulated independently, and the
routing of water flow is performed separately from the land surface simulation. VIC has
been applied extensively in climate impact studies for a number of large river basins over
the continental US and the globe (Hamlet and Lettenmaier, 1999; Su and Xie, 2003;
Christensen and Lettenmaier, 2007).

5.2.4. Setup and calibration of three models

The three models differ in their levels of complexity, mathematical process formulation
and spatial resolution. For example, vegetation growth is simulated only in SWIM,
whereas HBV and VIC use fixed monthly plant characteristics. Spatial resolution of
SWIM and HBV is finer than that in VIC, though statistical distribution functions allow
one to account for vegetation and soil processes in VIC as well. On the other hand, VIC
describes land—atmosphere processes with more detail than the other two models. Table 8
describes some major differences between the three models. Among them, the differences
in soil and vegetation representation are important.

In this study, SWIM and HBV were set up with different spatial representations
compared to VIC. For the VIC raster based model, a grid resolution of 0.125° was used for
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all basins. For example, for the Rhine basin, 1433 grid cells were simulated by VIC. For
the SWIM and HBV applications, the basins were subdivided into subbasins with an
average area of 100—200 km2 using the SRTM digital elevation model; so, for the Rhine,
1668 subbasins were created. All the subbasins and grid cells were further disaggregated
considering land use and elevation zones. In addition, SWIM used soil information along
with land use for disaggregation of subbasins into hydrotopes.

In total, for the Rhine basin, 26,961 units were simulated by VIC, 41,976 hydrotopes
were modeled by SWIM, and 69,589 units were simulated by HBV, with average areas of
5.9,3.8,and 2.3 kmz, respectively.

All hydrological models were calibrated using the observed discharge at the basin
outlet. For SWIM and VIC, automatic calibration was performed with the PEST software
package (Doherty, 2005) using the mean square error (MSE) between the observed and
simulated discharges as an objective function. A multi-objective calibration was applied
for all basins modeled with HBV using the NSGA II algorithm (Deb et al., 2002). As an
objective function, the Nash and Sutcliffe efficiency (Nash and Sutcliffe, 1970) of
untransformed (NSE) and log-transformed (logNSE) observed and simulated discharges
was taken. After optimization, the one simulation from the Pareto front was selected,
which was closest to the points NSE=1 and logNSE=1, reflecting the theoretically best
possible value for NSE and logNSE.

The number of parameters used for calibration differ between the models and the three
basins. For VIC, only five parameters were used to calibrate the model, eight for SWIM
and 19 for HBV. For the Upper Niger basin, a reduced number of calibration parameters

was used, as all snow-related parameters were excluded.
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Table 8 Differences between spatial disaggregation, climate input and representation of
main components in the three hydrological models used in the study.

Features

Spatial disaggregation

Climate data input

Representation of soils

Representation of
vegetation

Calculation of potential
evapotranspiration
Method to calculate
snowmelt

Runoff routing method

HBV
Subbasins, 10 elevation
zones and land-use

classes within them

Two parameters: T b

mean, precipitation

One soil layer, two soil
parameters

Fixed monthly plant
characteristics
Blaney—Criddle

Degree-day

Simple time lag method

SWIM
Subbasins and hydrotopes
(based on land use and soil

types within subbasins)

Six parameters: T, Tineans
Tmax» precipitation, air
humidity, radiation

Up to 10 soil layers, 11 soil
parameters

Simulation of plant growth
using the EPIC approach
Priestley—Taylor

Extended degree-day
method

Muskingum method

VIC

Grid cells, sub-grid
heterogeneity (elevation, land
cover) is handled via statistical
distributions

Five parameters: Tin, Trax,
precipitation, air humidity, wind
speed

Typically 3 soil layers, 19
parameters

Fixed monthly plant
characteristics

Penman—Monteith

Two-layer energy balance model
at the snow surface

Linearized St. Venant equations

5.2.4.1. Methods of trend analysis

Trends in projected runoff were calculated for three runoff quantiles, which reflect the
annual high-flow conditions (Q), the annual low-flow conditions (Qg) and the medium-
flow conditions (Qsp). To avoid the same event being separated between two adjacent
years, the hydrological years have been taken instead of the calendar years for calculation
of annual Qs and Q;o. As Q9o may occur at the end or at the beginning of a new
hydrological year, we used a different approach for this quantile. To calculate Qq, a year
starts from a month when, on average, the high flow is reached (different months in our
three basins). The quantiles were calculated for the scenario period 2010-2099, and then
analyzed for trends.

The trends in the projected runoff quantiles were calculated using the robust linear MM
estimator (Yohai, 1987; Koller and Stahel, 2011). The MM estimates are calculated by a
three-step procedure: (1) a regression estimate with a high breakdown point, (2) an M
estimate of the error scale using residuals from step 1, and (3) an M estimate of the
regression parameters based on a proper re-descending psi function. The M estimates with
a monotone psi function were introduced by Huber (1973). The convergent iterative
numerical algorithm for the MM estimates was provided by Yohai (1987), and is included
in the R statistical software. For the trend analysis in our study, the “Imrob” function from
the “robust” package in R was used.

Compared to the ordinary least squares prediction (OLS), the robust trend estimator is

less sensitive to outliers or extreme values and to deviations from the Gaussian
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distribution. For example, one extremely wet year at the end of the considered time period
would have a significant influence on the predicted trend when using the OLS method (bad
leverage point), but it would not influence much the trend prediction using the MM
estimator. On the other hand, the MM estimator is usually less efficient (i.e., provides the
higher p values) compared to the OLS prediction. In the present study, the standard setup
of “Imrob” with an asymptotic relative efficiency of 95% was applied. The statistically
significant trends correspond to the p values lower than 0.05.

5.2.5. Method of uncertainty evaluation

For evaluation of different sources of uncertainty, an analysis of variance (ANOVA) is
performed. ANOVA is a tool for partitioning observed variances into different sources of
contributing variation. In the present study, three factors are used for variance
decomposition (three-way ANOVA). The total sum of squares (SST) is defined as

NHyd Ngcm Nrep

= 2
SST = z z z (Yijk - Yooo)
i=1 j=1 k=1

(14)

where Y;j is the particular value corresponding to hydrological model i, climate model j
and RCP k, respectively, and Yy, is the overall mean. According to to ANOVA theory,
SST can be split into seven fractions:

SST = SSHyd + SSGCM + SSRCP
main ef fects
+ SShyascem T SSuyasrcp + SScem«rep T SSHyd«cem«reP

interaction terms (1 5)

The total sum of squares is partitioned into three main effects SSy,q, SSgem, and SSgep,
corresponding to three hydrological models, five GCMs and four RCPs, respectively. In
addition, there are four interaction terms SSyya.cem> SSHyd«rcp> SScemxrcp, and
SSuya«cem«rep» describing the situation where effects are non-additive or nonlinear. For
example, the precipitation trends in the Upper Niger (Figure 36) show noticeable
interaction effects. There are strong dependencies of precipitation on the RCPs for each
single GCM but, in three cases, GCMs show negative trends and, in two cases, GCMs
show positive trends. In the case of no interactions, all the lines would run in parallel.
Exemplarily, the calculations of one main effect, one first order interaction term and the
second-order interactions are given below:
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NHyd
SSHyd = NgcmNrep z (Yioo - 1?ooo)z (16)

NHyd Ngcm =t

_ _ _ _ \2
SSHyd*GCM = Ngcp z Z (Yijo — Yioo — Yojo + Yooo) 17)
i=1 j=1
SS8Thya~cecm=rep
= SST — SSHyd — SS¢em—SSrep— SSHyd*RCP - SSHyd*GCM

— SSgem+rep (18)

where Nyyq, Ngem, and Ngcp describe the number of hydrological models, the number of
GCMs and the number of RCPs, respectively. The token ° indicates averaging over a
particular index.

Bosshard et al. (2013) showed that different sample sizes of the uncertainty sources
result in a biased variance estimation. To avoid such a bias, Bosshard et al. (2013)
complemented the ANOVA with a subsampling scheme. Following the general approach
from Bosshard et al. (2013), in the present study, the five GCMs, four RCPs and three
hydrological models are subsampled in a way that all possible combinations of three
hydrological models, three GCMs and three RCPs are fulfilled; so, for the four RCPs, we
have four combinations (c;-c,) for selecting a subsample with Ngcp = 3, namely
c; = 2.6,4.5, an6.5d, ¢, = 2.6,4.5, and 8.5, c; = 2.6,4.5and 8.5, and c, = 2.6,4.5, and
8.5. For the five GCMs, there are 10 possible combinations. These four possible RCP
combinations and 10 possible GCM combinations are finally combined into a total number
of 40 subsamples. Each of the 40 subsamples contains 27 simulations (using 3 GCMs, 3
hydrological models and 3 RCPs). For each of these 40 subsamples, the ANOVA
calculation using the formulas above is fulfilled After calculation of all the partial sums of
squares for all 40 subsamples, the unbiased variance fractions n 2 related to different
components can be calculated. For example, the partial variance related to hydrological
models can be calculated as

40
Miyd = 40 £, "SST(m)
m=1

19)

The calculation of the contributing variance fraction for all the other six components is
analogous to Eq. (19).
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5.3. Results

5.3.1. Calibration and validation of hydrological models

The results of calibration and validation in terms of fit NSE and percent bias (PBIAS)
are presented in Table 9 and Figure 36 for three models and three basins. In general, the
validation results are good, with NSE ranging from 0.81 to 0.93 for the daily time step.
The lowest NSE is 0.81 for the VIC application in the Rhine basin. The percent bias values
are between —3.6 and +3.8 % for the simulations in the validation period. Figure 36 shows
a comparison of a 30 day moving average of daily river discharge, simulated by three
hydrological models and observed for 5 years in both the calibration and validation
periods, and a comparison of the long-term average seasonal discharges in the calibration
and validation periods. As is evident, dynamics are simulated adequately by all three
models in the three basins. The river discharges simulated by HBV and SWIM are very
similar, and the VIC outputs show some moderate differences in the Upper Yellow, with
an underestimation of discharge in the first part of the year and an overestimation of
discharge in September and October.

Table 9 Calibration and validation results with the daily time step. NSE = Nash and
Sutcliffe efficiency; pbias = percent bias.

Calibration Validation
Rhine HBV VIC SWIM HBV VIC SWIM
Period 19811990 19811990 19811990 1991 2000 19912000 19912000
NSE 0.75 0.81 0.87 0.83 0.81 0.9
Pbias (%) 0.0 —3.6 0.6 3.8 —9.3 —3.6
Upper Yellow HBV VIC SWIM HBV VIC SWIM
Period 19611970 19611970 19611970 19711980 19711980 19711980
NSE 0.89 0.79 0.82 0.88 0.75 0.75
Pbias (%) 1.5 —6.9 —0.1 2.6 0.4 4.6
Upper Niger  HBV VIC SWIM HBV VIC SWIM
Period 19611970 19611970 19611970 19711980 19711980 19711980
NSE 0.91 0.88 0.92 0.93 0.87 0.91
Pbias (%) 6.8 33 2.8 34 —5.7 2.0

In addition, the annual simulated values of Qgo, Qso and Qj¢ in the calibration and
validation periods were compared to those estimated from the observed time series, and
results are presented in Figure 37 and Table 10. All hydrological models show a good
performance for high-flow conditions (Q;o) in all three basins. The coefficient of
correlation ranges from 0.78 to 0.97 for the validation period, and the bias is between
—13.6 and +14.6 %, and in seven cases of nine it is between —7 and +8.4 %, for the same
period.
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In the Rhine basin there is also a good agreement between the observed and simulated
Qso and Qg values. The lowest coefficient of correlation for the two quantiles is 0.88 for
Qoo simulated by VIC. The highest bias for Qg in the validation period is —17.2 % (VIC).
For Qs the highest bias is +6.3 % for the simulation run with HBV.

The simulation results for Qg and Qs in the Upper Yellow and the Upper Niger are not
as good as for the Rhine basin. For Qs in the Upper Niger, the coefficient of correlation
ranges from 0.78 to 0.92 in the validation period, but a large bias of +40.5 % was found for
SWIM. In the Upper Yellow, the maximum bias is lower (—20.1 % for VIC), but here the
correlation between the observations and simulations is lower (ranges from 0.33 to 0.7).
For the low-flow simulations (Qq), the biases in the validation period are even higher than
for Qso. The maximum bias of +108.4 % was found for the HBV simulations in the Upper
Niger. In the Upper Yellow, VIC showed a maximum bias of —49.5 %. The coefficient of
correlation ranges from 0.18 to 0.91 in the Upper Yellow and from 0.52 to 0.72 in the
Upper Yellow.

Summarizing the hydrological model validation, we can conclude that, in general, the
results are good in terms of NSE and PBIAS for river discharge, in terms of correlation
and PBIAS for high flows Qi in all three basins, and for Qso and Qg in the Rhine.
However, the results for Qso and Qg in the Upper Yellow and the Upper Niger are weaker.
In our view, this could be due to high seasonality in runoff in these basins. For example, in
the Niger, the average Qi is nearly 100 times higher than Qqo. Therefore, low flow gets
small weights in the calibration process, leading to bias in simulations.

In total, there is no hydrological model that outperforms the others.
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Figure 36 Results of calibration and validation of three models in three basins:
comparison of the simulated and observed 30 day moving average discharges for 5 years
in the calibration (a) and validation (b) periods, and comparison of the long-term average
seasonal discharges in the calibration (c) and validation (d) periods.
Table 10 Coefficient of correlation (cor) and percent bias (pbias) for the three runoff
quantiles (Qyg, Qs9, Q1) in the calibration and the validation period
Calibration Validation
Rhine HBV VIC SWIM HBV VIC SWIM
Period 19811990 19811990 19811990 1991 2000 19912000 19912000
Qy cor 0.96 0.94 0.9 0.93 0.93 0.88
Qyq pbias 4.4 0.0 -13.0 5.8 -0.8 -17.2
Qs cor 0.93 0.94 0.94 0.95 0.98 0.98
Qs pbias 3.8 8.0 3.6 6.3 1.1 —4.7
Q cor 0.95 0.94 0.93 0.96 0.96 0.95
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Qo pbias -3.9 -3.4 -5.8 0.4 -1.9 -1.5
Upper Yellow  HBV VIC SWIM HBV VIC SWIM
Period 19611970 19611970 19611970 19711980 19711980 19711980
Qyy cor —-0.16 0.66 0.02 0.18 0.91 0.25

Qo pbias 39.6 1.9 —56.2 25.4 14.4 —49.5
Qs cor 0.72 0.82 0.87 0.33 0.70 0.57

Qs pbias 4.2 -34 -35.0 =35 5.7 -20.1

Qo cor 0.84 0.93 0.88 097 0.89 0.79

Qo pbias

Upper Niger HBV VIC SWIM HBV VIC SWIM
Period 19611970 19611970 19611970 19711980 19711980 19711980
Qyy cor 0.74 0.79 0.26 0.52 0.34 0.72

Qo pbias 61.6 4.2 37.6 108.4 27.0 63.2

Qs cor 0.69 0.4 0.08 0.92 0.83 0.78

Qs pbias 30.1 38.1 41.1 9.6 40.5 —4.0

Qo cor 0.71 0.84 0.71 0.78 0.81 0.79

Qo pbias 2.1 -1.7 -2.7 -3.8 -10.9 13.6
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Figure 37 Comparison of simulated and observed annual values of Q90, Q50 and Q10 in
the calibration and validation periods for three basins: the Upper Niger, Upper Yellow
and Rhine.

5.3.2. Evaluation of climate scenarios

For the assessment, the time period 1961-1990 was chosen as the reference period, and
two periods 2021-2050 and 2061-2090 were considered as two scenario periods SP1 and

SP2, respectively. The simulated precipitation (P) and temperature (T) were evaluated and

compared between the reference and scenario periods for the three basins.

Figure 38 shows the long-term average monthly simulated P by five GCMs in the
reference period 1961-1990 in comparison with the observed P. As one can see, the

simulated P in the reference period is very close to the observed one. Obviously, this is

mainly due to the applied bias correction. The differences between the long-term average
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simulated P in two scenario periods 2021-2050 and 2061-2090 and that in the reference
period for four RCPs are also shown in Figure 38. Additionally, the long-term average
annual changes in P related to the long-term average annual changes in T are given in
Figure 38 for the second scenario period.

For the Upper Niger, changes in P vary between climate models, especially in months
4-7: two or three climate scenarios show a decrease in P, and the other three or two an
increase. The MIROC scenarios show mostly an increase, which is mostly higher than that
simulated by other models, reaching 90—140 mm month—1 in some months of the second
scenario period. Panel b shows for the Upper Niger a decrease in P with increasing T
projected by two models (IPSL, Nor), and an opposite trend projected by MIROC and
GFDL, with the highest increase in P simulated by MIROC. The projected Had P shows
the largest differences for RCP2.6 and the smallest differences for RCP8.5, in contrast to
the four other GCMs.

Projections for the Upper Yellow show mostly a small or moderate increase in months
5-9, which is mostly below 20 mm month—1 . Only in the second period do MIROC and
IPSL project higher increases in some months. According to panel b, the increase in T is
accompanied by an increase in P in almost all cases.

The projected changes in monthly P for the Rhine are also moderate, mostly within +20
mm month—1; only the Had scenarios show a stronger decrease in some months, and
MIROC a higher increase in summer months, contradicting other models. For the Rhine,
all GCMs project an increase in precipitation for RCP2.6. Except for Nor, all the other
GCMs show a smaller increase in P for all the higher level RCPs.

After the model calibration and validation, the simulated long-term average discharge
driven by the bias-corrected climate model outputs in the period 1961-1990 was compared
with the observed one. As is evident from Figure 39, the simulated and observed
discharges agree well for all basins and driving climate models. This is mainly due to the
bias correction of climate model outputs. The agreement between 15 simulations for the
reference period is very good for the Upper Niger, good for the Rhine, but weaker for the
Upper Yellow.
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Figure 38 Evaluation of precipitation (P) and temperature (T ) simulated by five climate
models in three basins. (a) Left: comparison of the observed and simulated long-term
average monthly P in the reference period 1961-1990; right: differences between
simulated P in two scenario periods 2021-2050 and 2061-2090 and that in the reference
period for four RCPs: 2.6, 4.5, 6.0, and 8.5. (b) The long-term average annual changes in
P (dPrec) in relation to the long-term average annual changes in T (dTemp) in the second
scenario period related to those in the reference period for four RCPs.
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5.3.3. Impacts on seasonal dynamics

After the calibration and validation of the three hydrological models, they were run for
the period 1971-2099 using five GCM scenarios for four RCPs providing 60 time series,
which were analyzed for long-term average seasonal dynamics and trends.

Figure 40 presents the long-term average seasonal discharge for the reference period
1961-1990, for the second scenario period 2061-2090 and the difference between the
second scenario and the reference periods.

For the Upper Niger, a high discrepancy between simulations driven by different CMs
is visible, and agreement between HMs is higher: three curves of the same color are close
to one another. The increase in discharge projected by simulations driven by MIROC is
highest in the rainy season from July to December (and increases from RPC2.6 to
RCP8.5), followed by those driven by GFDL, which also show an increase. On the
opposite end, the IPSI- and Nor-driven projections show a decrease in discharge in this
season, and the simulations using Had scenarios are in between.

For the Upper Yellow River, changes in average daily discharge are smaller compared
to the Upper Niger. The simulations driven by two CMs, IPSL and MIROC, project an
increase in the second half of the year (months 7—11), whereas the results driven by three
other CMs show rather moderate changes. The magnitude of the changes clearly and
steadily increases from RCP2.6 to RCP8.5.

For the Rhine, a decrease in the summer period (results driven by four CMs of five) and
a moderate increase in winter time are projected, which corresponds well to the previous
impact assessments for this basin (see, e.g., Huang et al.,, 2010). The MIROC-driven
outputs show mostly an increase for all months and RCPs. Uncertainty related to CM is
visually higher compared to that related to HM (clustering of curves with the same color).
The projections by SWIM and VIC agree very well (though are not shown in Figure 40).

The results driven by the MIROC climate model for all three basins show the highest
discharge in the scenario period compared to the outputs driven by four other CMs in
almost all cases. This correlates well with the higher precipitation projected by MIROC for
the studied basins. In general, notably lower uncertainty related to HMs compared to CMs
1s visible in most cases, especially for the Upper Niger and Rhine.
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Figure 40 Simulated long-term average seasonal dynamics of river discharge in the
reference period 1961-1990 and scenario period 2061-2090 for four RCPs, and the
differences in discharge between these two periods; simulations are differentiated by
colors corresponding to climate models, whereby three simulations produced by three
hydrological models have the same color.

5.3.4. Impacts on trends: magnitude of change and direction

After that, linear trends were calculated using a robust statistical method for three
variables: annual median runoff Qsy, and low and high annual percentiles Qgy and Qo
representing the low- and high-flow conditions, respectively. The trends were calculated
for the period 20102099, and the significance of the trends was evaluated at the 5 %
level. The results of trend analysis for the three basins in terms of the slopes of trend and
trend direction (and significance) are presented in Figure 41, Figure 42, Figure 43 and
Figure S 14, Figure S 15Figure S 16.
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Figure 42 Boxplots for the slopes of the linear trend for the Upper Niger, Upper Yellow

and Rhine in three runoff quantiles grouped by RCPs. Outliers as circles. Outlier

distance to median (center line of box) exceeding 2.5 times the interquartile range (length

of the box).
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Figure 43 Direction of trends in Qqy, Qsy and Q, for the Upper Niger, Upper Yellow and
Rhine grouped by basins (three horizontal bands), four RCPs (four vertical bands),
driving climate models (horizontal lines), and three hydrological models. The first arrow
in the small boxes corresponds to HBV, the second one to SWIM, and the third one to
VIC. The arrows with statistically significant trends are thicker, and their direction up or
down shows an increase or decrease, respectively.

5.3.5. Slope of trend

Two examples of trends for the median flow Qs simulated by the three hydrological
models driven by the Had climate scenario and RCP8.5 are presented in Figure 41 for the
Upper Niger and Upper Yellow. As is evident, in the first case, all three models agree on a
downward trend (all statistically significant). For the Upper Yellow, the models disagree:
SWIM shows an increasing trend, and VIC and HBV a decreasing one.

Figure S 14, Figure S 15 and Figure S 16 show the slopes of trends in Qqg, Qso and Q.
The results are grouped by climate models and by hydrological models. In addition, Figure
42 shows aggregated results for the slopes of trends as boxplots for four RCPs.

For the Rhine, slopes of the trends in the two variables Qo9 and Qs are mainly positive
under RCP2.6. The trends are negative under three other RCPs, almost steadily decreasing
from RCP2.6 to RCP8.5. The slopes of Qo are positive under RCP2.6, negative under
RCP8.5, and uncertain under RCP4.5 and RCP6.0.

The results in terms of slopes of the trend for the Upper Niger are highly uncertain for
all variables and RCPs. There is no case where at least 75 % of the model runs show the
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same trend direction. Only for RCP2.6 and Q50 do more than 75 % of the model runs
agree on declining trends.

For the Upper Yellow, all three variables, Qogg, Qso, and Q,o, show an increase under
RCP2.6 and RCP4.5, and the slopes of the trend in Q, representing high flows are positive
for all four RCPs.

The Figure S 14Figure S 15Figure S 16 allow one to compare visually uncertainties
related to CMs and HMs and to conclude that the agreement between HMs is higher than
that between CMs, especially for the Upper Niger and Rhine. The outputs driven by
MIROC show the highest slopes for the Upper Niger and Upper Yellow.

5.3.6. Trend significance

Figure 43 summarizes the results of the evaluation of the direction of trends for all 180
time series. The direction of trends in Qg, Qso and Qo are grouped by basins, four RCPs,
driving climate models, and three hydrological models. Only statistically significant trends
are analyzed below.

For the Niger, much more significant trends were found for RCP8.5 than for the other
three. In this case, all simulations (except one) driven by Had and IPSL show a significant
downward trend, and almost all simulations driven by MIROC show a significant upward
trend. For Qso, the Nor-driven projections corresponding to RCP8.5 agree with those of
Had and IPSL, and two of three GFDL projections agree with those of MIROC. The
direction of trends in Qsy for three other RCPs is positive in all simulations driven by
MIROC, and in each of these three cases there is a simulation driven by one of the other
CMs that shows a downward trend simulated by all three HMs: GFDL for RCP2.6, Nor for
RCP4.5, and IPSL for RCP6.0. The results driven by MIROC show the upward trends in
Qso and Qg for all RCPs. In total, a high discrepancy between climate models is obvious
for this basin.

For the Upper Yellow, a downward trend in Qg and Q50 simulated by HBV and SWIM
driven by three to four climate models was found for RCP8.5, whereas the VIC results
either do not show a significant trend, or even disagree and show an upward trend (in three
cases). The results for Qo show a moderate agreement in increasing trends, with a growing
level of significance from RCP2.6 to RCP8.5. Only for the Yellow could several cases be
found, where hydrological models disagree and show significant opposite trends.

Evaluating results for the Rhine, we can conclude with a moderate certainty that all
three runoff quantiles show positive trends for RCP2.6. The direction of change is different
for three other RCPs. A significant downward trend in Qs and Qg was found in
simulations driven by three to four climate models for RCP4.5 and RCP6.0. Qg and Qs
show a stronger downward trend in nearly all simulations for RCP8.5. Regarding Q o,
there is only a small number of significant trends, and the trend direction changes from a
positive trend in the RCP2.6 scenario to a negative one in the RCP8.5 scenario. In general,
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a good agreement between CM-driven simulations and HM outputs can be stated for the
Rhine.

5.3.7. Evaluation of uncertainty

The sources of uncertainties were analyzed using the ANOVA method described in
Sect. 2.5 for the slopes of the linear trend and changes in long-term average seasonal
dynamics (Figure 44 and Figure 45). The variance decomposition of the projected slopes
for three runoff quantiles is presented in Figure 44.

For the projected high-flow trends (Q¢) in the Upper Niger, mainly CMs are important
uncertainty contributors, followed by the GCM—-RCP interactions and followed by the
main effects of RCPs. Together, they contribute about 95 % to the total uncertainty. For
Qso, a similar pattern can be observed. For trends in low flow in the Upper Niger, the
hydrological models become more important contributors to uncertainty. Their
contribution to the overall uncertainty is about as big as the contribution of CMs and the
GCM-RCP interactions.

In the Upper Yellow, the contribution of the hydrological models to the overall
uncertainty in projected trends is more pronounced than in the Upper Niger. For Qg and
Qso, their effect is comparable to the effect of the CMs. Together, they explain 58 % of the
variance for Qo and 49 % of the total variance for Q,o, respectively. For the high flows,
the CMs are the dominant contributors, followed by the hydrological models and the
GCM-RCP interaction term.

A different pattern can be seen for the Rhine. Here, the RCPs have the highest influence
on the projected trends for all three runoff quantiles. For the trends in low flows, the RCPs
contribute 70 % to the overall uncertainty. For Qso and Q;o, the CMs become more
important contributors of uncertainty, but are still lower than RCPs. For Qg9, CMs and
RCPs together explain about 70 % and, for Qso, 85 % of the overall uncertainly. In the
Rhine basin, there is not much contribution of the hydrological models in the uncertainty
of the projected trends.

The sources of uncertainty related to the changes in the long-term average seasonal
dynamics of runoff are shown in Figure 45a—c. Figure 45a shows the unscaled results for
three basins in two selected scenario periods. To highlight the periods of the year where
the changes among the different runoff projections are large (high uncertainty), the graphs
presented in Figure 45a were scaled further. The scaling was performed in accordance with
the variability in absolute changes (Figure 45b), and also in accordance with the variability
in relative changes (Figure 45¢). As variance estimators, the interquartile range of absolute
changes (Figure 45b) and the interquartile range of relative changes (Figure 45c) were
taken for the scaling. When the differences between low-flow and high-flow river runoff
are very large, as is the case in the Upper Niger as well as in the Upper Yellow, the scaling
of the variance contributions in absolute terms only would lead to an under-representation
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of uncertainties with small absolute but high relative changes. This is the reason for using
two scaling approaches.

As is evident from Figure 45a—c, in the Upper Niger, the CMs are the main source of
uncertainty, especially in the high-flow period. In the first 4 to 5 months of the year,
hydrological models have a higher contribution, but the overall uncertainty is low in this
period (see Figure 45b). The low-flow periods become more pronounced when looking at
the relative scaling (Figure 45c¢). During these periods, the importance of hydrological
models increases. In general, the differences in the variance decomposition between the
two selected scenario periods are relatively small.

In the Upper Yellow, the hydrological models are about as important as the climate
models. The contribution of hydrological models to the overall uncertainty is highest
during the second runoff peak in autumn. In this period, the uncertainty related to
hydrological models is higher than that related to climate models. This pattern is present in
both scenario periods. The overall uncertainty in projected seasonal changes is highest
during the rainy season, when looking at scaling with absolute differences (Figure 45b).
Looking at relative scaling (Figure 45c¢), there is a notable peak at beginning of the year
caused by hydrological models. The reason for this peak is not yet clear. The same as in
the Upper Niger, the differences between the two scenario periods are small, but the
influence of hydrological models becomes higher in the second scenario period.

In contrast to these two basins, for the Rhine, the RCPs also become more important
contributors of uncertainty, but only for the second scenario period (2061-2090), and
mainly in summer and autumn. As in the other two basins, looking at the whole year, the
variance contribution of CMs is highest, followed by that of hydrological models. For the
Rhine, a clear difference between the first and second scenario periods regarding sources
of uncertainty is visible. In the first scenario period, the highest variability in projected
absolute changes is in the late autumn and early winter. For 2061— 2090, the period of high
variability is expanded to the late summer period.

Comparing Figure 44Figure 45, we can conclude that the fractions of uncertainties for
the slopes of trends and the long-term average seasonal dynamics are mostly consistent.
Only for the Rhine basin do the main sources of uncertainties differ; that is, whereas for
changes in seasonal dynamics, the uncertainty related to GCMs is the highest, the RCPs
are the main contributors to overall uncertainty for the projected trends in runoff quantiles.
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Figure 44 Contribution of different sources of uncertainties to overall uncertainty in the
projected slopes of trends for the three runoff quantiles Qqy, Qso and Q, for the Upper
Niger, Upper Yellow and Rhine.
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Figure 45 Contribution of different sources of uncertainties to the overall uncertainty in
the projected long-term average seasonal dynamics for the Upper Niger, Upper Yellow
and Rhine basins for two scenario periods. The blue line denotes the long-term average
runoff in the reference period. (a) Unscaled results; (b) results scaled by variability
(interquartile range) of absolute changes in river discharge; (c) results scaled by
variability (interquartile range) of relative changes in river discharge. Ranges (light gray)
and interquartile ranges (dark gray) of projected absolute changes (a, b) and projected
relative changes (c) are given below each colored graph.
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5.4. Summary and discussion

The study intercompared the climate impacts on runoff generation and river discharge
across three river basins on three continents using three hydrological models driven by
climate scenarios from five bias-corrected global climate models for four RCPs.

5.4.1. Evaluation and validation of models

The validation of the hydrological models provided good results for river discharge and
high flows (Q)o) in all three basins, and for the median flow (Qsg) and low flow (Qgp) in
the Rhine. However, the validation results for Qso and Qo in the Upper Yellow and the
Upper Niger were weaker, probably due to high seasonality of runoff in these basins. No
one of the three hydrological models outperformed the other two. The evaluation of
climate model outputs in the historical period by comparing simulations driven by climate
models with the observed discharge has shown good agreement.

5.4.2. Robust impacts and uncertainty sources

Regarding the sources of uncertainty in the overall results, we found that the GCM
structure is in most cases the largest source of uncertainty for simulated river flows under
climate change conditions. The projected impacts show best agreement in the Rhine basin,
despite given differences in precipitation projections. Therefore, the robust results in terms
of trend direction and slope and changes in seasonal dynamics could be found for the
Rhine River basin, regardless of which hydrological model or forcing GCM is used.

For the Upper Niger in Africa, having a monsoonal type of climate, scenarios from
climate models are the largest uncertainty source, and therefore clear conclusions on the
projections for the future are difficult to draw. It is evident that, during the rainy season,
with high and intensive precipitation, the driving GCM simulations dominate river runoff
and contribute most to the total uncertainty. However, during the dry season, when
evapotranspiration dominates the hydrological processes, hydrological models clearly
contribute much more to the total uncertainty.

For the Upper Yellow in Asia, both the hydrological models and climate models
contribute to uncertainty in the impacts, though an increase in high flows in future is a
robust result ensured by all three hydrological models. In this basin, also having a
monsoonal type of climate but lower temperatures than in the Niger basin, the snowmelt
processes contribute to runoff, and the highest contribution of the hydrological models to
the total uncertainty occurs at the end of the rainy season and in winter.
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5.4.3. Uncertainty related to RCPs

The uncertainty related to RCPs (also called scenario uncertainty) arises due to
incomplete knowledge about future emissions. For temperature changes, other studies
found an increased contribution of scenario uncertainty to the overall uncertainty for the
second half of the twenty-first century (Yip et al, 2011). Regarding precipitation
projections, Hawkins and Sutton (2011) found that uncertainties are in general
outperformed by climate models, also at the end of the century. The large uncertainty
contribution of climate models for precipitation projections is probably the reason for the
small contribution of RCPs to the overall uncertainty in the present study. Only in the
Rhine do RCPs represent an important “driving” factor, where the more certain projected
trends in temperature are probably more relevant for projected discharges than the
precipitation projections.

5.4.4. Uncertainty related to GCMs

The dominance of GCM-related uncertainty in impact studies is also reported in other
studies (e.g., Kay et al., 2009). This is not surprising, as GCMs are not able yet to
reproduce some variables (like precipitation) due to their coarse resolution and current
model structure describing related processes. Besides, they cannot be calibrated and
validated in the same way against observed data, as is usually done for hydrological
models (see Bloschl and Montanari, 2010, and the related discussion). In addition, GCMs
have more degrees of freedom, as they have to model atmosphere and hydrosphere and all
feedbacks within one model system on the global scale with only greenhouse gas
emissions as a driver, whereas the hydrological models are specialized to simulate
hydrological processes and are usually calibrated and validated for the region of interest.
Also, the hydrological models are very sensitive to climate variability and change, making
the climate boundary conditions as given by climate scenarios even more important.
Summarizing all the results, it can be concluded that providing more robust climate
scenarios is a precondition for obtaining more robust hydrological impacts.

5.4.5. Uncertainty related to hydrological models

It is likely that uncertainty in hydrological models increases with the increase in
complexity of hydrological processes in the studied basins. As a result, the largest
uncertainty related to hydrological models was found for the Upper Yellow River, where
both snowmelt and precipitation are important for the runoff generation. Only a minor
uncertainty related to hydrological models was found for the Upper Niger, where a simple
rainfall-runoff process prevails.
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Looking at the projected long-term average seasonal dynamics, we can see that, in
certain periods of the year, hydrological models contribute almost as much to the total
uncertainty as the driving GCMs. The analysis shows that this is normally the case when
certain processes simulated by the hydrological models dominate the generation of river
runoff, and these processes are simulated differently by three models. During the summer
season in the Rhine basin, for example, the water balance is negative (viz. monthly
evapotranspiration is higher than precipitation). The evapotranspiration is a process
modeled by the hydrological models, and the different approaches implemented in the
three models contribute more to the overall uncertainty whenever evapotranspiration
dominates the water balance. The second period when the contribution of the hydrological
models to the overall uncertainty is relatively high in the Rhine basin is during the late
winter, when snowmelt processes, also simulated by the hydrological models, become
relevant.

It is important, when discussing the contribution of hydrological models to the entire
scenario uncertainty, to compare the processes considered in the hydrological models, and
the complexity of their description. It is often argued that the complex physically based
models ought to be the better choice when performing model projections (Bergstrom,
1991; Abbott and Refsgaard, 1996). However, the more complex models normally need
more parameter input, and problems may occur whenever the additional parameters and
processes are sensitive to changes in the boundary conditions. For example, vegetation
processes are usually considered in the more complex hydrological models (like SWIM),
and parameterized in the simpler hydrological models (like HBV). On the one hand, this
may be advantageous for a more realistic description of evapotranspiration, but, on the
other hand, under climate change and especially under high end scenarios, vegetation
cover may change (i.e., summer to winter crops, coniferous to mixed or deciduous forest,
etc.), and the corresponding adjustment of the vegetation module would be needed.
Another example is water management: it can be implemented during the reference period,
but may become obsolete under climate change conditions, so that for hydrological models
that are considering water management, relevant management scenarios should also be
defined.

In the present study, only three hydrological models have been used. This might
underestimate the overall uncertainty related to hydrological models. A larger number of
models (11) and more river basins (11) will be considered in the second phase of the ISI-
MIP project, allowing for a more detailed intercomparison of climate change impacts.

5.4.6. Uncertainties from different sources: what are the ways to reduce them?
The ideal case would be to improve the description of processes in climate and

hydrological models so that the climate models agree better in the climate trends for one
specific RCP scenario and region, and the hydrological models agree better in impact
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projections. However, climate processes are very complex due to different feedbacks
within the climate system (IPCC, 2007), and some uncertainties will always remain. For
example, looking at the changes in precipitation as outlined in the latest IPCC report
(IPCC, 2013), one can identify regions where most climate models agree in the trend
direction (for example, in the tropics with an increase in precipitation and the sub-tropics
with mostly a decrease in precipitation), but the transition zones will always be subject to
uncertainty, as one cannot expect that all climate models will exactly agree on the
borderline between changes in precipitation and other climate variables. Regarding
hydrological models, more efforts are needed to improve the simulation of different
processes and their performance in complex basins, e.g., those at higher altitudes where
snow and glacier processes are important, and those with human water management
playing an important role in overall water balance.

When accepting the fact that it is not really possible to decrease substantially the range
of uncertainty, one should invest more in analyzing the distribution of uncertainty by
gathering more information (e.g., integrating ensembles of climate and hydrological
models into the impact study). Doing so, conclusions will get a higher explanatory power,
as one will learn more about, e.g., focal points of change and possible outliers, and thus
increase the robustness of the overall results.

Besides, some scientists (Greene et al., 2006; Zhu et al., 2013) recommend a model-
weighting scheme as a feasible approach to reducing uncertainties in climate impact
studies. This method gives large weights to the skillful models and minor weights to the
models that do not match the observed dynamics. The Impact model intercomparison is
still a relatively new field of research (Schewe et al., 2014), and most studies now are
focusing on robust results and the sources of uncertainty in terms of model types and data
processing (climate models, impact models, bias correction). Less attention is paid to the
specific and fundamental processes implemented, and how to improve their description in
the models. Regarding the hydrological part, this concerns mainly the runoff generation
and related processes, including evapotranspiration, vegetation dynamics, snowmelt, etc.
The differences in the description of these processes contribute to the total impact
uncertainty differently over the season and in various regions. In general, our study shows
that the intercomparison of impacts is very important for producing more reliable results of
climate impact assessment for the regions and for reducing fragmentarity of impacts on the
global scale. Besides, the model intercomparison and analysis of results allow finding the
ways to improve climate and impact models and reduce uncertainty for more reliable
impact studies in future.
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Abstract: This study aims to compare impacts of climate change on streamflow in four
large representative African river basins: the Niger, the Upper Blue Nile, the Oubangui and
the Limpopo. We set up the eco-hydrological model SWIM (Soil and Water Integrated
Model) for all four basins individually. The validation of the models for four basins shows
results from adequate to very good, depending on the quality and availability of input
(observed climate, soils, land use, water management) and calibration (discharge) data.

For the climate impact assessment we drive the model with outputs of five bias corrected
Earth System Models of Coupled Model Intercomparison Project Phase 5 (CMIP5) for the
Representative Concentration Pathways (RCPs) 2.6 and 8.5. This climate input is put into
the context of climate trends of the whole African continent and compared to a CMIPS5
ensemble of 19 models in order to test their representativeness. Subsequently, we compare
the trends in mean discharges, seasonality and hydrological extremes in the 21st century.
The uncertainty of results for all basins is high, mainly due to the climate input. Still,
climate change impact is clearly visible for mean discharges but also for extremes in high
and low flows. The uncertainty of the projections is the lowest in the Upper Blue Nile,
where an increase in streamflow is most likely. In the Niger and the Limpopo basins, the
magnitude of trends in both directions is high and has a wide range of uncertainty. In the
Oubangui, impacts are the least significant. Our results confirm partly the findings of
previous continental impact analyses for Africa. However, contradictory to these studies
we find a tendency for increased streamflows in three of the four basins (not for the
Oubangui). Guided by these results, we argue for attention to the possible risks of
increasing high flows in the face of the dominant water scarcity in Africa. In conclusion,
the study shows that impact intercomparisons have added value to the adaptation
discussion and may be used for setting up adaptation plans in the context of a holistic
approach.
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6.1. Introduction

Climate change impacts are commonly assessed on two different scales: the global or
continental scale allows for a general view of the larger context and patterns, whereas
regional studies focus on details, for example flood or drought hazards. By comparing
climate change impacts between different regions, advantages of both approaches can be
combined. This way of bridging these two scales is likely to give new insights into the
characteristics of climate change in the actual regions, but also beyond.

Especially in the African context, this approach could be beneficial where climate
change impacts are very likely to be most severe (Boko et al., 2007), and adaptation
measures will increasingly stand in competition for finance and precedence (NWP, 2011).
Here, regional intercomparison of climate impacts could be beneficial not only
scientifically but also for developing regional adaptation strategies.

On the continental level, there have been several climate impact studies focusing on
water resources in Africa. In a recent study, Faramarzi et al. (2013) modeled the whole
African continent with the SWAT (Soil and Water Assessment Tool) model on a coarse
spatial resolution (1496 subbasins), using five CMIP4 (Coupled Model Intercomparison
Project Phase 4) Global Circulation Models (GCM: HadCM3, PCM, CGCM2, CSIRO2,
ECHAM4). They compared their results to the available literature sources on future
projections of streamflow in Africa, namely De Wit and Stankiewicz (2006) and (Strzepek
and McCluskey (2007), and several projections for smaller regions. They generally found
similar trends in the studies, with decreases in the Sahel region and southern Africa
between 10% and 20% and an increase in Central and Eastern Africa between 10% and
20%, but with significant spatial variability. De Wit and Stankiewicz (2006) defined three
different regimes according to a precipitation threshold for the African continent and
calculated for these three regimes the perennial drainage density as a function of mean
annual rainfall. By using six GCMs (not specified) to assess the projected changes in mean
annual rainfall across Africa, they found that 25% of the continent will be significantly
affected by a decrease in streamflow by the end of this century. Strzepek and McCluskey
(2007) simulated changes in streamflow and soil moisture with a conceptual rainfall-runoff
model called WatBal. It was applied on grids for five CMIP4 models (CSIRO2, HadCM3,
CGCM2, ECHAM, PCM) and the scenarios A2 and B2 across the African continent, and
results were provided by country. A study of Mahe et al. (2013) analyzed observed
streamflow of the past decades in West and Central Africa and found a modification of
seasonal regimes in the Equatorial area and a decrease in the groundwater table in the
tropical humid area of West Africa.

However, no impact studies currently exist that investigate projected change in
hydrological extremes on a regional resolution consistently across the African continent,
that could for the first time enable an intercomparison of the future severity of change and
consequently allow an assessment of the urgency of required adaptations. In this modeling
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study, we attempt to overcome this apparent lack by quantifying the impact of climate
change on the mean river discharge as well as extremes for four major African basins that
cover the main Sub-Saharan climate zones: the Niger, the Upper Blue Nile, the Oubangui
(Upper Congo basin) and the Limpopo. For these basins, we focus on water as the key
resource for development and flood security as well as economic development and
livelihood. Moreover, we applied the most up-to-date knowledge (the model outputs from
CMIPS for the Representative Concentration Pathways, RCPs, Van Vuuren et al., 2011) to
investigate climate impacts in Africa. Therefore, the objectives of the study are 1. to
investigate differences in the sensitivity of modeled annual discharge to climate parameters
between the basins, 2. to study climate impacts on river discharge for four basins in terms
of quantity and seasonality, 3. to explore changes in hydrological extremes (high flow, low
flow) for the four basins, 4. to analyze the uncertainties of the projections, and finally 5. to
identify and discuss the implications for adaptation.

To achieve these objectives, we analyze the output of 19 CMIP5 model with regard to
temperature and precipitation trends. Then, data for five of these climate models which
have been bias corrected by the method of Hempel et al. (2013) are used to drive the eco-
hydrological model SWIM (Soil and Water Integrated Model, Krysanova et al. 1998) for
each basin. In the main part of this study, we compare projections of future discharge
trends for mean discharges as well as for robust indicators of extremes considering 30-year
periods in the first and second halves of the 21st century under the RCPs 2.6 and 8.5.
These quantitative results are interpreted and compared across the four case studies
qualitatively. In a final discussion, we evaluate the potential of such an impact comparison
to contribute to developing an agenda for climate change adaptation.

6.2. Study sites

6.2.1. Hydrology of the basins

The selected basins of the Niger, Upper Blue Nile, Oubangui and Limpopo are
distributed over all Sub-Saharan Africa, in the West, East Center and South (Figure 46). In
addition they cover all climate groups of Sub-Saharan Africa according to the K&ppen
(1936) classification after Strahler (2013). Besides the tropical humid climates (A), dry
climates (B), subtropical climates (C) and highland climates (H) they also cover most of
the climatic types and subtypes of the continent. The hydrological regimes of all four
rivers are characterized by the alternation of dry and wet seasons. However, the diverse
climates, topographical and geological conditions, soils, and vegetation types result in
characteristic hydrological conditions in each of the basins. This can exemplarily be seen
in the broad spectrum of runoff coefficients in the catchments, ranging from about 2% in
the Limpopo catchment to 21% in the Oubangui (Figure 46 and Table 11).
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The Niger River is the longest and largest river of West Africa. Its source is located in
the Guinean highlands, from which the Niger flows in a northern arc through the dry
Sahelian zone until it again enters the wetter tropical region north of the Gulf of Guinea.
Topographically the basin also includes Algeria, but from this northernmost part in the
Central Sahara, no water contributes to the streamflow. Geographically, the Niger basin
spreads over six different large agro-climatic and hydrographic regions. These range from
the Central Sahara with less than 100 mm/yr average annual rainfall to tropical rain forests
in the Guinean zone with more than 1400 mm/yr. Besides this broad range of climates, the
regime of the Niger is substantially influenced by the Inner Niger Delta by delaying the
peak runoff and smoothening the hydrograph. The fluvial regime at the analyzed Lokoja
gauge is mainly shaped by the wetter climate of upstream parts of the basin and the Niger
tributaries, particularly the Benue. However, the influence of the dynamics of the Inner
Niger Delta and the Guinean headwaters is still noticeable (Andersen et al., 2005b; Ogilvie
etal., 2010).

The Oubangui River is a main tributary of the Congo River in the north-east of the
basin. The source of the Oubangui is located in the mountains near Lake Albert. From the
Bangui gauging station the Oubangui still flows 600 km further until it reaches the Congo
River. Its regime follows the rainy season, with highest discharges from August to
December and a total annual rainfall between 1300 mm/yr and 1700 mm/yr. The basin is
dominated by a vast peneplain and only 5% of its area is covered with mountains, mainly
at the eastern and northeastern edges. The Oubangui basin is the least investigated of all
four African basins and data is - even for African conditions — sparse (Shahin, 2006;
Tshimanga and Hughes, 2012; Tshimanga, 2012; Wesselink et al., 1996).

The Upper Blue Nile is the Ethiopian segment of the Blue Nile. After the White Nile,
the Blue Nile is the second longest tributary to the Nile River. It contributes up to 80% of
the mean annual discharge to the Stem Nile. The source of the Blue Nile is Lake Tana and
its tributaries. From Lake Tana, the Blue Nile flows across northwestern Ethiopia through
numerous incised valleys and canyons and crosses the border to Sudan at El Diem. The
major influences on the hydrological regime of the catchment are a distinct topography and
a wide range of climatic conditions. The altitude within the basin ranges from 4050 m a.s.l.
in the Ethiopian highlands to 500 m a.s.l. at the outlet at El Diem. Besides the influence of
this landform, the effects of the summer monsoon determine the climate in the basin.
Annual rainfall ranges from 1077 mm/yr to over 2000 mm/yr in the highlands (Conway
2000).

The Limpopo River originates in Witwatersrand, South Africa, from which it flows in a
northern arc and then enters the Indian Ocean. The hydrology of the Limpopo is
characterized by its location in the transition zone between the intertropical convergence
zone and the tropical dry zone, with additional maritime influence in the east. Its
topography is dominated by plains of higher altitude in the inland and lower coastal plains,
both separated by the Great Escarpment, which runs through the center of the basin from
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north to south. This geographical setting results not only in a typical subtropical intra-
annual, but also a very distinct inter-annual variability of flow (FAO, 2004; Frenken and
Faures, 1997; Murwira and Yachan, 2007).
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Figure 46 Map of the four modeled basins: Niger (a), Upper Blue Nile (b), Oubangui (c),
Limpopo (d).

6.2.2. Human influence on discharge dynamics in the basins

The intensity of human influence on the hydrological processes differs remarkably in
the four basins. The Limpopo River basin is located in an arid to semi-arid region where
water is the critical limiting factor on all development. Water resources including
groundwater are heavily utilized due to the densely populated area and many irrigation
schemes (UN-HABITAT 2007). In order to satisfy the intensive use of water resources, the
Limpopo River is quite developed in terms of storage reservoirs and dams. In the South
African part of the Limpopo basin alone, there are 160 dams classified as large dams in
accordance with the criteria of the International Committee on Large Dams. Among these
160 dams, 15 of them have storage capacities above 100 Mm?, and 34 are between 10 Mm?
and 100 Mm?® (LBPTC, 2010). In addition, there are a lot of mining activities in the
Limpopo River Basin with about 1900 mines over the years (Ashton et al., 2001), and
many of them have extensive impacts on water resources (Ashton et al., 2005).”

However, water management infrastructure does not influence the streamflow
fundamentally on the basin scale. Currently there are only five major reservoirs in the
catchment with volumes over 1000 Mm?, mainly built for irrigation and hydropower:
Selingué (Mali), Kainji, Jebba, Shiroro (all three in Nigeria) and Lagdo (Cameroon). These
influence the streamflow locally and are included in the model. According to Frenken and
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Fauré (1997), there is a large potential for more irrigated agriculture in the Niger Basin,
with an additional 2.8 Mha of natural savannah that could be transformed into cultivated
areas. In recent years, plans for new irrigation schemes as well as for additional reservoirs
have been developed and some are under construction. The Niger is navigable from
Koulikoro in central Mali to Lokoja in Nigeria, mainly in the season of highest discharge
from October to January (Andersen 2005).

In the Upper Blue Nile Basin, water management still plays a moderate role. At the end
of the 1990s, the irrigation potential was estimated by the FAO to be more than 2.2 Mha
(Frenken and Faures 1997). Since then, efforts to exploit this potential have been
moderate. However, over the last decade many efforts have been made for intensification
of irrigated agriculture and other management measures, of which the Grand Ethiopian
Renaissance Dam is the most prominent. After planned completion in 2017, the dam
should store a water volume of 63,000 Mm3 and will serve power generation of 5000 MW
(Salman, 2013). The Upper Blue Nile is not navigable for larger boats (Awulachew et al.,
2007).

In the Oubangui basin, information and data on water management is very sparse. There
are three reservoirs in the headwater part that generate hydropower. The river serves as a
major traffic route for the Central African Republic, though there are reports of insufficient
streamflow for navigation over an increasing period throughout the year (UN, 2009).
Consumption and small-scale irrigation along the river play a minor role and the influence
on the discharge and hydrological regime is small (Vanden Bossche and Bernacsek, 1990).

Table 11 Basin and river characteristics

Niger Upper Blue Nile Oubangui Limpopo
Area in km? 2,156,000 167,000 489,000 413,000
Alt. range in m a.s.l. 0-2961 526 - 4187 341 -2046 0-2326
Mean temp. in °C 28 19 25 21
Mean temp. warmest/ 32 in May / 21 in April/ 26 in March/ 25 in Feb./
coldest month in °C 24 in Jan. 17 in Dec. 24 in Dec. 15 in July
Mean prec. in mm/ a 682 1382 1507 530
Dominant land uses in % forest: 34
cropland: 20 cropland:
cropland: 57 forest: 50
grassland: 18 32
savannah 14 savannah: 30 cropland: 32 savannah:
20
Length of river in km* ~3650 ~800 ~1670 ~1750
Mean annual discharge in mm/a ~170 ~370 ~224 ~13
Runoff coefficient®* ~18% ~17% ~21% ~2%

*Until the relevant gauging stations. Niger: Lokoja, Upper Blue Nile: El Diem, Oubangui: Bangui, Limpopo: Sicacate.

** Amount of precipitation that reaches the outlet.
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6.3. Methodology

6.3.1. Model

All four African basins were modeled using the eco-hydrological model SWIM
(Krysanova et al., 1998). The model was chosen because it is able to reproduce discharge
on the mesoscale on a daily basis with high efficiency and has been used extensively in
many catchments of various sizes all over the world, including in Africa (Koch et al.,
2013a; Liersch et al., 2013). This semi-distributed model is based on the models SWAT
(Arnold et al., 1993) and MATSALU (Krysanova et al., 1989). SWIM is a process-based
model and simulates the dominant eco-hydrological processes such as evapotranspiration,
vegetation growth, runoff generation and river discharge, and also considers feedbacks
among these processes (Krysanova et al., 2005) (Figure 47).
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Figure 47 Structure of the eco-hydrological model SWIM.

SWIM disaggregates a river basin to subbasins and hydrotopes. The subbasins were
delineated on the basis of flow accumulation in a Digital Elevation Model (DEM). The
size of the subbasins usually ranges between 150-1500km?, depending on topography and
the focused precision. In large basins as modeled in this study, the size of the subbasins
derived in the delineation process is a trade between the exactness of the model and its
manageability. The resulting subbasins are then subdivided into hydrotopes, each with
same type of soils and land use class. The daily weather input is interpolated to subbasin
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centroids, and includes mean, minimum and maximum temperature, as well as
precipitation, relative humidity and global radiation. On each hydrotope within a subbasin
the daily weather is added. Subsequently in each of these hydrotopes, the model is
calculating water fluxes and the water balance for the soil column subdivided into several
layers. Its hydrological system includes the soil surface, the root zone of the soil and the
shallow aquifer. The output of each hydrotope is then aggregated at subbasins level, taking
retention into account, and then the routing of lateral fluxes starts. The basin can be
subdivided into subcatchments which can be separately parameterized if discharge data is
available for the outlet of each subcatchment. The model is described in detail in
Krysanova et al. (2000) and (Krysanova et al. (2005). Recent model developments and
extensions that are used in the different basin model projects for this study are described in
the model set-up.

For each African basin, the model has been individually adapted and calibrated with
regard to its geographical and bio-physical settings (see Chapter 6.3.3).

6.3.2. Data

For all four regions, a digital elevation model derived from the Shuttle Radar
Topography Missions with 90 m resolution (Jarvis et al., 2008). Soil parameters were
derived from the Digital Soil Map of the World (FAO et al., 2012). Relevant soil data for
SWIM includes its depth, clay, silt and sand content, bulk density, porosity, available
water capacity, field capacity, and saturated conductivity for each of the soil layers. Land
use data were reclassified from the Global Land Cover (Bartholomé and Belward, 2005).
Land use classes of SWIM include water, settlement, industry, road, cropland, meadow,
pasture, mixed forest, evergreen forest, deciduous forest, wetland, savannah (heather) and
bare soil.

Climatic observations are generally sparse in Africa and very inhomogeneously
distributed over the continent. Therefore, and for better comparability of the results, we
calibrated the model for four basins using a reanalysis climate data set produced within the
EU FP6 WATCH project (Weedon et al., 2011; WFD, 2011). This data contains all
variables required for SWIM on a daily basis on a 0.5°x0.5° grid. Observed river discharge
data from the Global Runoff Data Centre was used to calibrate and validate the model
(Fekete et al., 1999).

For analyzing climate trends we used the output of an ensemble of 19 CMIP5 ESMs. Of
this ensemble, five ESMs (HadGEM2-ES, IPSL-5 CM5A-LR, MIROC-ESM-CHEM,
GFDL-ESM2M, NorESM1-M) outputs were used for driving the hydrological model
(Table 12). The accurate way of choosing the ESMS for the regions would have been a
skill test (see IPCC-TGICA, 2007 and Tshimanga and Hughes, 2012). But as we compare
different regions and have to maintain the same ESMs for the intercomparison we used all
five models which are available in a bias corrected version (Hempel et al., 2013), taking

160



COMPARING IMPACTS OF CLIMATE CHANGE ON STREAMFLOW IN FOUR
LARGE AFRICAN RIVER BASINS

into account that the relative performance of the ESMs in reproducing historical patterns
will be ignored. Instead we added an analysis where we compare the chosen ESMs with
the whole ensemble in order to see their characteristics in terms of precipitation and
temperature (Figure 50 and Figure 51).

The five chosen ESMs have been downscaled using a trend-preserving bias correction
method with the WFD reanalysis data, and have been resampled on a 0.5 x0.5 grid for the
time period 1950-2099 (Hempel et al., 2013). “Representative Concentration Pathways”
(RCP) cover different emission concentrations, and in this study the RCP 2.6 and 8.5
scenarios were used for all 5 ESMs to cover the low and high ends of possible future
climatic projections. The RCP 2.6 corresponds likely to a warming of less than 2°C
increase of global temperature above the pre-industrial level until the end of the century
(Van Vuuren et al., 2011a), and the RCP 8.5 to a likely increase of 3.8—5.7°C (Rogelj et
al., 2012). The trend-preservation in the bias correction can lead to extreme precipitation
corrections in exceptional cases. An example of this can be seen in the case of the IPSL
model in the Upper Blue Nile basin, where the almost rainless October was corrected by a
high factor during the base period. In the future scenarios, this factor resulted in a very
strong increase in precipitation during October, which exceeds the usual peak of the rainy
season in August (see supplementary material, Fig. 2).

Table 12 Earth System Models driving the SWIM model

Model name Institution
HadGEM2-ES Met Office Hadley Centre Earth System Modeling group, England
IPSL-5 CMS5A-LR Institut Pierre-Simon Laplace, France

MIROC-ESM-CHEM  Japan Agency for Marine-Earth Science and Technology,
Atmosphere and Ocean Research Institute, Japan

GFDL-ESM2M Geophysical Fluid Dynamics Laboratory of the National Oceanic
and Atmospheric Administration, USA

NorESMI1-M Norwegian Climate Centre, Norway

6.3.3. Model set-up and calibration

Table 13 summarizes the basic model set-up and calibration information as well as the
results of the validation. The Niger basin is geographically the most heterogeneous of the
four basins and covers the largest area (Table 11). Therefore, the availability of a sufficient
number of discharge gauging stations to cover the heterogeneity of the basins was crucial
for the set-up of the model. The 1,923 subbasins were integrated to form 18
subcatchments, each associated with a gauge at its outlet. These subcatchments were
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calibrated individually in order to adapt the model as closely as possible to the regional
conditions (Appendix Table S 2).

In addition to this heterogeneity the flood plains of the Inner Niger Delta (IND) in Mali
have a significant impact on the flow regime of the Niger River. About 40% percent of the
inflowing water evaporates from the huge floodplain and discharge patterns at the outlet
differ significantly. It is therefore indispensable to incorporate processes such as flooding
and release into the hydrological model in order to account for increased infiltration and
evaporation from the additional water surface. Based on the Digital Elevation Modell,
inundation zones are delineated for each subbasin in the floodplain. Moreover, ponds were
identified where water gets trapped and is not allowed to flow back to the channel system.
It is assumed that if discharge exceeds the water holding capacity of the river at a subbasin
inlet, the surplus flows into the inundation zone(s). This threshold is computed by
multiplying cross-sectional area by flow velocity. At each time step, water is released from
the storages into the downstream subbasin according to the routing scheme. The volume of
water to be released from storage is a linear function of the current storage volume. Areas
(hydrotopes) in the flood plain switch dynamically from water to land phase implementing
different functions for land cover, infiltration, percolation and evapotranspiration. The
SWIM inundation module which is described in detail in Liersch et al. (2013) significantly
improved discharge simulations at the IND outlet. The five largest reservoirs were
included in the model set-up (see 2.2). A reservoir module developed by Koch et al. (2013)
was used for this purpose.

The calibration of the model for the Upper Blue Nile basin was limited to one gauging
station, namely El Diem at the Sudanese-Ethiopian border. For this basin, the quality of
radiation data within the WFD dataset was insufficient when compared with the World
Radiation Data Center (WRDC, 2000) data. Radiation was underestimated, especially
during the rainy season. Therefore, global radiation was estimated for this basin by means
of the latitude as well as minimal and maximal daily temperatures, using the method of
Hargreaves and Samani (1982). Further, the vegetation module was adapted to spatially
varying temperature conditions in the topographically very heterogeneous catchment to
provide more realistic regional vegetation growth. Water management was not
implemented in the model of this basin because the influence of streamflow management
is still negligible.

The Oubangui Basin consists mainly of a peneplain and contains a broad range of
different soil and vegetation types. The model for the catchment was calibrated for the
gauging station Bangui. Precipitation data for the Oubangui basin in the WFD are based on
very sparse climate observation data from the Global Precipitation Climatology Centre’s
precipitation data (GPCC). The interpolation and correction method for precipitation of
WEFD thus produced unrealistically high precipitation values for the Oubangui. Therefore,
WEFD precipitation was replaced by original uncorrected GPCC data for the calibration in
this basin while all other parameters are still from the original WFD (Schneider et al.,
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2013). Another particularity of the Oubangui basin is the almost complete cover by

tropical evergreen forest. As the SWIM vegetation module has not yet been adapted to this

type of vegetation, it was not been simulated in the Oubangui catchment. Instead, Leaf

Area Index and rooting depth were used as additional calibration parameters. Due to the

sparse data, the reservoirs of the Oubangui basin could not be included in the model.

Table 13 Characteristics of basin models and validation results

Niger Upper Blue Oubangui Limpopo
Nile
Number of subbasins 1,923 558 377 2,020
Number of hydrotopes 13,883 1,700 1,734 13,085
Number of included reservoirs 5 0 0 8
Number of included irrigation
0 0 31

schemes

Number of ing stati d
umber ? ga%uglng stations use 18 1 1 5

for calibration
Gauging station(s) used for Sicacate,

calibration/ validation Lokoja® El Diem Bangui Oxenham

Ranch
Calibrati iod 1972-
AHDTAHON perio L~ 1961-1970  1981-1990  1971-1978
1982
NSE" (daily) 0.92 0.81 0.66 0.72,0.73
PBIAS® 8.6 20.9 19.1 11.5,-6.7
Validation period 1983- d
. 1971-1980  1971-1980  1980-1987
1992

NSE" (daily) 0.89 0.63 0.6 0.55
NSE" (monthly) 0.9 0.73 0.63 0.8
PBIAS® 2.1 39 15.7 34

a) In the Niger basin 18 gauging stations have been used for the calibration. For the additional 17 calibration periods and

results see Appendix Table S 2.
b) Nash-Sutcliffe Efficiency.

¢) Percent bias of monthly average.

d) The gauging station Oxenham Ranch was only used for calibration and not validated.

The SWIM model was calibrated for the Limpopo basin using discharge data from the

163



Results

Sicacate gauging station in South Africa and the Botswanian station Oxenham Ranch.
However, the main challenge for the modelling of this basin was a strong effect of human
intervention on the river discharge. Therefore, the largest eight reservoirs were included in
the model with the input data on reservoir capacity and withdrawal amount from the
reservoirs. In addition, 31 intensive irrigation sites with an annual abstraction rate over 6.3
Mm3 were identified and included in the model. Taking into account the annual
abstraction rate, the monthly share of irrigation and the estimated return flow after
irrigation, the daily irrigation demand was calculated for each irrigation site. The irrigation
module of SWIM abstracts the irrigation demand from the specific river reaches as long as
the amount of irrigation water is available in the river.

6.4. Results

6.4.1. Validation of the model

The SWIM model was validated for the gauging stations at the outlets of the four
basins; the results are presented in Figure 48. To quantify the efficiency of the model we
applied the method of Nash and Sutcliffe (1970) (NSE), and percent bias (PBIAS) was
used for evaluation of model error. The validation period was chosen independently from
the calibration period and lasted at least eight years (Table 13). The focus of the calibration
and model set-up for all four basins was to achieve adequate efficiency for streamflow
simulations for daily time steps, for mean as well as high and low flows. The high flows
refer in this context for discharge peaks during the rainy season and low flows as the
minimum discharge during the dry season, and are quantified as Q10 and Q90,
correspondingly.
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Figure 48 Validation of SWIM at the outlets of the four basins. In the top row the
seasonality of monthly runoff rate in validation period and PBIAS, in the middle row the

monthly runoff rate and in the bottom row the daily runoff rate in the validation period,
both with Nash-Sutcliffe Efficiency.

The SWIM model was basically able to reproduce the hydrological characteristics of
each basin reasonably well, with NSE of the monthly runoff rate ranging between 0.63 and
0.9 and the daily runoff rate ranging from 0.55 to 0.89. However, the validation showed
heterogeneous results in terms of the NSE, ranging from adequate in the Oubangui basin
and Limpopo basin to very good in the Niger basin. The model was able to reproduce high
and low flows for the Niger basin well, and in terms of seasonality the results are very
good for both daily and aggregated monthly model output. The Upper Blue Nile basin
shows good results for the modelling of seasonality for daily and monthly output data with
adequate representation of high flows but an overestimation during the low flow. For the
Limpopo basin the difference between daily and monthly runoff rate is high. When
aggregated to monthly time series, the validation shows a slight underestimation of high
flow and overestimation of low flow, but the total efficiency is good. For the daily time
series, some peaks were well modeled but others are missing almost completely. The
model for the Oubangui basin has distinct deficiencies in reproducing high and low flows,
but regarding discharge seasonality the model gives adequate results during the validation
period for monthly and daily data.

6.4.2. Climate trends
Precipitation and temperature are the key drivers for the hydrological regime of rivers,

and climate change has its main impact through changes in these two variables. In Figure
49, we show the mean trends for these two parameters from 2006 until 2100 projected by
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19 CMIP5 models for the whole African continent. Shown are the results for RCP 8.5 in
order to illustrate the most pronounced trends under extreme scenario conditions.
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Figure 49 Mean temperature (left) and precipitation (right) trends over the African
continent for 19 CMIPS models from 2006-2100 for RCP 8.5. For precipitation, an
agreement in trend direction of 80% or more of the models is marked with a dot.

All models agree on a distinct temperature rise over the whole African continent, while
in the tropics much of the additional energy input is converted to latent heat. The highest
increase of 6°C to 7°C, in some parts even up to 8°C, is projected over the already driest
and hottest areas in the Sahara and southern African savannahs and deserts. The
catchments of the Niger and Limpopo are partly located in these zones of the most extreme
temperature increases. The Upper Blue Nile and Oubangui basins are located in regions
with a lower but still very distinct warming trend. Here, temperatures rise between 4°C and
6°C, whereas the coastal zones generally show a lower rise in temperature.

For precipitation, the model agreement is considerably lower. The Niger basin can be
divided into an area with a negative precipitation trend in the headwaters of the river in the
west, and a positive trend in the eastern part. The longitudinal trend intensifies eastwards,
and in the headwaters of the Benue tributary in Cameroon most models agree on a distinct
precipitation increase. The Upper Blue Nile and the Oubangui are located in the inner
tropical belt, where at least 80% of the models agree on the positive precipitation trends.
The precipitation trend for the Limpopo basin is negative, with a high agreement in the
western part of the basin, where most of the rain falls. Here major changes seem most

probable.
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Figure 50 Difference in monthly mean temperature in the far projection period (2070-
2099) relative to the base period (1970-1999) for RCP 8.5 for five bias corrected model
projections (colored lines), the uncorrected ESMs (colored dashed lines) and 14
ENSEMBLE ESMs (grey dashed lines).

For the projection of streamflow we use the bias corrected model output of 5 ESMs
(HadGEM2-ES, IPSL-5 CM5A-LR, MIROC-ESM-CHEM, GFDL-ESM2M, NorESMI-
M). In Figure 50 and Figure 51, temperature and precipitation of these climate runs were
compared to the uncorrected runs and 14 other CMIP5 models in order to display the
influence of the bias correction and where the respective models lie in a larger ensemble,
1.e. if the model is especially dry or wet, warm or cold or in the middle of the whole
ensemble. In Figure 50, the seasonal changes between mean monthly temperatures show a
distinctly homogeneous pattern. In all four basins, the temperature rises between ~3°C and
~6°C. In the basins of the Niger, Oubangui and Upper Blue Nile, all 5 models chosen
project a homogeneous increase throughout the year; Hadley and IPSL outputs are the
most extreme with increases between 5°C and 6°C, GFDL and Nor project a moderate
increase of less than 4°C, and MIROC results are in the middle with the highest variance.
In the Limpopo basin, all models agree on the range of warming between 2.5°C and 6.5°C,
and on the same pattern of warming, most pronounced from August to December. Hadley
and GFDL again show the highest mean annual warming, and GFDL reaches the same
level of warming during the first half of the rainy season from August to December. The
bias correction hardly influenced the temperature. The five selected model outputs cover
the temperature range of the CMIPS5 ensemble in all four basins well.

In Figure 51, we compare monthly precipitation in the same periods for the RCP 8.5.
For the Niger, the range of uncertainty for the five models chosen is very high. It ranges
from ~150 mm/month increase during the rainy season (MIROC model) to 25 mm/month
decrease (GFDL model), which means a range between ~120% and minus ~-20 %.
Compared with the uncorrected model runs, the MIROC model unexpectedly shows a
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distinct increase in trend, caused by the correction (see discussion in 6.5). For the other
models, the correction slightly decreases the means of the monthly trend. During the dry
season from November to March, there is no visible trend in precipitation. The selection of
five models represents the precipitation range of the CMIP5 ensemble well for the Niger
basin though there are deficits between March and June.

The five bias corrected models for the Upper Blue Nile basin all agree on an increasing
trend in precipitation. The increase in the IPSL model of almost 400 mm/month (~100%)
at the end of the rainy season is striking. All other bias corrected models show a slight
increase in precipitation of less than 40 mm/month during the rainy season, which
corresponds to less than 20%. The difference from the uncorrected model runs is minor in
this basin, except for the IPSL run which again unexpectedly shows a distinct increase in
trend as a result of the correction (see discussion in Chapter 6.5.2). During the dry season
from December to May, there is no trend in precipitation (except IPSL). In this basin,
selection of the five corrected climate runs diminishes the range of the whole CMIP5
ensemble particularly from June to September, which should be taken into account when
interpreting the results.

In the Oubangui catchment, the trends of the five CMIP5 models chosen are rather
minor. All models agree on an increasing precipitation trend from ~20 mm/month to ~50
mm/month, which is less than 20% with no obvious pattern. The effects of the bias
corrections are minor for all five models. As the dry season is not significant in this region
and lasts not longer than two months, the precipitation trends are distinct throughout the
entire year. The selection of the five corrected climate runs results in a substantially
reduced range of the whole CMIP5 ensemble, which also reduces the informative value for
the discussion.

Precipitation trends for the five models chosen in the Limpopo basin all agree on a
decrease at the beginning of the rainy season in October. During the main rainy season
from December to March, Hadley and GFDL show an increase of over 50 mm/month,
which corresponds to an increase of over 50%. The other three models show minor
decreases or no trend at all. The correction of the models with the ISI-MIP method results
in less distinct trends for increases as well as for decreases (see discussion in
Chapter 6.5.2). In the Limpopo basin, the dry season lasts from May to November and
during this period there are no trends in precipitation. The selection of five models of the
CMIPS5 ensemble covers the whole range of precipitation trends in the Limpopo basin with
deficits from August to November.

168



COMPARING IMPACTS OF CLIMATE CHANGE ON STREAMFLOW IN FOUR
LARGE AFRICAN RIVER BASINS

600 —

Upper Blue Nile

= =

o [0,)

o (=]
1 I

400 —

200 —

difference in mm/month
w u
(=] o (e}
| L |

=

élso—-

‘;E-100—

£

£

a

=

[

@

£-100

| T T T T T T T FTF 1 & ._.F T & ® I _T_a _}
Jan Mar May Aug Oct Dec Jan Mar May Aug Oct Dec

— GFDL — Hadley — IPSL — MIROC —— Nor 14 CMIP5 ESMs

Figure 51 Difference in monthly precipitation in the far projection period (2070-2099)
relative to the base period (1970-1999) for RCP 8.5 for five bias corrected model
projections (colored lines), the uncorrected ESMs (colored dashed lines) and 14
ENSEMBLE ESMs (grey dashed lines).

6.4.3. Climate sensitivity

Figure 52 illustrates the sensitivity of river discharge to climate variability and change
in the four basins. Shown is the change in percentage for the total precipitation over 12
months beginning with the driest month, against the total discharge during the related
hydrological year. As base values for all five selected climate models runs of RCP 8.5
serve the means of the base period (1970-1999). The anomalies are then plotted for each
year from 2006 until 2099. Additionally, we show the anomalies for the runs with the
reanalysis WFD climate input from 1960-2001. Changes in precipitation are shown in the
range from -50% to 100%, and for discharge from -100% to 200%. Values outside this
range are not shown but are included in the calculation of the fitted local regression,
plotted as a black line.
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Figure 52 Climate sensitivity in the four basins. Change in modeled annual discharge
[percent] per change of precipitation [percent] for 2006-2099 compared to the mean of
base period 1970-1999 for five climate models in RCP 8.5 and WFD. Curve shows fitted
local regression over all values.

The sensitivity varies distinctly from basin to basin. In the Niger basin, an increase in
annual precipitation by 25% results in an increase in modeled discharge by ~90%, and
25% less precipitation causes a decrease in annual discharge of almost 50%. In the Upper
Blue Nile, a 25% increase in precipitation leads to ~50% higher modeled discharge,
whereas a 25% reduction in annual rainfall leads to ~ 25% reduction in discharge. In the
Oubangui, climate sensitivity is least pronounced. Namely, a 25% increase in precipitation
results in less than 30% increase in annual discharge, and a 25% decrease reduces
discharge by ~40%. In the Limpopo basin sensitivity is highest, and already small changes
in the precipitation regime may cause huge effects on the discharge regime. So, a 25%
increase in annual precipitation results in ~125% higher discharge, and a 25% reduction in
precipitation leads to a decrease in discharge of ~40%. In addition, the spread of impacts in
the Limpopo basin is the largest of all four basins.
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The response of discharge to rainfall anomalies for the model runs with the observed
WEFD agrees with the scenario runs in the Niger and the Upper Blue Nile basins. In the
Limpopo basin, the form of the curve corresponds to the scenario values, whereas the
position shifts. This can be explained by the distribution of rainfall that changes in the
scenarios, and rainfall during the dry period becomes more likely (Figure 50). In the
Oubangui basin, the runs with WFD data agree with the scenario runs, though there are
some years with an outlying relation of annual precipitation to discharge. This can be
explained by a temporal concentration of rainfalls and hence an increased runoff
coefficient.

6.4.4. Impact of climate change on discharge and seasonality

Figure 53 shows mean monthly discharge values or their changes, derived from the
daily model output for all 4 basins and 5 models in the different time periods and for both
RCPs. For the base period (1970-1999), the agreement between the simulated discharge
driven by WFD and the five chosen climate models is good for the Niger and Oubangui
(Fig. 8, topmost row), yet there are some differences for the Oubangui. However, for the
Limpopo and Upper Blue Nile basins the results differ more distinctly. Especially in the
Limpopo catchment, only the simulation driven by climate input from one model,
HadGEM2-ES, gives results comparable to that driven by the WFD input. However, with
regard to the small absolute numbers of discharge in the Limpopo basin, these results are
still acceptable.

Regarding the changes in river discharge from the base period to the near (2021-2050)
and far (2070-2099) scenario periods, we focus mainly on the rainy season of each basin
(Figure 53, grey shaded area). The spread between the simulations driven by different
climate models is high for all basins, ranging from strong increase to little or moderate
decrease, depending on basin and climate model (Figure 52, four lower rows).

For the Niger basin the directions of change differ, which corresponds to the location of
the basin in the transition zone of increasing and decreasing precipitation projections of the
whole CMIP5 ensemble (Figure 49). The SWIM model projects changes of monthly
discharge when driven by the climate simulation results of Hadley, Nor, IPSL and GFDL
for both periods and both RCPs, ranging from an increase of up to 50% to a decrease of up
to 50%. The change in discharge produced with the MIROC climate projections is
remarkably higher than that simulated by other climate models. The discharge for the near
and far scenario periods increases by the end of the rainy season by 200% and for the RCP
8.5 in the far period even by 500%.

In the Upper Blue Nile basin, the projections of the SWIM model driven by the five
corrected climate models agree almost completely on positive trends which correspond to
the precipitation trends shown in Figure 49. In the near scenario period, there is a slight
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increase of fluctuations around 0% at the beginning of the rainy season from June to
August for both RCPs. Furthermore, the climate scenarios show an increase at the end of
the rainy season. This holds also for the far scenario period, with a slightly stronger
increase for the RCP 8.5 at the end of the rainy season. The discharge projections driven
by IPSL show the most extreme results, with increases between 50% and 100% and even
300% in October of the far period. According to the results obtained, all models including
IPSL agree on a shift in peak discharge for both RCPs of around one month.

According to Figure 52, the Oubangui River is least sensitive to climate variability.
This is in line with projections, which show the smallest trends out of all four basins, with
the highest increase of discharge up to 60% in the second period for the RCP 8.5. The
projections of the SWIM model driven by the five corrected climate models for both RCPs
range from decreases of 15% to increases up to 20%. However, as the selected climate
models in this case do not represent the whole CMIP5 spectrum very well, the validity of
this information is limited (Figure 51).
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Figure 53 First row: seasonality of monthly discharge for the reference period; second

and third rows: changes in % of discharge between a near scenario period and reference
periods for RCP2.6 and RCP 8.5; fourth and fifth rows: changes in % of discharge
between a far scenario period and reference periods for RCP 2.6 and RCP 8.5. Recent
rainy season as grey shaded area
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In the Limpopo basin with its extremely low runoff coefficient and very high sensitivity
to climate variability (Figure 52), the projected trends are the most extreme of all of the
four basins. However, analyzing the results in percentage, the small amount of discharge in
absolute numbers has to be taken into account, which implies that the annual runoff is still
limited. The GFDL-driven model runs show an increase in discharge during the peak of
the rainy season of ~200% in the near period for both RCPs and in the far period for RCP
2.6. The discharge for RCP 8.5 in the far period increases by 350%. The discharge
projected with IPSL output also increases by ~50% in the near period and in the far period
by 100% for RCP 2.6, and by 200% for RCP 8.5. The model output with Nor climate input
produces no visible trends for both periods and RCPs. The MIROC model driven runs
result in a slightly reduced discharge by ~25% in the near period and RCP 2.6 in the far
period. The projected discharge driven by RCP 8.5 for the far period decreases even up to
50% in the rainy season. The Hadley-driven simulation produces a striking increase in
discharge of ~300% during the peak of the rainy season in February in the near period for
RCP 2.5, and of ~250% for RCP 8.5. For the far period, the increase is even more extreme
in February at ~550% and ~700% for both RCPs.

6.4.5. Changes in extremes

The Q10 value is a robust indicator for high flows and designates a value of river
discharge which is only exceeded 10% of the time. A negative trend in Q10 means a
reduction in flood risk, and a positive trend represents an increase. The results for changes
in Q10 under scenario conditions are presented in Figure 54 for two periods and two
RCPs.

In the Niger catchment, Q10 produced with input from all climate models reflects the
direction of changes in mean discharge. The MIROC-driven outputs show a rise in Q10 to
over 100% in all four cases. The RCP 8.5 scenario for the far period shows the most
extreme increase of over 300%. The outputs driven by all other models show rather
moderate changes in Q10, which correspond roughly to the percentage of change in the
mean discharge during peak flow in the rainy season.

In the Upper Blue Nile basin, the discharge projections for almost all climate models
and both RCPs show an increase from ~10% to ~50%. Only for the RCP 8.5 in the far
period, IPSL-driven output projects an increase in Q10 of 150%.

The scenarios for the Oubangui produce the lowest Q10 trends out of all four basins. An
increase in Q10 is not projected. The GFDL and MIROC-driven results show a decrease in
Q10 of ~15%, and the other outputs fluctuate around 0% for both scenario periods and
both RCPs.

In the Limpopo basin, the patterns of changes identified for the mean discharge also
hold for Q10. The Hadley climate-driven output yields the strongest positive Q10 trend of
almost 250% for RCP 2.6 in the far period. For RCP 8.5 the increase is about 200%. In
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contrast, the increase in the near scenario period is higher for RCP 8.5 at almost 150% than
for RCP 2.6 at ~100%. The projections with GFDL input in the near future are almost the
same for both RCPs at ~75%. For the far period, the trend reduces to 50% in the RCP 2.6
case, and for RCP 8.5 it strengthens to 120%. The IPSL-driven projection shows slight
increases in both periods for RCP 2.6 and a decrease of almost 50% in the near period for
RCP 8.5. This decrease tends to zero in the far period. The MIROC-driven output shows
negative Q10 trends for both RCPs in both periods.
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Figure 54 Change in Q10 (high flows) of five bias corrected model projections in near
(2020-2049, left column) and far (2070-2099, right column) scenario periods compared to
the reference period (1970-1999) for RCP 2.6 (upper row) and RCP 8.5 (lower row) in
percent.

A Q90 value is used for identifying low flows, indicating that 90% of the time the value
is exceeded (Figure 55). If the value shows a negative trend, it implicates that low flow is
further decreasing and river droughts are likely to occur more often.

In the Niger basin, the Q90 trend is mostly positive for both RCPs and both scenario
periods. Only GFDL and IPSL-driven outputs show slight negative trends in the far period,
between 10% and 20%.

In the Upper Blue Nile basin all trends are positive, showing strong increases. The
IPSL-driven simulations again produce extreme results, with increases up to 450% in the
far period for RCP 8.5. The Nor-driven scenarios result in a Q90 increase of ~100% in the
far period for both RCPs and ~50% in the near period for both RCPs. Simulations driven
by all other climate models lead to increased Q90 trends in a range of 40% to 60%.
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In the Oubangui basin, only model runs driven by GFDL and MIROC climate inputs
produce a decrease in Q90. For GFDL, Q90 is reduced by ~25% for both periods and both
RCPs. The MIROC-driven results show a ~20% decrease in Q90 for both RCPs in the near
period, a ~25% decrease for RCP 2.6 in the far period, and almost no trend for RCP 8.5 in
the far period. All other simulations produce trends that fluctuate around 0%.

For the Limpopo catchment, MIROC and IPSL climate inputs lead to negative Q90
trends. In the near period of RCP 2.6 scenario, only the MIROC climate input leads to a
slightly negative trend, whereas for RCP 8.5 the IPSL-driven runs project a decrease of
~15% and MIROC ~30%. In the far future period, the IPSL and MIROC-driven outputs
show a decrease of ~40% to ~50%. Simulations driven by the other 3 climate models
project a positive Q90 trend.

Summarizing the results for changes in extremes, it can be said that the direction of
changes identified for the mean discharge holds mostly also for the high and low flow

extremes.
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Figure 55 Change in Q90 (low flows) of five bias corrected model projections in near
(2020-2049, left column) and far (2070-2099, right column) scenario periods compared to
the reference period (1970-1999) for RCP 2.6 (upper row) and RCP 8.5 (lower row) in
percent.

6.5. Discussion

The following discussion is structured according to the research objectives presented in
the introduction.
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6.5.1. Differences in climate change sensitivity among the basins

First aim was to investigate differences in the sensitivity of modeled annual discharge
to climate parameters between the basins. The response to changes in precipitation is not a
linear process but rather depends on the basin’s characteristics. Figure 52 shows that the
response to changes in annual precipitation is augmented with regard to percent change in
streamflow in all basins.

The relationship between changes in precipitation to changes in discharge is most
extreme in the Limpopo basin, where we also found the highest probability of major
changes to the precipitation regime. This high sensitivity can be explained by the very low
runoff coefficient of the Limpopo basin, which makes the catchment very sensitive to
changes in precipitation (Table 11). Also for the Upper Blue Nile and Niger basins, the
changes in precipitation are likely to intensify the impacts of climate change on discharge
in both directions for both drier and wetter years.

These findings are independent of the projected climate scenarios and their
uncertainties. Hence, climate change will most likely have significant impacts on river
discharge in the Limpopo, even if climate change is more moderate than in other basins
studied.

6.5.2. Changes of streamflow under climate change

Our results related to objective 2. on the seasonality of discharge for the four basins in
the future mainly confirm the results of former studies on streamflow projections in Africa.
Possible decreases in streamflow for the Limpopo, Niger and Oubangui are in the same
range (up to -20% per year, Figure 53) as in the studies discussed in the introduction. For
the Niger basin, the results on increasing streamflow at the downstream part of the river
where the Lokoja gauge is located (Table 14) agrees with the findings of other studies
(Faramarzi et al., 2013; Mahe et al., 2013). The results for the Oubangui basin are also in
line with previous studies, which project varying results with a tendency for decreasing
flow as a mean over all projections (Strzepek and McCluskey, 2007; De Wit and
Stankiewicz, 2006).

However, the increasing discharge produced for the Upper Blue Nile basin by all
climate models and for the Limpopo basin by the majority of the climate projections are
partly contradictory to previous studies’ results (Strzepek and McCluskey, 2007; De Wit
and Stankiewicz, 2006) and also to the African chapter of the Fourth Assessment Report of
the IPCC (AR4) (Boko et al., 2007). Especially for the Upper Blue Nile basin, simulations
driven by all climate input runs chosen resulted in higher annual discharge, on average
even up to 40% for the first half of the 21st century. However, also for the Limpopo basin
where other studies projected decreases in streamflow (De Wit and Stankiewicz, 2006;
Zhu and Ringler, 2012), the multi-model mean of the climate models resulted in an
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increase of mean annual streamflow for both scenario periods with a high agreement for
the first half of the century at RCP 2.6. As both previous studies focused on the continental
scale on a defined grid, it is difficult to compare the outputs directly.

Regarding the differences between RCP 2.6 and 8.5, our findings agree with the
observations of the AR4, which states that the differences between the emission scenarios
mainly take effect in the second half of the 21st century (Solomon et al., 2007). This holds
for all four basins. The projections of increasing streamflow in the basins are especially
remarkable as in all catchments a substantial increase of temperature (Figure 50) and hence
potential evapotranspiration is projected, which would lead under constant rainfall to a
reduction of streamflow. In the Oubangui basin it can be seen exemplarily that the increase
of rainfall in the climate models does not automatically lead to an increase of discharge but
the increase in evapotranspiration leads to a decrease of streamflow despite increasing
rainfall. This is in line with other studies in this basin (Tshimanga and Hughes, 2012).

Table 14 Summary of modeling results.

Change between 2020-2049 and 1970-1999 (RCP 2.6/ 8.5)"

Direction of trend in %" Mean amount of change in %
Mean Q10 Q90 Mean Q10 Q90
Niger 60/ 60 80/ 60 <50/ 60 28/27 32/30 28/26
U. Blue Nile 100/ 100 100/ 100 100/ 80 38/40 56/ 57 18/ 21
Oubangui <50/ <50 <50/ <50 <50/ <50 0/ -2 2/0 -3/-5
Limpopo 80/ 60 80/ <50 80/ 60 34/23 14/ 10 32/31
Change between 2070-2099 and 1970-1999
Direction of trend in % Mean change in %
Mean Q10 Q90 Mean Q10 Q90
Niger 60/ 60 60/ 60 60/ 60 30/ 56 38/ 44 28/ 65
U. Blue Nile 100/ 100 100/100 80/ 80 44/ 81 68/ 132 16/ 41
Oubangui <50/ 80 >50/ 60 <50/ <50 =5/17 —4/12 -9/ -2
Limpopo 60/ 60 60/ 60 60/ 60 48/ 53 16/ -4 51/52

a Changes in annual mean discharge above 5% or under -5% have been counted as positive/negative. Less than 5%
trend was counted as no trend
b Percent values have been calculated by comparing the five corresponding model runs driven by the chosen climate

projections.

6.5.3. Changes in hydrological extremes

Results with regard to research question 3. on changes in hydrological extremes affirm
the occurrence of trends found previously. Concerning flood risk in Africa at the
continental scale or for large regions in Africa, most previous assessments focused on
changing vulnerability (Di Baldassarre et al., 2010; Hastenrath et al., 2010; Mngutyo,
2012; Tschakert et al., 2010) and less on climate change. However, a recent study by Jury,
(2013) found a return to wet conditions throughout Africa in the period 1995-2010 by
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means of trends in monthly river flow records, meteorological reanalysis data, and satellite
observations. This tendency of increasing high flows in the observations matches our
findings in all basins studied except the Oubangui basin (Figure 54, Figure 49). However,
the Oubangui basin modelling has shown a substandard efficiency in terms of high flows
in the PBIAS criteria and the projections of decreasing or stable high flows should be
interpreted carefully. Still the performance of the model in the other basins in terms of
high flows during the validation, especially in the Niger basin and the Upper Blue Nile
basin, was good and the increase of high flows holds especially for the Upper Blue Nile
basin, where simulations driven by all climate models resulted in a distinct increase in high
flows for both RCPs and both scenario periods.

Our study also shows that climate change might play a major role in the increasing risk
of hazardous floods in Africa. For a few model runs, these trends are extreme, especially
for the Limpopo and the Niger. For the Oubangui basin, the model results agree on a
relatively low change in high floods and show discrepancies in the direction of the trend.
As flood risk is caused not only by a higher frequency or amplitude of the hazard itself, but
is also linked to a rising vulnerability in Sub-Saharan Africa, flood hazards should be taken
into account when assessing climate change impacts and adaptation in Africa.

When it comes to low flows, the existing literature agrees mostly on an increase of
frequency and magnitude of river droughts throughout the African continent (e.g. Boko et
al. 2007; Faramarzi et al. 2013). These findings are not always connected to climate
change, but to the increase in water use. As we focus on climate change and neglect
changes in land use, it is difficult to compare the results. However, the mean changes in
Q90 are positive for the Niger basin, Upper Blue Nile basin and Limpopo basin (Table 14).
In regard of the deficiencies in terms of PBIAS during the low flows in the Upper Blue
Nile basin, these results should be interpreted with caution also when looking on relative
changes. In the Limpopo basin, where previous studies mainly agreed on an increase of
hydrological droughts (Zhu and Ringler 2012), our results driven by three of the five
climate model outputs show a positive tendency for the low flow level, which means a
reduced likelihood of riverine droughts (Figure 55). In the Niger basin, where droughts are
also an issue (Oguntunde and Abiodun, 2013), the Q90 trend is mostly positive, and only
results driven by two climate models show slightly negative trends. Only for the Oubangui
basin do the results indicate an increased likelihood of low flows, but with a very high
degree of uncertainty (based on results driven by only two climate models). Hence, taking
climate change into account, our study with the five chosen climate projections does not
support the widespread view of a distinctly higher probability of decreasing low flows for
these regions in Africa.
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6.5.4. Sources of uncertainties

Our research objective 4. focuses on the sources of uncertainty in this climate impact
study. As with the first finding, we see a broad range of projected changes in precipitation
in the five chosen ESMs in each basin, and the associated uncertainties are striking for the
near future but even greater for the far future (Figure 49). In contrast, the analysis shows
that the direction of the temperature trend on the African continent is confirmed by all
CMIPS models; the temperature change in the four basins ranges from 3°C to 6°C until the
end of the century under RCP 8.5 (Figure 50). Hence, the uncertainty in terms of
streamflow, which is largely influenced by both, temperature and precipitation, derives
mainly from uncertainties in precipitation. This uncertainty could not be reduced with the
bias correction method used.

For the Niger, Oubangui and Limpopo there is one climate model for each that
produces outlying results that should be interpreted with particular caution when
discussing the impacts. The MIROC model for the Niger and the IPSL model for the
Upper Blue Nile show outlying increases in discharge, distinctly different from the other
results. These extreme increases can be explained by the extreme increase in precipitation,
produced by the bias correction of the climate output using the method of Hempel et al.
(2013) (Figure 51). “In the Limpopo basin, the extreme discharge resulting from the
simulation driven by the Hadley model can be explained by extremely high rainfall. The
high sensitivity to weather extremes in the Limpopo Basin most often results in the very
high discharge peaks (Table 11; Figure 54). However, in the Limpopo basin not only the
uncertainties originating from the climate models are high but also the performance of the
hydrological model for peak discharges is rather weak (Figure 48).

The uncertainties derived from the climate model runs are propagated in the cascade of
uncertainty to the hydrological model, resulting in the broad range of changes in discharge
for each basin. Here, the intercomparison of model set-ups and validation results among
the four basins confirmed the dependency of model performance on availability and
quality of the input data. With increasing basin size, the data requirements grow, but even
more influential are the basins’ characteristics in terms of heterogeneity and complexity,
including water management, wetlands, etc. Nevertheless, as the performance of the
SWIM model is adequate for all basins, the hydrological model probably plays a minor
role in this uncertainty. This assumption is supported by the small differences between
river discharge amounts simulated with the WFD climate input and the climate models’
input during the reference period. Especially in areas with very low runoff coefficient and
high sensitivity as in the Limpopo basin, the model is very sensitive to climate input and
the requirements for consistent and reliable climate scenarios are very high.
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6.5.5. Implications for adaptation

The final research question takes a broader view and looks at the general suitability of a
regional intercomparison in order to assess adaptation. Compared to literature reviews in
which the comparison of results is usually hampered by the differences between the
applied models, scenario assumptions and periods applied, a regional impact comparison
study as shown here gives more coherent and comparable results. This holds for the mean
changes as well as for the ranges of uncertainty with which they are affected.

As far as adaptation is concerned, we are able to distinguish two types of uncertainty in
our results: in one case, the simulations driven by the climate models agree on the
direction of the trend. This is mostly the case for the Upper Blue Nile basin, where the
trend agreement for the mean, Q10 and Q90 was far higher than in the other catchments
(Table 14). In other cases, they do not even agree on the trend’s direction. For the purposes
of adaptation, the latter case seems to be the most difficult to react to. Regarding an agenda
for adaptation, this might be a factor for decision making where impact comparisons may
be involved. In addition, the magnitude of change for high flows is the highest in the
Upper Blue Nile basin, and additional studies could focus on this particular issue.

In terms of adaptation planning in Africa, there is additional information that can be
derived from the comparison. For all four basins, basin-wide action plans for water
management (and in many of the riparian states, the additional national plans as well) exist
or are in development (Niger: Niger Basin Authority (2007); Upper Blue Nile: Block et al.
(2007); Oubangui: Commission Internationale du Bassin Congo-Oubangui-Sangha,
(2007); Limpopo: UN Habitat et al. (2007). These plans all include adaptation to climate
change in the water sector. However, due to the overwhelming threat of droughts and
water scarcity in many regions of Africa, all of these plans account mainly or solely for
decreasing streamflow and river droughts. In our study, we show that in the Niger, Upper
Blue Nile and Limpopo the risk of high flows will increase. Of course, these results have
to be interpreted carefully, as our projections are driven by five bias corrected climate
models that do not cover the entire range of the whole CMIP5 ensemble (Figure 50), and
uncertainty in the projections is still unavoidable even if the whole ensemble were to be
used. Still, disastrous floods in the past decades in many parts of Africa have shown that
these catastrophes represent one of the main challenges and an increasing threat under
global change in many regions in Africa (e.g. Di Baldassarre and Uhlenbrook, 2012; Di
Baldassarre et al., 2010; Jury, 2013). Our findings support this perception and underpin the
need for broad adaptation strategies, taking projections for future flooding into account.

However, in the face of these high uncertainties deriving mainly from the climate
projections, adaptation is very challenging. Recent studies argue for a “bottom-up”
approach to reduce vulnerability instead of adapting “top-down” on the basis of uncertain
projections (Few et al., 2007; Richardson et al., 2011). Also, with state-of-the-art climate
projections and modeling approaches, these conclusions cannot be disproved and
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uncertainties reduced. Still, a comparison of climate change impacts on river discharge and
their uncertainties, even using a very general and basic approach, may support decision
makers in answering the challenges of climate change.

6.6. Summary and conclusions

The differences between the sensitivities of streamflow regimes to climate variability
among the four basins studied are remarkably large; the Limpopo basin with the lowest
runoff coefficient being the most sensitive. With regard to future changes in quantity and
seasonality of streamflow, we show that the most extreme changes in discharge are likely
to happen in the Upper Blue Nile catchment. Here, all climate model projections result in
increased streamflow and an extension of the streamflow peaks at the beginning and end of
the rainy season. In the Niger and Limpopo basins, the direction of the trend is unclear,
whereas the magnitude of change is large for simulations driven by single climate models.
In contrast, impacts on the Oubangui River are not so significant compared to others, but
still do not all lead in the same direction. In general, this also holds for the extremes. In the
Upper Blue Nile basin, there is a clear picture of increasingly high flows for all model runs
and a reduction of risk for low flows. For the Limpopo and Niger the trends are diverse,
but the majority of runs project increasingly high flows and higher low flows (reduction of
risk for low flows). In the Oubangui, the trend for the extremes is unclear and the
magnitude of changes is less significant.

In terms of uncertainty, our results confirm that the most uncertainty in regional impact
studies derives from climate models, even if the input is bias corrected. In our case, an
improvement in the regional hydrological model’s performance seems unlikely to diminish
uncertainties in streamflow projections substantially, due to the huge range of uncertainty
deriving from the climate models’ projections. In order to identify and quantify the whole
cascade of uncertainty, communication between regional impact modelers and regional
climate modelers should be intensified. Particularly the efforts toward improvement of bias
correction methods of the climate model outputs should be strengthened.

These broad uncertainty ranges, in which the probabilities of trend directions are in
some cases even equally distributed, are of little use for planning actual adaptation
measures. Moreover, it should be noted that only five bias corrected ESMs were applied in
our study, and a larger number of climate projections would most likely have resulted in an
even broader range of uncertainty (Figure 50). However, some robust trends still can be
detected:

*The direction of trends for the Upper Blue Nile basin is almost uniform, and our results
clearly suggest an increase in discharge and high flows. This strongly indicates that water
management in this region should adapt to a longer and more intense rainy season and
more intense and frequent flooding in the future.
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*The agreement of the projections on increasingly high flows in three of the four
regions (except the Oubangui) is remarkable. It agrees with many studies on increased
flood frequency and amplitude in past decades in many rivers (e.g. Di Baldassarre and
Uhlenbrook, 2012; Di Baldassarre et al., 2010; Jury, 2013). Adaptation efforts in Africa
should consider this threat, even if water scarcity is still the main challenge in most of the
African regions.

For the Niger and the Limpopo, the diversity of projected trends in average runoff
suggests a need for implementation of a wider range of possible adaptation measures. In
both cases, our results imply that the focus of adaptation strategies should be broad and
include a general reduction of vulnerability of the riverine population. In the Oubangui
basin, the trends are unclear and more moderate, which would imply a lower priority level
for climate change adaptation for this catchment.

Still, the results should be interpreted carefully, not only because the uncertainties are
remarkably high. For very large basins such as the Niger, future studies should also
consider the main sub-regions in order to be able to compare impacts for different climate
zones. In addition, detailed future studies for planning adaptation strategies have to
consider the need for development of flood protection measures.
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Abstract: This study assesses future flood risk in the Niger River basin considering for the
first time simultaneously the effects of projected climate change and land use changes. For
this purpose, an eco-hydrological process-based model (SWIM) was set-up and validated
for past climate and land-use dynamics for the entire Niger basin. Model runs for future
flood risks were driven with an ensemble of 18 climate models, 13 of them dynamically
downscaled from the CORDEX Africa project and 5 of them statistically downscaled
Earth System Models. Two climate (Representative Concentration Pathways 4.5 and 8.5)
and two land use change scenarios (Harmonized Global Land Use scenarios 4.5 and 8.5
(Hurtt et al., 2011)) were used to cover a broad range of potential developments in the
region. Two flood indicators (annual 90™ percentile and the 20-year return flood) were
used to assess the future flood risk for four sub-catchments of the Niger basin, representing
the Upper, the Middle and the Lower Niger as well as the Benue region. The modelling
results show generally increases of flood magnitudes when comparing a scenario period in
the near future (2021-2050) with a base period of 1976-2005. Land use effects are more
uncertain but trends and relative changes for the different catchments of the Niger basin
seem robust. The dry areas of the Sahelian and Sudanian region of the basin show a
particularly high sensitivity against climatic and land use changes, with a partly alarming
increase of flood magnitudes. A scenario with continuing transformation of natural
vegetation into agricultural land and urbanization intensifies the flood risk in all parts of
the Niger basin while a “regreening” scenario can reduce flood magnitudes to some extent.
Yet, land use change effects were smaller when compared relatively to the effects of
climate change. In the face of the already existing adaptation deficit to catastrophic
flooding in the region, the authors argue for a mix of adaptation but also mitigation efforts
in order to reduce the flood risk in the Niger River basin.
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Projected changes in flood magnitudes in the Niger River Basin between a near future
period (2021-2050) and the base period (1976-2005), modelled with an eco-hydrological
model (SWIM) and driven with 18 Regional Climate projections. The results of a limited
emission (RCP 4.5) (top left) and a high emission (RCP 8.5) (top right) scenario are
depicted as medians of 18 runs for each sub-region as arrow, with red for increasing and
green for decreasing trends. The angles of the arrows are relative to the highest increase
(Middle Niger limited emission: +30.4% 2 90°). For land use and land cover changes a
regreening scenario (bottom left) and a businesses as usual scenario (bottom right) with
strong agricultural expansion are depicted as changes from the mean of both climate
scenarios. The angles of the arrows are relative to the highest decrease (Middle Niger
regreening: -21.2% 2 -90°). This means, that in the Middle Niger, the increase of the
climate scenarios is reduced by 21.2% under a regreening scenario and raised by 14.9%
(14.9% 263.3°) in a business as usual scenario with agricultural intensification.

Highlights:

e Modelling suggests increased floods of the Niger for future climate and land-use

Dry areas of the Sahelian and Sudanian region show a particularly high sensitivity
Projections for climate and land-use change result in diametrical impacts

Modelled land-use change effects were smaller than climatic effects
Ecohydrological modelling is a valuable tool to disentangle the impacts and drivers

Keywords: Niger, Floods, Land use change, Climate Change, eco-hydrological modelling,

Cordex
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7.1. Introduction

Catastrophic flooding in the Niger River Basin (NRB) is increasingly perceived as a
major threat, affecting people in the order of magnitudes of millions (Aich et al., 2014b;
Tarhule, 2005; Tschakert et al., 2010). Simultaneous increasing vulnerability, population
growth and discharges in absolute terms were identified as reasons for this enlarged flood
risk (e.g. Aich et al., 2014a; Descroix et al., 2012; Di Baldassarre et al., 2010). A study of
Jury (2013) for the entire Sub-Saharan African region found a general return to wetter
conditions, when looking on streamflows during the last decades, including the Niger
River. More specifically for the Niger River, Tarhule et al., (2015) found increasing flows
in all parts since the extremely dry period of the 1970s and 1980s. However, for most
regions of the NRB, the water levels do not reach the levels that have been observed before
this dry period (e.g. Paturel et al., 2003). Hydrological projections for the West African
region have recently been reviewed by Roudier et al. (2014). For the NRB, they found a
tendency for increasing river flows with a mean increase among all studies above 5 %,
however, with a strong variability and a strong spatial heterogeneity. Roudier et al. (2014)
concluded that there is a general agreement on the high vulnerability to climate change for
this region. However this vulnerability analysis lacks of projections of future floods. In
addition, they state that there is an urgent need to take into account the other factors
influencing runoff, especially water and land use changes, in order to acquire a more
comprehensive flood risk assessment. Especially for the drier parts of the basin, in the
Sahelian Zone, Amogu et al. (2010) and Descroix et al. (2013) and Séguis et al. (2004)
identified Land Use Land Cover (LULC) change as the main driver of the increasing flood
magnitudes. To assess these past changes, Aich et al. (2015) used a modelling attribution
approach to quantify the share of LULC change and climatic variability on the recent flood
increases and concluded that LULC and climatic changes have approximately equal shares
on the flood increase. Future flood projections for the NRB should therefore include both
drivers, climate and LULC, in order to support the elaboration of sound flood mitigation
and adaptation strategies.

The study intends to assess this research gap by addressing the research question on
how will flood magnitudes in the Niger basin evolve under the influence of expected
climatic changes and LULC changes? In order to answer this question, projected changes
in LULC and climate dynamics are analyzed first, and based on these scenarios, a process-
based, ecohydrological model is employed to assess future high flows. For the climate and
LULC projections, respectively, two specific scenarios were selected: one ‘optimistic’
scenario, which is based on a globally limited Green House Gas (GHG) emissions
(Representative Concentration Pathways (RCP) 4.5) and conservational land management;
and the ‘pessimistic’ scenario (RCP 8.5), which assumes business as usual, with increasing
emissions, economically focused land management and further expansion of agricultural
land. Due to the huge extent and the diversity of the study area, four different example
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regions of the Niger basin are analyzed (Figure 56). The projections concentrate on the
near-future period of 2021-2050, because of its specific relevance for adaption measures.
In particular, the near future period considered for the analysis corresponds approximately
to the occurrence of +2 °C global warming with respect to the pre-industrial period. The
+2 °C global warming is still considered a critical guidance for mitigation strategies, in
order to avoid the most severe socio-economic impacts of climate change. The results are

being discussed and interpreted, taking into account the uncertainties. Finally, implications
for the management of future flood risks in the NRB are discussed.
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Figure 56: Overview map with four focus sub-regions and land use and land cover of
2005.

7.2. Materials and Methods
7.2.1. Study area
The NRB in West Africa covers an area of approximately 2,156,000 km?, of which only

approximately 1,270,000 km? contribute to the river discharge (Figure 56). Guinea, Ivory
Coast, Mali, Burkina Faso, Benin, Niger, Chad, Cameroon and Nigeria fall within this
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active basin. These countries are members of the Niger Basin Authority (NBA), an
intergovernmental body which coordinates the management and development of the Niger
Basin water resources, including the development and implementation of a joint flood
policy.

The basin comprises sub-regions with very different hydrographic and/or climatic
conditions: The Upper, the Middle and the Lower Niger Basins (UNB, MNB, LNB), the
Benue and the Niger Delta all have individual topographic and drainage characteristics.
This study focuses on exemplary catchments in all sub-regions but the Delta (Table 15).
Discharge data of individual catchments in the LNB was not available for the study. The
drainage area of the analyzed gauge Lokoja in the LNB comprises the other sub-regions. In
the UNB, headwaters of the Niger arise on low-altitude plateaus with annual precipitation
of up to over 1,500 mm (all precipitation magnitudes derived from Hijmans et al. 2005).
These headwaters flow into the Inner Niger Delta (IND), a vast wetland. The catchment
until the gauging station Koulikoro (approximately 120,800 km?) has been selected to
represent the discharge in the UNB.

The MNB is the driest sub-region of the NRB and ranges from the IND to the border of
Nigeria, including the Sahel and the northern part of the Sudan zone of the basin. The
climate is arid to semiarid with strongly annually varying precipitation, ranging from
average 300 mm in the North to 1,000 mm in the South. Most of the inflow in this area
comes from the plateaus of the Right-Bank sub-basins. The basin of the Sirba River until
the gauging station Garbe-Kourou (approximately 39,000 km?) was selected as a sample
catchment for this sub-region.

The LNB ranges from the Nigerian border to the confluence of the Niger and the Benue
at Lokoja. The climate in this region is wetter than in the MNB with average precipitation
between 1,000 mm and 1,500 mm. Although the Benue River also influences it, the station
of Lokoja has been selected to represent this sub-basin, because there was no other
gauging station available for this section of the Niger basin. This region has an extent of
approximately 289,900 km? without the Benue basin.

The basin of the Benue in the East of the Niger basin is the largest tributary in terms of
discharge. Its headwaters are on the north slope of the Adamawa Plateau in Cameroon and
the annual precipitation ranges from 750 mm in the North to over 1,500 mm in the South.
For this basin, the station Ibi was selected with an approximate drainage area of
264,000 km?.

Finally the Niger discharges into the Gulf of Guinea forming the Niger Delta, which is
not part of this study. The Niger basin is described in more detail in Andersen et al. 2005.
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Table 15: Hydrological parameters for catchments. Values for precipitation are derived
from the PGFv2 dataset and discharges are modelled outputs using the same climate
input, bot during the base period (1976-2005).

Koulikoro Garbe-Kourou Lower Niger Ibi catchment
catchment (UNB) catchment (MNB) Basin (Benue)
Average annual 5,577 (with Inflow
1,177 46 2,039
discharge in m*/s from other areas)
Average annual rainfall
. 1,439 556 975 1,177
in mm
Area in km? 120,821 39,038 289,941 263,962
NA: Inflow from
Runoff coefficient 21 % 6 % 20 %

other areas

7.2.2. Data

7.2.2.1. Climate Data

In West-Africa, meteo-station data is rare and the spatial coverage coarse. Hence,
reanalyzed climate data from the second version of the Global Meteorological Forcing
Dataset for land surface modeling of Princeton University (PGFv2) (Sheffield et al., 2006)
has been used for the calibration and validation of the eco-hydrological model. It contains
all relevant climatic forcing parameters of the model on a 0.5°x0.5° grid and on a daily
basis (mean, maximum and minimum temperature, humidity, precipitation, short wave
downwelling radiation (rsds, after the standard naming adopted in climate model output)).
The performance of this data set has been tested by interpolating and comparing it to
observed station data by Aich et al. (2015) for the MNB and showed in general satisfying
results. In order to check the suitability of PGFv2 for all four sub-regions and to estimate
the uncertainty, it was compared to other reanalysis datasets (Figure 57). Annual
precipitation, mean temperature and rsds have therefore been analyzed from the WATCH
Forcing Data 20th Century (WATCH): 1950-2001 (Weedon et al., 2011), from the
WATCH-Forcing-Data-ERA-Interim (WFDEI): 1979-2012 (Weedon et al., 2014) and
from the reanalysis data set of from the Global Soil Wetness Project Phase 3 (GSWP3):
1950-2010 (Kim, 2014). The comparison showed generally a strong agreement of all
datasets for all regions beside exceptions for the heavy precipitation (Figure 57,
Supplementary material ). Heavy precipitation is higher for PGFv2 and WATCH
compared to GSWP3 and WFDEI. Another exception is rsds of the WATCH data-set,
which is between 300 W/m? and 500 W/m? lower than for the other three data-sets in three
of the four regions. Only in the MNB, WATCH is on the same level as PGFv2.
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Koulikoro subbasin (Upper Niger basin)
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Figure 57: Annual precipitation, mean temperature and mean short wave downwelling
radiation for the Koulikoro catchment in the Upper Niger Basin with four reanalysis
datasets (PGFv2: 1950-2012, GSWP3: 1950-2010, WATCH: 1950-2001, WFDEI: 1979-
2012), and climate scenarios for the base and the future period of five ISIMIP models and
13 CORDEX Africa GCM-RCM combinations for RCP 4.5 and RCP 8.5.

In order to have a broad spectrum of climate scenarios, dynamically and statistically
downscaled climate models have been applied in the study (Table 16). Five Earth System
Models (ESM) from the Coupled Model Intercomparison Project Phase 5 (CMIP-5),
available in a bias corrected version, have been selected as statistically downscaled
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models. Since they have been provided in the context of the Inter-Sectoral Impact Model
Intercomparison Project, this ensemble is further on referred to as ISIMIP. The five chosen
ESMs have been resampled on a 0.5°x0.5° grid and have been downscaled using a trend-
preserving bias correction method to the WATCH reanalysis data (Hempel et al., 2013).
Since the WATCH data set has been used for the bias-correction and showed significantly
lower rsds values than the PGFv2 data-set for most of the region, also the bias-corrected
ESMs show this deviation (Figure 57). Therefore rsds of the statistically downscaled
climate scenarios have been neglected and instead, rsds was calculated applying the
method of Hargreaves and Samani (1982). This led to similar radiation values compared to
the other data-sets. These statistically ISIMIP models have been used for several impact
studies in Africa and also the NRB (e.g. Aich et al., 2014; Vetter et al., 2015)

As dynamically downscaled climate scenarios, 13 ESM-Regional Climate Model
(RCM) combinations from the Coordinated Regional Downscaling Experiment for Africa
(CORDEX Africa) have been applied (Hewitson et al., 2012; Jones et al., 2011). This data
is available on a 0.5°x0.5° grid with all necessary parameters. This data is regularly used
for regional impact studies in Africa. Validations for their performance in West Africa,
show a general capability of all models to simulate the basic regional climate system
(Andersson et al., 2014; Kim et al., 2013; Nikulin et al., 2012). Nevertheless, rsds data for
these climate model simulations are problematic. The values for rsds of the CORDEX runs
show a strong bias compared to the reanalysis data. Some models are higher and some are
lower and none is in the same magnitude then the reanalysis. Bias-correction of the
parameters is an option, but it produces significant and strongly dis-homogeneous
distortion of the climate signal produced by each model simulation. Therefore, we choose
the raw climate model data as an input to the hydrological model. As a consequence we

will need to explicitly discuss the range of uncertainties related to this modeling strategy
(Chapter 7.4.1).

For the statistically as well as for the dynamically downscaled climate simulations, two
different

RCPs have been applied: RCP 4.5 and RCP 8.5. Differently from the projections
described in the previous Special Report on Emission Scenarios (SRES) (Nakicenovic and
Swart, 2000), RCPs do not imply a unique framework for evaluating the impact of socio-
economic assumptions such as population growth, economic development and technology.
Instead, each RCP is the result of a different set of modelling assumption such that the
scenarios are not directly comparable. However, they have been defined in order to span a
significant range of radiative forcing scenarios. Each RCP is named after the level of
additional radiative forcing achieved by 2100, with respect to the pre-industrial value. For
example, the RCP 4.5 adopted in this study corresponds to a low stabilization scenario,
whereby in 2100 the radiative forcing is 4.5 W above the pre-industrial level. On the other

200



FLOOD PROJECTIONS FOR THE NIGER RIVER BASIN CONSIDERING
FUTURE LAND USE AND CLIMATE CHANGE

hand, the RCP 8.5 corresponds to a high end stabilization scenario, mainly driven by a
sustained population growth, whereby in 2100 the radiative forcing is 8.5 W above the pre-
industrial level. The RCP 4.5 corresponds likely to a warming between 1.1 °C to 2.6 °C
increase of global temperature above the pre-industrial level until the end of this century
and the RCP 8.5 to a likely increase of 2.6 °C to 4.8 °C (IPCC, 2013).

In order to check the ability of the climate models to reproduce the climate, that leads to
the typical discharge regime for each catchment, the modelled annual regime driven with
the historical simulations of the CORDEX Africa and the ISIMIP models have been
compared with a run driven be the reanalysis PGVf2 (see supplementary ). Some of the
climate models did not result in satisfactory discharges or even show completely wrong
patterns. However, since the estimation of uncertainties is clearer if the same amount of
model runs are used for all regions and relative changes are analyzed in the study, all runs

were taken into account.

Table 16: Overview on the climate models used in the study.

ESMs RCMs
CNRM-CERFACS-CNRM-CM5 CLMcom-CCLM4-8-17
CNRM-CERFACS-CNRM-CM5 SMHI-RCA4

ICHEC-EC-EARTH CLMcom-CCLM4-8-17
ICHEC-EC-EARTH DMI-HIRHAMS5
ICHEC-EC-EARTH KNMI-RACMO22T
ICHEC-EC-EARTH SMHI-RCA4
EQRD MPI-M-MPI-ESM-LR CLMcom-CCLM4-8-17
MPI-M-MPI-ESM-LR SMHI-RCA4
CCCma-CanESM2 SMHI-RCA4
NOAA-GFDL-GFDL-ESM2M SMHI-RCA4
IPSL-IPSL-CM5A-MR SMHI-RCA4
MIROC-MIROC5 SMHI-RCA4
NCC-NorESM1-M SMHI-RCA4
GFDL-ESM2M -
HadGEM2-ES -
ISIMIP IPSL-CMSALR -
MIROCESM-CHEM -
NorESM1-M -

7.2.2.2. Discharge Data

The observed daily discharges from 22 monitoring stations (Figure 56) were used to
calibrate and validate the model. The observations are part of the Niger-HYCOS
monitoring network, managed by the NBA, which consists of daily water-level readings as
well as accompanying rating curves to compute discharge at these locations (Niger Basin
Authority, 2008). The time periods of available data differs from gauge to gauge and used
periods read from Table 17.
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Table 17: Calibration and validation results for daily values.

Calibration Validation
Gauging Stations Subregion
Period NSE PBIAS Period NSE PBIAS
Onitsha (Niger) Niger Delta 1970-1980 0.93 11 1959-1966  0.92 12.5
Lokoja (Niger) Lower Niger 1965-1975 0.93 3.6 1957-1964  0.87 15.1
Umaisha (Benue) Benue 1981-1991 0.89 13.7 - - -
Ibi (Benue) Benue 1981-1991 0.7 28.8 1992-2008  0.75 -3.1
Garoua (Benue) Benue 1953-1963 0.68 12.7 1964-1970  0.76 -1.8
Ria (Benue) Benue 1958-1968 0.64 -3.5 1951-1957  0.59 -5.8
Yidére Bodé (Niger)  Middle Niger 1993-2003 0.59 24 1984-1992 0.74 10.2
Malanville (Niger) Middle Niger 1974-1984 0.66 16.9 1966-1973  0.74 43
Niamey (Niger) Middle Niger 1974-1984 0.82 9.3 1966-1973  0.65 9.1
Garbe-Kourou . .
. Middle Niger 1981-1991 0.73 14.5 1973-1980  0.18 52.2
(Sirba)
Alcongui (Goroul) Middle Niger 1976-1986 0.25 -50.7 1968-1975  0.39 -20.1
Ansongo (Niger) Middle Niger 1974-1984 0.84 -1.4 1966-1973  0.58 -14.1
Diré (Niger) Middle Niger 1974-1984 0.87 -10 1966-1973  0.72 -14.1
Douna (Bani) Upper Niger 1965-1975 0.92 1957-1964  0.96 0.5
Pankourou (Bago¢) Upper Niger 1964-1974 0.91 -4.3 1956-1963  0.92 -1
Bougouni (Baoulé) Upper Niger 1969-1979 0.88 14.7 1961-1968  0.84 -12.7
Koulikoro (Niger) Upper Niger 1964-1974 0.94 4 1956-1963  0.93 9.2
Selingué (Sankarani)  Upper Niger 1972-1982 0.9 2.1 1964-1971  0.85 3.9
Baro (Milo) Upper Niger 1962-1972 0.82 -6.5 1954-1961  0.83 4.9
Kouroussa (Niger) Upper Niger 1965-1975 0.87 -3.5 1957-1964  0.76 19.5

7.2.2.3. Land Use and Land Cover Change Data

The only available LULC change dataset for the study region, which provides
information on past LULC changes and consistent scenarios on future LULC changes is
currently provided by the Land Use Harmonization project (Hurtt et al., 2011). For this
dataset, historical LULC change reconstructions have been harmonized with different
future scenarios on a global basis and served as basis for the ESMs of the fifth Assessment
Report of the Intergovernmental Panel on Climate Change (IPCC). Historical LULC
information for the period 1500-2005 is reconstructed using the model HYDE (Klein
Goldewijk et al., 2010, 2011). It contains information on areal changes of cropland,
pasture and urban land at a 0.5° x 0.5° resolution on an annual basis. The reconstruction is
based on satellite maps when available and for the more distant past by combining
information on population density, soil suitability, distance to rivers or lakes, slopes, and
specific biomes. For each of the grid points information for the respective percentage of
crop, pasture and urban land is provided.
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The future scenarios are based on different storylines which are related to the RCP
emission scenarios. For this study we used, accordingly to the climate scenarios, the LULC
scenarios of the RCPs 4.5 and 8.5, from now on called LULC 4.5 and LULC 8.5.
LULC 4.5 was modelled with the Global Change Assessment Model (GCAM) (Kim et al.,
20006). It is a stabilization scenario, assuming the preservation of large stocks of terrestrial
carbon in forests and an overall expansion of non-cultivated area throughout the 21%
century. LULC 8.5 was modelled using the MESSAGE model (Riahi et al., 2007). This
scenario assumes a strong increase in cultivated land while other natural vegetation
decreases.

This data on past and future LULC changes, is however not detailed enough for the
meso-scale eco-hydrological model and it does not include further information on non-
agricultural LULC. Therefore, the LULC information has been generated via combining
the above-mentioned LULC data with a detailed Global Land Cover database for the year
2000 (GLC2000) (Bartholomé and Belward, 2005). The process is described in detail in
Aich et al. (2015) and is therefore just explained in summary here. GLC2000 has 27 land
classes and a spatial resolution of 1/112°, which corresponds to 1 km at the equator. It is
based on remote sensing data and includes a detailed legend. The GLC2000 classes
occurring in the research area have been transformed to the classes of the ecohydrological
model (Figure 56). The LULC change information was added to the base map on the sub-
basin level of the model, and existing land classes changed accordingly. The land classes
of water, wetlands, sandy/stony desert and bare rock have been kept constant as in the year
2000. When pasture, crop and/or urban land increase in a sub-basin, other natural
vegetation land classes like savannah or forest are proportionally reduced in the respective
subbasin. If crop, pasture and/or urban land decrease, the land classes of the natural
vegetation increase proportionally. By that means LULC maps have been generated for the
base-period from 1950 until 2005 and two scenarios from 2005 until 2050 in 5-year time
steps.

Crop types were derived from a data set for West African crops (Ramankutty, 2004).
The four main types in the region are millet, sorghum, cowpea and rice. For every sub-
basin, the same crop type has been used for the whole period, according to the dominant
crop in the sub-basin.

7.2.2.4. Soil and Topographic Data

Information on the soils used by the model was derived from the Digital Soil Map of
the World (FAO et al., 2012). Relevant parameters for the model include depth, clay, silt
and sand content, bulk density, porosity, available water capacity, field capacity, and
saturated conductivity for each of the soil layers. The sub-basins were delineated using the
topographic information of the Digital Elevation Model derived from the Shuttle Radar
Topography Missions at a 90 m resolution (Jarvis et al., 2008).
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7.2.3. Ecohydrological Model and Model Set-Up

The ecohydrological Soil and Water Integrated Model (SWIM) is a process-based and
spatially semi-distributed model of intermediate complexity for river basins. It integrates
hydrological processes and vegetation growth at the basin scale on a daily time step.
SWIM was developed based on the Soil and Water Assessment Tool (SWAT) (Arnold et
al., 1993) and MATSALU (Krysanova et al., 1989) as a tool for climate and land use
change impact assessment from intermediate to large river basins. The SWIM model
disaggregates a river basin in sub-basins which then again are subdivided into hydrotopes.
The sub-basins are delineated on the basis of flow accumulation in a Digital Elevation
Model. The hydrotopes are created by overlaying the sub-basin with land use and soil
maps. They represent the spatial units used to simulate all water flows in the soil as well as
vegetation growth, based on the principle of similarity (i.e. assuming that units that have
the same land use and soil types behave hydrologically similarly). Potential
evapotranspiration is calculated using the method of Turc-Ivanov (Wendling and Schellin,
1986). If rsds is not available or has a strong bias, the estimation method of Hargreaves
and Samani (1982) is used, which is based on the latitude and daily minimum and
maximum temperatures. The simulation of the vegetation (Figure 56), including arable
land, is based on the Environmental Policy Integrated Climate (EPIC) approach (Williams
et al., 1983) and similar to SWAT. In the SWIM model, vegetation effects on hydrological
processes include the cover-specific retention coefficient, impacting surface runoff and
influencing the amount of transpiration. Transpiration is simulated as a function of
potential evapotranspiration and leaf area index. A more detailed description of SWIM’s
representation of hydrological processes is given in Huang et al. (2013).

To account for specific characteristics of tropical land, land use types parametrization is
derived from SWAT’s newest parameter setting (ArcSWAT, 2012). This includes LULC
types like savannah and rangeland, specifically parametrized for the African context with
an uncertainty framework of which the optimum parameters have been used in this study
(Schuol et al., 2008b). These parameter settings have been widely used for LULC change
studies in Africa (e.g. Andersson et al., 2013; Awotwi et al., 2014; Baker and Miller, 2013;
Bossa et al., 2012a, 2012b). Cornelissen et al., (2013) tested different hydrological models
for LULC change studies in West Africa and stated that SWAT is suitable for assessing
LULC change. Due to the similarity of the modelling approaches, this statement is
assumed to hold also for the SWIM model.

The model has recently been used in several studies for the Niger basin or parts of the
basin to assess climate impacts (Aich et al., 2014a; Liersch et al., 2013; Vetter et al., 2014)
but also the effects of land use and LULC changes on hydrology (Aich et al., 2015).

For this study, the model has been set up for the entire NRB. The Niger model is based
on 1,152 sub-basins with areas ranging from approximately 50 to 28,500km? with smaller
sub-basins in areas with higher altitudinal differences and large sub-basins in flat areas, for
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example in the inactive desert zones of the basin. Since the flooding process in the IND is
not part of the study, the routing of water between the major inflows at Bani and Koulikoro
to the outlet at Diré is represented by the inflow-outflow relation, including storage and
evapotranspiration on the flooded area as power law modified from Zwarts (2010).

Aflood — ;4 (Qindb) (20)

AT!o0d is the inundated area, Q"% the combined inflow from Douna and Koulikoro and
a and b are dimensionless factors. The evapotranspiration Et™® over the flooded area is
calculated using the potential evapotranspiration EtP°:

Etind = Aflood 4 Etpot (21)

The daily change in the water storage of the flood plain dS™¢ is:
dsind — —(k " Stlﬁcll) + Qinflow _ Etind (22)
k is a factor that controls the daily outflow of the water storage S"¢ of the day
before, Q"Y°" as added daily inflow from Douna and Koulikoro the actual
evapotranspiration is subtracted. The daily outflow of the IND at Diré QP¢ is finally

calculated with the new value of the storage S/™¢
gind _ gind 4 ggind (23)
QDiré =k« Slénd (24)

The factors a = 35.0, b = 0.874 and k = 0.0072 have been set using the the Model
independent Parameter Estimation software package (PEST) (Doherty, 2005), which uses
the mean square error between the observed and the simulated discharge as objective
function.

In regard of infrastructure, six reservoirs are represented in the model via the reservoir
module developed by Koch et al. 2013 (Table 18).

Table 18 Reservoirs of the Niger River Basin included in the model.

Reservoir Country Year Max. capacity in mio
m3
Selingué Mali 1982 2,135
Kainji Nigeria 1968 15,000
Jeeba Nigeria 1984 3,880
Shiroro Nigeria 1990 7,000
Lagdo Cameroon 1982 7,800

LULC changes for the past and the future are represented in the model with changes
each five years, using the dynamic land use change module as described in detail by Aich
et al. 2015. It changes the land classes at any frequency or given point in time, while
keeping the instantaneous balance of water and other modelled fluxes constant during the
change, for example soil water content. This means that the number and the areas of
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hydrotopes within a sub-basin can change and new hydrotopes can appear or existing ones
disappear.

7.2.4. Indicators and statistics

In order to assess catastrophic flooding, besides the hazard, also the vulnerability of
people and their goods should be considered. However, thresholds for catastrophic
flooding or damage functions are not available for the NRB and the relation between high
flows and catastrophic flooding has not been clarified yet. In this study, we used two
different indicators to assess flooding: the 90™ percentile of annual discharges, which is a
robust indicator for high flows and additional the 20-year return period floods, which
indicate more extreme floods with a higher likelihood of causing catastrophic flooding.
Still, these measures are no direct pointer for catastrophic flooding, but indicators. The
terms “flood”, “high flow” and “peak flow” are consequently related to the annual flood,
not to catastrophic flooding.

As indicator for an increase in flood magnitude, the 20-year return period flood (RP20)
and the 90™ percentile of the daily discharge (Q10) are used. The RP20 was calculated on
the basis of General Extreme Value (GEV) distributions (Coles et al., 2001) of the annual
maximum discharges. The GEV method has been widely used for assessing flood risks
(e.g. Huang et al.,, 2012) The distribution has been fitted to the annual maximum
discharges using the “fevd” function of the “extRemes” package (Gilleland, 2012) and the
20-year return period has been identified using the “return-level” function of the same
package for the R statistical software (R Core Team, 2013). A 20-year flood is a rarer
event for which the uncertainty is higher than for example for annual return intervals. The
Q10 value is a more robust indicator for high flows and used commonly for assessing
changes in high flows and flood risk (e.g. Aich et al., 2014b; Vetter et al., 2014). It
designates a value of river discharge which is only exceeded 10 % of the time. A negative
trend in Q10 implies a reduction in flood magnitude, and a positive trend an increase.
When interpreted together, these indicators can also add additional information about the
characteristics of the flood behavior, in order to get an indication whether the distribution
or frequency of flood events change. For example would a decrease in Q10 accompanied
by an increase in RP20 indicate a general decrease of common annual high flows but
accompanied by an increase of more rare extreme floods. This would imply a change of
the flood distribution to a distribution curve with a longer tail.

Heavy precipitation is analyzed as 95™ percentile of days above 1 mm precipitation.
This is a standard indicator for precipitation extremes and for example used by the
European Union (EEA, 2014).

In order to quantify the model efficiency, the Nash Sutcliff Efficiency (NSE) (Nash and
Sutcliffe, 1970), and the percent bias (PBIAS) have been used. The NSE is calculated
using simulated (Qg;,,) and observed (Q,s)discharge.
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2?:1(Qobs - Qsim)2
?:1(Qobs - @)2

The NSE is a value in the range from —oo to 1, with NSE = 1 implying perfect model

NSE =1 25)

performance, NSE = 0 implying that the model is performing as good as the observed
average as a predictor and NSE < 0 implying that the choice of the model is increasingly
questionable since the residual variance is larger than the observed variance. The PBIAS
indicates the over- or underestimation of discharge during the calibration or validation
period as a percentage. For the evaluation of the NSE and PBIAS the terminology of
Moriasi and Arnold (2007) is used. The terminology is commonly applied to monthly
values, however, in this study to daily values (for NSE: very good: 0.75-1.0, good:
0.65-0.75, satisfactory: 0.5-0.65, unsatisfactory: < 0.5; for PBIAS: very good: < |10],
good: |10]-|15], satisfactory: |15]-|25]|, unsatisfactory: > |25]).

7.2.5. Calibration and Validation of the Model

Dynamic implementation of LULC scenarios are a challenge for eco-hydrological
modeling in regard of process representation and hence also their calibration — a problem
which is being built up by to the data scarcity in West Africa. The calibration procedure,
including a sensitivity analysis, is explained in more detail in Aich et al. (2015). The focus
of the calibration was the accurate representation of daily streamflow regimes with a focus
on high flows, in order to achieve a good representation of floods. The main parameters for
the calibration were related to groundwater, river routing, saturated conductivity and
potential evapotranspiration. Since the study area are is very large for a mesoscale
modeling framework and the climatic and geographic conditions are very heterogenic, the
model was calibrated independently for 22 different catchments, where discharge data
were available (see chapter 7.2.2.2). The catchments in the model have been calibrated
using PEST (Doherty, 2005). After the automatic calibration, the result for the respective
subcatchment were checked visually with focus on the performance during high flows and,
if necessary, recalibrated with narrower value band for the parameters. During the
calibration, the LULC dynamics and the effect of the reservoirs was taken into account in
order to calibrate the model as closely as possible to the real conditions. The calibrated
parameters are static and do not change within a catchment and over time in order to avoid
overfitting.

The calibration period of the model was chosen according to data availability of at least
11 consecutive years, if available (ranges of calibration and validation periods as given in
Table 17). If more than 11 years were available, a period was selected, which included
years with distinctly high and low flows, in order to account for different climatic
conditions. The validation period was selected as 8-year period before the calibration, if
available. For stations with limited and/or erratic data availability, other periods with more
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data have been used for the validation, which can be exemplarily seen for the station Ibi
(Figure 58). The results of the calibration and validation are shown in Table 17.

To quantify the efficiency of the model, the commonly used measures NSE and PBIAS
were applied (see Chapter 7.2.4). The results for the calibration and validation differ for
the sub-regions of the catchment. In the Upper and Lower Niger Basin (LNB, UNB) as
well as for the Benue and the Niger Delta, calibration results were mostly very good or at
least good with NSE values between 0.64 and 0.94 and PBIAS with the poorest value 28.8
and best -2.1. The validation in these regions showed generally comparable efficiency with
NSE ranging from 0.59 to 0.96 and PBIAS 19.5 and 0.5. For the Middle Niger Basin
(MNB) the model showed distinctly lower efficiency with NSE for the calibration of 0.25
and 0.87 and PBIAS between -50.7 and -7.4. The validation values were slightly lower
with NSE ranging from 0.18 to 0.74 and PBIAS 52.2 to 4.3. This regional differences for
the calibration efficiency was already observed in Aich et al. (2015) and other modelling
studies like Schuol et al. (2008a, 2008b), showing monthly NSE for the UNB, the LNB,
and the Benue mainly between 0.0 and 0.7 and between -1.0 to 0 in the MNB.

The mean efficiency for the whole basin for the calibration is a NSE of 0.78 and PBIAS
of 2.4 and for the validation a NSE of 0.74 and PBIAS of 2.7. Besides the gauging stations
of Alcongui and Garbe-Kourou in the MNB, the calibration and validation results were at
least satisfactory.

The results for the stations which are analyzed in this study are depicted in Figure 58.
Since absolute numbers of discharge are not analyzed in this study but only relative
changes, NSE is more meaningful than PBIAS. The NSE was at least good for all stations
during calibration and validation with the exception of the validation of the station Garbe-
Kourou. The poor model performance for this station is similar in the study of Aich et al.
(2015) and discussed in detail there. Possible reasons might be deficient discharge
observations, deficient climatic forcing, incorrect or inexact land-use, the higher sensitivity
to wrong data due to the high runoff-coefficient in dry areas and/or other deficits in the
model structure, e.g., for the representation of the groundwater or other runoff flowpaths. This
source of uncertainty for the analysis of the Garbe-Kourou catchment, but also for the other
catchments, is taken into account in the discussion (see Chapter 7.4).
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Figure 58: Calibration and validation results (daily values) for the stations analyzed in
the study.

7.3. Results

7.3.1. Assessment of future climate projections in the Niger Basin

The historical simulations of the CORDEX Africa models have been evaluated against
station data by Kim et al. (2013) and Nikulin et al. (2012). They stated that in general all
RCMs provide a reasonable description of the observed climatology and, that the
multimodal ensemble outperformed the individual models. They recommended especially
for impact studies, to evaluate the performance of the models individually for each region
and all relevant parameters in order to assess the uncertainty. This exercise has been
conducted for all climate models and the case of the Koulikoro catchment (UNB) is
reported as an example, (Figure 57, other regions in the Supplementary material: Figs S1-
S3). The four regions in the Niger show generally the same patterns when compared to
reanalysis data. The mean for all CORDEX models for annual precipitation is similar to
the reanalysis data in all four regions. The strong variability of annual precipitation seems
to be reflected by most of the models. The mean for heavy precipitation is in the same
range as the GSWP3 and WFDEI reanalysis products, however the values of PGFv2 and
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WATCH are higher and for the LNB and the Ibi catchment (Benue) the range of the
CORDEX model does not cover the values of these two data sets. For temperature, the
mean of the 13 RCMs is lower than the reanalysis data. The range for rsds is interestingly
divided in two groups, of which one (RCMs: RCA4, HIRHAMS, RCA4) is above the
reanalysis products and the other (RCM: CCLM4-8-17) is below or on the same level as
the WATCH data set. In all four regions, the temperature increase between 2006 and 2050
is around 2 °C, with RCP 8.5 scenarios slightly warmer than RCP 4.5. The projections for
RCP 4.5 are slightly below RCP 8.5. For rsds, there is no trend.

The results for the ISMIP models, also shown in Figure 57, are closer to the reanalysis
during the base period. For annual precipitation, temperature and rsds the tested
parameters the band of the five models is narrowly around the WATCH data set, which
has been used for the bias correction (see chapter 7.2.2.1). Heavy precipitation is, however,
below the values of WATCH and rather on the level of the CORDEX simulations. For the
scenario period, the climate change signal is similar to the CORDEX simulations.
Temperature increase is approximately 2 °C until 2050, while rsds remains constant.

The changes in precipitation and heavy precipitation are shown separately in Figure 59
for the CORDEX runs and for the ISIMIP models in more detail. For all regions the
medians for annual mean precipitation are between 2 % and 6 % higher during the scenario
period (2021-2050) compared to the base period (1976-2005). The model medians for
heavy precipitation are distinctly higher with values in the UNB, LNB and Benue between
approximately 5 % and 10 % and in the MNB even 10 % and above. The values for
RCP 8.5 are in all cases at least slightly higher than for RCP 4.5, in the MNB even distinct
higher.

Koulikoro subcatchment (UNB ~ Garbe-Kourou subcatchment (M| Lower Niger Basin Ibi subcatchment (Benue)
50 5 ! 50 - g 50 ! 50 }
B rePas i . i |

¢ 40 -RcPES5 | 40 - ' 40 i . 40
£ 30 : 30 I 30 A LE 30 -
g : G T b '
2 204 . ! . 204 ¢ S - 204 ) 20 - !
2 ] it o H b ! i [ -— 1 e
g 101 0 i 10—- . :m—. kT 104 — gl T
a [ ' [ [ i
'_'z D______.:___rh_:_g..?"_ D_____..;___rh_:-___r___ D_.._____g:____—‘_—__;-l_ — D___E___—‘_—__:.—_-_
O ] + ] 1 ] R 5= | LI b
= ! sty i i e !

-10 : -10 4 L -10 L -10 4

-20 4_Heavy prec. !Annual prec. | -20 4_Heavy prec, |Annual prec. | -20 +_Heavy prec. |Annual prec. | -20 +_Heavy prec. !Annual prec.

Figure 59: Relative changes of heavy (95" percentile of days >1 mm) and annual mean
precipitation for all 18 climate models and scenarios RCP 4.5 (green) and RCP 8.5 (red)
between a base period (1976-2005) and the scenario period (2022-2050).

7.3.2. Assessment of future land use and land cover changes in the Niger Basin

According to the reconstruction of Hurtt et al. (2011), the main LULC in the NRB for
the period from 1950 until 2005 were a strong increase in cropland and pasture (Figure 60
and Figure 61). Pasture increased mainly in the Sahel zone and cropland further South, in
the Sudanian zone and the Benue. Urban areas did not significantly increase. The main
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increase in pasture happened from 1950 to 1960 with increases in the UNB from
approximately 37 % to 42 %, in the Garbe-Kourou catchment (MNB) from approximately
20 % to 23 %, in the LNB from approximately 40 % to 45 % and in the Ibi catchment
(Benue) from 30 % to 35 %. The changes after 1960 until 2005 were rather small or the
area of pasture stayed constant. For cropland, the changes differ more distinctly within the
basin with the strongest changes in the MNB and LNB from approximately 20 % to 35 %
respectively 18 % to 30 %. In the UNB there is almost no cropland during the whole
period and in the Benue, it increases from approximately 17 % to 20 %. Urbanization stays
low, under 1 % during the whole historical period for all sub-regions.

The ‘optimistic’ LULC 4.5 regreening scenario predicts a stabilization of LULC in the
Niger basin from 2005 onwards with decreases of croplands and pastures in the Guinean
Highlands, the Niger Delta and of cropland in the Sahelian/Sudanian zone. In the UNB,
this scenario is thought to result in a reduction of pasture from approximately 42 % to
20 %. In the other sub-regions, the areal coverage of pasture is assumed to remain
approximately constant from 2005 onwards. Cropland would decrease in all sub-regions
between approximately 2 % and 5 %. The urban areas are assumed to stay almost constant
as in 2005 or decrease even.

The business as usual scenario LULC 8.5 would lead to an increase of crop and pasture
almost in the entire basin south of the Sahara desert and is assumed to result in a strong
urbanization in the now already densely populated areas of the basin, mainly in the Delta
(starting in the north around the area of Lokoja) and the right-bank tributaries in the MNB.
The historic trend of cropland would continue until 2050 with an increase of
approximately 10 percentage points in the MNB and LNB and 5 percentage points in the
UNB and Benue. Urbanization is thought to increase distinctly in the MNB by
approximately 5 %. In the other catchments, the urbanized areas would grow slower to
approximately 1.5 % in the LNB and 0.5 % in the UNB and Benue.
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7.3.3. Assessment of future flood projections in the Niger Basin

In general, most modeling scenarios show a consistent increase of high flows (Q10) for
the scenario period of 2021-2050 in comparison to the base period of 1976-2005 (Figure 7)
for any climate or LULC scenarios (with the only exceptions of the “regreening* scenario
LULC 4.5 at Ibi and Lokoja). The model results give a slightly smaller increase of high
flows for the RCP 8.5 scenarios in comparison to the optimistic RCP 4.5 climate scenarios.

At the same time, the modelling results show an opposed trend for the LULC scenarios:
a larger increase of high flows for the “business as usual” LULC 8.5 scenarios in
comparison to the “regreening” scenarios: the “regreening” LULC 4.5 scenarios show only
a slight increase of high flows for Koulikoro and Garbe-Kourou and a decrease of high
flows for Ibi and Lokoja (in comparison to the base period).

The mean annual flow for the period of 2021-2050 increases under the scenario with
constant LULC as of 2005 and for the “business as usual” scenario and decreases for the
“regreening scenario” in comparison to the base period of 1976-2005 for all four regions.
Similar to the high flows, the mean discharges are slightly reduced under climate scenario
RCP 8.5 compared to 4.5, but to a smaller degree than at the high flows.

Koulikoro is the only station, where the LULC 4.5 scenario leads to almost similar
results compared to the constant LULC scenario as of 2005. The relative changes between
the scenario and the base period of the medians for the flood indicators for all LULC
scenarios are between +1 % and 12 %. For the Garbe-Kourou catchment shows two main
deviations from the results of the other catchments. It shows the most extreme increases
and the differences between the LULC as well as the RCP scenarios are very distinct. The
medians of the flood indicators Q10 change for all LULC scenarios between +15 % and
+44 % for RCP 4.5 and between -5 % and +37 % for RCP 8.5. At Ibi and at Lokoja, the
regreening scenario leads to a slight decrease of high flows; for the constant LULC
scenario, the medians stay almost stable and for the LULC 8.5 scenario there is an increase
up to 15 %.

In regard of the spread of the different driving climate models, the interquartile ranges
of the boxplots of Koulikoro, Ibi and Lokoja are similar, between approximately 15 and 50
percentage points. For Garbe-Kourou, the range is slightly larger, particularly for the Q10
indicator with over 50 percentage points. There is no visible systematic difference between
the constant and the two LULC scenarios. This holds also for the two climate scenarios.
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Figure 62 Boxplots for relative change (in %) for the 9™ percentile of annual discharges
(Q10) and the mean annual discharge in the four study catchments, for the different land
management scenarios (LULC 4.5, constant LULC of 2005, and LULC 8.5) and different
climate scenarios (RCP 4.5 and RCP 8.5). Differences are given between the scenario
period (2021-2050) and the base period (1976-2005). Note that outliers are not depicted. A
figure with outliers is in the supplementary material (Fig S 3).

The relative changes of the 20-year return period floods (RP20) are given in Figure 63
to assess the potential impacts on more extreme floods. In general, their relative changes
show the same pattern as the ones for the Q10 indicators above. Only for the Koulikoro
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and the Garbe-Kourou catchment, there was a distinct systematic difference between the
Q10 indicator and RP20 indicator visible for RCP 4.5. In these catchments, the RP20
increases significantly stronger than the Q10 indicator for constant LULC and scenario 8.5
in Koulikoro and 4.5 for Garbe-Kourou. Interestingly, there are even reductions for the
medians of RCP 8.5 at Garbe-Kourou. In general there is no overall pattern visible. The
lack of significant differences between Q10 and RP20 shows a rather stable statistical
distribution of discharges, which seems to change mainly linear, thus confirms the findings
of a non-stationary General Extreme Value distribution analysis on annual maximum
discharges presented by Aich et al. (2014a).
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Figure 63 Boxplots for relative change (in %) for the 20“‘-year flood in the four study
catchments, for the different land management scenarios (LULC 4.5, constant LULC of
2005, and LULC 8.5) and different climate scenarios (RCP 4.5 and RCP 8.5). The
medians of the90™ percentile of annual discharges (Q10) are depicted as dotted line.
Differences are given between the scenario period (2021-2050) and the base period (1976-
2005). Note that outliers are not depicted. A figure with outliers is in the supplementary
material.

7.4. Discussion

7.4.1. Uncertainty

The cascade of uncertainty in this study is characteristic for impact studies and arises
from different assumptions and limitations in the modelling chain (Beven and
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Romanowicz, 2005; Jones, n.d.; Rodriguez-Rincon et al., 2015; Willgoose et al., 1991).
The uncertainty of the projections starts with the assumption of the RCPs for GHG
emissions and respective LULC. For each, climate and LULC, two rather opposed but
plausible scenarios have been selected in order to cover a broad range of societal
pathways. Regarding climate, the differences between both RCPS are not distinct during
the study period until 2050, which confirms other climate studies in the region (e.g. Aich
et al., 2014b). In regard of LULC changes, the scenarios differ substantially in the
assumptions and also in the impacts. In addition, only scenario information on changes in
cropland, pasture and urban land are available. Other potential relevant changes like
population increase in rural areas, degeneration of natural vegetation, the effects of sealing,
changes of flow paths etc. are not taken into account in this study. Therefore already at this
stage of the uncertainty cascade it is obvious, that the study can only provide limited
absolute quantitative information on future flood trends.

The uncertainty coming from the different climate models is the next level of the
cascade. One can differentiate between the general performance of the models to represent
the climate system and the regional trends they project when simulating climate change
scenarios. The general performance of the models in the regions seems low, when
comparing the river regimes driven with the historical simulations of the climate models
(Supplementary material Figure S 24). In particular the climate models’ performance on
temperature and rsds is rather weak and a specific test on the influence of the parameters in
regard of river flow is still missing. Concerning climatic trends, the model agreement on
temperature increase is very robust. For precipitation, most models agree in an increase of
annual precipitation and heavy precipitation. The increase in precipitation can be explained
physically with higher temperatures carrying more water and more convection and
confirms former studies in the region, summarized by Roudier et al. (2014). Therefore an
increase in precipitation seems plausible. Still, the observed natural decadal variability in
the region is enormous as seen for example during the Sahel drought during the 1970s and
1980s (e.g. Paturel et al., 2003). The effects and characteristics of the natural variability
are still not sufficiently understood. On the short and intermediate term until the end of the
study period 2050, natural variability might therefore counter the projected increase in
precipitation. The sensitivity is probably highest in the drier areas of the NRB due to the
low runoff-coefficient as shown in Aich et al. (2014b). This is confirmed in the analysis
with the highest model spread for the Garbe-Kourou catchment. Here, the impacts deriving
from the climate models are not only strongest in this regions but also most uncertain.

The next step on the cascade of uncertainty derives from the hydrological model itself.
The validation showed good results and Vetter et al., (2014) showed that in this region the
share of the hydrological models on the overall uncertainty is rather low, when compared
to climate model uncertainty. However large uncertainties stem from the lack of
observations that would be required to calibrate key model parameters like overland or
groundwater flows. For different smaller regions, other studies confirm our modelling
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results of the catchment. Ramier et al. (2009) measured the water balances of millet
croplands and savannah in the Sahelian part of the NRB. They found increased
groundwater and reduced evapotranspiration for the millet compared to the savannah. This
confirms the modelling results of increasing discharges when LULC is changing from
savannah to cropland. The same trend was also found by Favreau et al. (2009). Aich et al.
(2015) compared trends of annual maximum discharges in the Sahel region using
modelling with and without LULC changes. For cropland, results showed similar flood
trend directions and approximately similar trend magnitudes as observed, when taking into
account LULC changes. In case of turning savannah into pasture, the trend direction was
still correct but the magnitude much smaller than observed. In regard of changes in forest
cover as for example in the Upper Niger Basin, there is no literature available to the
authors. Other studies like Awotwi et al. (2014) and Cornelissen et al. (2013) found a more
generally suitability of the model parameterization for the area (see Chapter 7.2.3).
Therefore we generally assume that the model is capable of reproducing the correct effects
of the LULC change processes (that are reflected in the model code). However, the
absolute magnitude is uncertain and other relevant processes might be missing. Feedbacks
of ecohydrological LULC processes, for example soil property changes like infiltration
rates and friction factor are yet missing in the model. This implies a careful interpretation
of the results in regard of LULC change effects and the magnitudes should only be
interpreted relatively among the different parts of the catchment and not as absolute
projections for the changes.

Finally, the certainty of different results of this study has to be estimated individually.
The projections without LULC changes seem robust in the face of solid results during the
validation and at least for all catchments beside Garbe-Kourou, also rather small IQR,
showing the same direction (increase). The tendencies for the LULC processes seem
robust as well, however, the magnitudes are uncertain and many effects that might be
connected with LULC processes are not represented in the modelling chain.

7.4.2. Flood trends

The results imply mostly an increase in flood magnitudes in the different regions of the
Niger basin. These findings complete and confirm the overall picture of a return to wet
conditions in West Africa, as found by Tarhule et al. (2015), Aich et al. (2014b), Jury
(2013) and Roudier et al. (2014). Divergent to our approach, in a modelling study by
Hirabayashi et al. (2013), global climate models of RCP 8.5 were used to drive a global
river routing model without considering land-use change. They found a decrease of the
return-period for a projected 100-year flood for most of the model runs for the Niger basin.
Their findings do not contradict our findings, since the climate scenario RCP 8.5 and
constant LULC as of 2005 in our simulations also led to a decrease of flood magnitude
near the outlet of the Niger basin at Lokoja for most of models. However, this does not

217



Discussion

hold for other climate and LULC scenarios and especially not for other subregions within
the basin, which underlines the need and importance for detailed regional studies.

When looking more detailed into the results, interestingly the LULC and the climate
scenarios which actually are related (LULC 4.5 with RCP 4.5 and LULC 8.5 with RCP
8.5) point in opposite directions. Whereas the “regreening” scenario LULC 4.5 generally
reduces flood magnitudes, the related climate scenario RCP 4.5 leads to an increase in
heavy precipitation and flood risk (Figure 62). The opposite is true for the “pessimistic”
scenarios, with a substantial flood increase under the LULC scenario 8.5 and general
reductions of flood magnitudes under the related climate scenario RCP 8.5. Still, the
results imply that the climatic influence will be stronger than the effect of LULC changes.
Even with a constant LULC as of 2005, for all regions an increase of the flood magnitude
is projected under RCP 4.5 and most runs of RCP 8.5 in accordance to the precipitation
and particularly heavy precipitation projections (Figure 59). These increases are likely
related to the rise of temperature under climate change and the associated increase in
humidity due to the higher water holding capacity of air and increased convection in the
atmosphere (Miiller and Pfister, 2011; O’Gorman and Schneider, 2009; Trenberth, 2011).
The generally lower values for mean precipitation and mean annual flow also support this
hypothesis. The increase in evapotranspiration due to the high temperatures counter this
effect, especially under the warmer climate scenario RCP 8.5, where high flows are
projected to be more stable under climate change. The study showed, that the combined
effects of LULC and climatic changes will have a very significant influence on the flood
risk particularly in the drier subregions, due to the high hydrological sensitivity which
comes with low runoff-coefficients. The Sahelian and Sudanian areas of the MNB, are
therefore especially vulnerable to increasing flood risk, which has already be observed
during the last decade (Aich et al., 2014b).

Another interesting subregional finding is related to the “regreening” scenario LULC
4.5. The mean discharge decreases even stronger by approximately 20 % than high flows
in the Koulikoro catchment. This might be an effect of the afforestation measures of
former cropland and pasture areas in this catchment (Figure 56). This effect is also
reported by Wahren et al. (2012), who found that peak flows are less reduced by
afforestation when soils are already wet, which applies regularly for the rainy season in the
Guinean Highlands. In contrast, high flows increase less than mean flows in the Ibi
catchment, which might be explained similarly to the afforestation effect in the Koulikoro
catchment. The forest cover in the Ibi catchment (Figure 56) led to high mean annual
evapotranspiration (low discharge) with still rather high levels of high flows. In the LULC
8.5 scenario, the forest cover is replaced by cropland and pasture. This leads to a stronger
increase in mean flows than high flows. This means, that afforestation in forests can lead
to a decrease in mean annual discharge via increased evapotranspiration, whilst high flows
are reduced distinctly less.
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7.4.3. Managment implications

Already the increasing flood risk due to climate change, without considering LULC,
implies a strong need to react. The recent hydro-climatic conditions in the NRB and the
relative magnitudes of floods are already leading regularly to catastrophic floods (Aich et
al., 2014b; Tarhule, 2005; Tschakert et al., 2010). This means, that the societies of the
riverine nations along the Niger are not adapted to the situation. In addition the results
seem robust and the uncertainty deriving from the climate models in regard of an
increasing trend of flood magnitudes in the near future is low. In the face of an existing
adaptation deficit on the current situation, this increase in flood magnitude will likely
aggravate the current situation in regard of flood risk.

Most of the different scenarios led to an increase of flood magnitude, also the optimistic
climate and LULC scenario. This means that an increase of flood risk is likely, under the
given uncertainty, even if globally strong efforts are undertaken to reduce GHG emissions.
Therefore, quick action is necessary in the NRB in order to prevent further loss of lives
and damage to goods and the developing economies. Flood adaptation has to be an integral
component of infrastructure planning, settlement policy, public awareness and
development plans. Furthermore, effective early warning systems should be implemented
in the basin. Infrastructural measures like reservoirs, dams etc. should be considered in the
most flood prone areas and before implemented, subject of detailed regional studies.

Results of the LULC analysis open another perspective, though they come with higher
uncertainty. The differences for the LULC scenarios show that adaptation is not the only
option and regional flood mitigation is, to a certain extent, possible. In this context,
mitigation means the mitigation of flood intensities and frequencies whereas adaptation
means to be prepared for the expected flood intensities and frequencies. Mitigation efforts
could be the transformation of agricultural land (crop and pasture) into grasslands,
savannah or forest, which can reduce flood increases or, as in the case of Ibi and Lokoja,
even reverse them. Especially, reduction of croplands like in Garbe-Kourou and Lokoja as
well as an increase of grasslands and savannah seem to have positive effects, whilst
afforestation, as mainly simulated in the Koulikoro catchment, reduces the peak flows less
than the mean flows. Especially in water scarce areas and in countries with an increasing
food demand due to extreme population growth, this trade off might be problematic and
should be object to further analysis. Another interesting finding is that dry areas, which
have the highest sensitivity to also profit the most from mitigation efforts. Particularly
urbanization and increase of cropland, as in the MNB and LNB, have a strong effect. In
these highly vulnerable areas, flood mitigation should be a guiding idea of land
management in order to not aggravate the already tenuous situation.

In summary, efforts at catchment scales are possible and smart land use plans can help
to reduce flood risk locally. Especially for the developing countries in the NRB, a flexible
strategy of mitigation and adaptation measures seems a necessary but also realistic way to
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increase resilience against catastrophic flooding. This holds even more, as many measures
in regard to land management, come with further positive, mainly economic and
agricultural effects and are therefore “no regrets options”. An example might be new
plowing techniques that increase the productivity and reduce surface flow. By this means,
the uncertainty, which is still large in regard of the absolute numbers of flood magnitude
increase, is also taken into account and trade-offs between flood adaptation and
development can be avoided. In addition, regional measures and no regrets options might
help to reduce the need for large and expensive infrastructural measures like reservoirs,
which come often with harmful effects on the environment.

7.5. Conclusions

The simulation study projects that risk of catastrophic floods in the modelled sub-
catchments of the Niger Basin is likely to increase under most climate and land-use
scenarios. It also stresses the needs and importance for detailed regional studies to
understand and quantify the at times opposing or counterbalancing impacts of climate and
LULC changes in different vegetational and climatic settings of the Niger Basin.

The modeling results suggest that there is an urgent need for the implementation of
adaption measures to lessen the effects of future large floods, especially for the drier parts
of the Niger Basin, where flood risk is likely to increase at an alarming rate. The results of
the LULC scenarios show that mitigation of catastrophic floods is at least partly possible
with reasonable land management on the catchment scale. At the same time, the effects of
LULC are subject to large uncertainty, mainly due a lack of potentially relevant processes
in the model as well as data quality, data availability, and LULC parameterization
constraints; more research effort is required to minimize these uncertainties.

Besides, the effects of climate change are not independent from LULC changes. The
relation is complex since the global development in regard of GHG emissions, trade,
economy, etc. will influence both the regional climate and LULC in West Africa.
Sequently, the regional climate will have an influence on the regional LULC, e.g. in regard
of expansion or intensification of agriculture; and the regional LULC, vice versa on the
regional climate, e.g. via higher evapotranspiration in afforested areas. The study shows,
that this complexity can be approached with state-of-the-art eco-hydrological models and
scenario-driven approaches, in order to disentangle the impacts of changes and also to
quantify the influence of the different drivers.
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8. DISCUSSION AND CONCLUSIONS

The discussion and conclusions integrate the findings of the individual analysis from
the antecedent Chapters 2 to 7 and relate them to the research questions. The results are put
into the general context of the increasing flood risk and the current state of the research in
the respective fields. The chapter is structured following the four main points of the
research strategy introduced in Chapter 1.3.: analysis, attribution, projections and
recommendations. Finally, the overall conclusions summarize this thesis” findings and a
short outlook presents potential future assessments of flooding in the NRB.

8.1. Analysis: Features of the changes in flood risk

Catastrophic flooding in the NRB is not a new phenomenon and has always been
known. Still, the frequency and the impact of the catastrophic events have increased
drastically over the past two decades.

Flood risk is commonly defined as a product of hazard, exposure, and vulnerability (1
and Figure 64). Research has shown that exposure and vulnerability have increased in the
NRB. Particularly the extreme population growth has led to increased exposure. The work
of Di Baldassarre et al. (2010) has shown that a kind of “levee-effect” increased
vulnerability in the NRB, even absent the construction of levees. The “levee-effect”
describes the fact that dams, levees, and other flood protections may actually increase
flood losses because they encourage new development and settlement in the floodplain.
When man-made flood protections fail in an extremely high flood, damages are higher
than they would have been, had the protective measures not been installed (Baldassarre
and Viglione, 2015). In the context of the Niger, research has shown that the extreme
natural variability with its fluctuation of wet and dry periods has caused this effect. During
the dry 1970s and 1980s, people settled in flood plains and other places that have
traditionally been avoided for settlement due to flood risk.

With regard to the hazard, the annual peak discharge time series were analyzed in order
to detect trends or changes in variance. Since the 1990s, peak discharges of floods
recovered throughout the basin compared to the previous dry period. Particularly in the dry
Sahelian part of the basin, the trends were extreme at the Niger itself and also at its
tributaries (see Chapters 2 and 3). An additional statistical analysis of changes in the
distribution of flood peaks revealed that, for the Guinean and also the main stem of the
Niger in the Sahelian and Sudanian parts, the above-mentioned increase was linear and did
not change the form of the distribution but only the magnitudes. The analysis showed that
only at the tributaries in the Sahelian part, the distribution did change to a longer tail,
indicating that especially the extreme flood peaks have increased over the past two decades
(see Chapters 2 and 3).

229



Attribution: Drivers of the changes in the flood regime

Flood Risk
Exposure Vulnerability Hazard?
Population Levee effect Land-Use Climate unknown?
increase Change? Change?

Figure 64 Schematic representation of the causal chain leading to the increase in flood
risk in the Niger River Basin, including the unknown consequences of hazard and it’s
influencing factors.

The results contained in the present thesis consequently demonstrated and proved that
also the hazard itself, i.e. flood magnitudes and frequencies, has changed and contributed
to the observed increase in flood risk. The threefold effect of increasing exposure,
vulnerability and hazard can explain the extreme increase in catastrophic flooding in the
NRB (Figure 64). This holds particularly for the extreme increase in the dry Sahelian and
Sudano-Sahelian parts, where the flood magnitudes and the population density increased
the most. The reasons for this increase in flood magnitude and the change in variance for
some gauges are discussed in the following chapter.

8.2. Attribution: Drivers of the changes in the flood regime

The studies from Chapters 3, 4 and 7 provide answers to the question investigating why
peak discharges have increased since the 1990s, as found during the analysis (Chapter 2,
Figure 64).

Several studies argue that LULC effects are the main or single cause of the increase in
flood magnitudes and frequency in the Sahelian part of the Niger (e.g. Amogu et al., 2010;
Descroix et al., 2012, 2013). They describe a chain of LULC processes, such as
deforestation, savannah degradation, or increased agricultural production, that are usually
related to land degradation and result in sealed soils and crusting and, hence, a reduction in
infiltrability. This again leads to increased surface run-off and then to increasing peak
flows in the area. Since the analyses in this thesis show mainly increasing precipitation
trends until recently (e.g. Figure 59), an attribution study was undertaken in order to
determine to what extent LULC and/or climatic changes influenced the peak flows in the
NRB.

The attribution followed the approach of Merz et al. (2012), who proposed a framework
to attribute trends based on the evidence of consistency, the evidence of inconsistency and
the provision of a confidence level. In a data-based approach, presented in the appendix to
Chapter 3, a strong consistency between the long term precipitation trends and peak flows
could be detected. After the wet 1960s with high peak flows, both precipitation and peak
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flows decreased until the end of the 1980s, only to increase again from the beginning of
the 1990s (Figures Figure 10 and Figure 18). This parallel is also supported by a
significant correlation analysis (Table S 1). This proof of consistency indicates that
precipitation variation is a driver of the peak flows” long-term dynamics.

In order to check the consistency or inconsistency, respectively, of LULC, flashiness of
discharge was used as a proxy for the influence of LULC on the hydrology. The test is
based on the hypothesis that the impacts of the LULC processes that lead to increased
surface-runoff subsequently result in increased heightened flashiness. This increase can
indeed be detected for the Upper and Middle Niger, with statistically significant trends
beginning in the 1960s (Figure S 8). For other parts of the Niger, appropriate data was not
available. These trends show, however, a continuous increase until the recent past without
following the decrease in peak flows during the 1970s and 1980s. These partly opposite
trends can be interpreted as indicating an inconsistency in LULC changes and flood trends.
This implies eventually that the climatic driver seems at least to have more influence on
the trend than LULC. Still, the uncertainty of data-based attribution is high and a definite
attribution is not possible.

The substantial degree of uncertainty resulting from the use of the data-based approach
is particularly evident in a data-scarce region like the NRB. In addition, a quantification of
the drivers” influence is not possible under a data-based method. In order to get more
robust results, the simulation-based attribution approach is also applied to the Sahelian part
of the Niger and its tributaries (Chapter 4). The eco-hydrological model SWIM was driven
by reanalysis climate data. For LULC changes, one run was performed using stable LULC
as of 1950 as well as a control run with dynamic LULC changes according to observed
changes between 1950 and 2010. Under ideal modelling conditions, this experimental set-
up allows the identification of the role of climatic changes and LULC, and even a
quantification of the share of the LULC changes” influence on the peak flows against the
influence of the climatic trend. For one subcatchment of the region, the results of the
experiment indicate that LULC and climatic changes contribute in roughly equal shares to
the observed increase in flooding. For the other parts of the region, the results are less clear
but show that climatic changes and LULC are drivers for the flood increase, although their
shares cannot be quantified.

The simulation-based approach is also connected with considerable uncertainty, as
discussed comprehensively in Chapter 4.3.3. The results strongly depend on the model
efficiency, and on the quality of the data for the past LULC changes. Still, this approach
has proven to be a more robust and efficient way to attribute changes in AMAX than the
data-based approach. In this study, both approaches yielded to similar results regarding the
general influence of both, climate and LULC changes, while the data-based approach
underestimated the influence of LULC.
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By combining these findings with the results given Chapter 7.3, where the effects of the
projected LULC and climatic changes have been tested for the whole NRB, an additional
conclusion can be drawn. The study showed that the effects of LULC are particularly high
in the dry regions of the NRB, i.e. in the Sahelian and Sudano-Sahelian zones. It can be
assumed that this finding also holds for the past. It also confirms the finding of the data-
based attribution approach, namely the conclusion that in the wetter regions like the Upper
NRB, climatic trends and natural variability have more influence on the peak flows than
LULC changes.

8.3. Projections: Expected changes in the flood regime

The analyses and attribution studies help to understand the characteristics and causes of
the observed flood hazard increase in the NRB in the recent past. However, the knowledge
gathered by these analyses is, in and by itself, insufficient for the purposes of reducing
flood risk in the future. It is also necessary to anticipate future changes in flood hazard
increase, in order to determine how to prepare for and ultimately react to it. A widespread
method for anticipating future changes, in order to determine the appropriate measures
thereto, is hydrological modelling. Model results, however, are meaningless if they do not
include a confidence level, i.e. an estimation of uncertainty, allowing to judge the
reliability of their results.

In Chapter 5, the uncertainty levels of climate impact studies was analyzed for the
Upper Niger Basin, quantifying the share of different factors (such as emission scenarios
and hydrological and climate models — both global and regional) in the existing
uncertainty. For the high flows (Qjo), the complete known uncertainty results almost
exclusively of the climate models, whereas the global models are distinctly more relevant
than the regionalization (Figures Figure 44 and Figure 45). The dominance of climate can
be explained by the monsoonal type of climate in the NRB. During the rainy season, with
high and intense precipitation, the Earth System Models (ESM) dominate river runoff and
thus also the total uncertainty. Differences between the hydrological models have little
influence, probably due to the relatively simple rainfall-runoff processes in the catchment
during the rainy season.

In Chapter 6, the uncertainty derived from the climate models is the subject of further
analysis. Nineteen different ESMs were evaluated for the NRB of five were finally used
for driving simulations with the eco-hydrological model SWIM. For precipitation, even the
future direction of the trend is highly uncertain. During the rainy season when flood peaks
occur, most of the models project an increase in precipitation, but some of them also a
decrease therein. Only in terms of temperature do all models agree, projecting an increase
of, approximately, between 3 °C and 6 °C at the end of the 21% century (depending on the
emission scenario and model) compared to a base period at the end of the 20™ century. A
special feature of the NRB with regard to climatological uncertainty is the high natural
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variability, as explained in Chapter 2. According to Janicot et al. (2011), nowhere in the
world has a natural variability of similar dimensions been observed during the 20 century.
The droughts in the 1970s and 1980s demonstrated that these decadal and sub-decadal
climatic variations are probably more important than long-term trends. During the dry
period in the 1970s and 1980s no major flooding was reported, a fact confirmed by the
AMAX time series. This implies that even if models project a tendency towards a
reduction or increase in precipitation, internal variability will probably be the dominant
feature, also with regard to flood regime.

The attribution studies showed clear evidence that both LULC and climatic changes
have contributed to the increasing flood peaks in the NRB in the recent past. Therefore,
LULC processes have also been included in the projections where they add additional
uncertainty to the already-known uncertainties resulting from emission scenarios, global
and regional climate models, and hydrological models. The uncertainty brought about by
LULC stems from the scenario considered, but also, to a large extent, from the way in
which LULC processes are represented in the model. In addition to this already large and
significant known uncertainty, the unknown uncertainty should also be kept in mind. The
lesson extracted from this consideration of uncertainty is modelling results should be
interpreted very carefully; over-interpretation, for example, of the exact quantification of
changes must be avoided. Still, most results clearly stand out from the white noise;
moreover, knowledge of uncertainty levels and causes can also help to design strategies for
how to cope with the increasing flood hazards. The results of the projections of future
flood hazard in the NRB contained in Chapters 5 to 7 can be summarized in four key
findings:

(1) Most of the climate projections for the NRB display a general tendency towards
wetter conditions, whilst the high decadal variability is projected to continue in the
21% century. The increase in precipitation appears stronger in the emission scenarios
featuring business-as-usual emission trends (RCP 8.5) than in low-emission
/stabilization scenarios (RCP 2.6 and 4.5). Heavy precipitation events are projected
to increase more sharply than the mean annual precipitation.

(2) These general climatic trends are echoed by the discharge trends for high and
annual peak flows. However, the effect of the emission scenarios is inverted. The
higher temperature increases of the high-end emission scenarios are projected to
enhance evapotranspiration, which again reduces peak flows. Therefore, despite
lower precipitation, the limited emission scenarios lead to higher discharges than the
business-as-usual scenarios, despite the fact that they feature higher precipitation
levels.

(3) Hydrological sensitivity to climatic and LULC changes is distinctly higher in the
dry Sahelian and Sudano-Sahelian zones than in the wetter subregions of the NRB.
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(4) The effects of LULC on flood magnitudes are generally weaker than those of the

projected trends of climate change, but they are still substantial. Extension of
agricultural areas leads to higher peak flows whilst regreening reduces the flood
magnitudes.

8.4. Recommendations for reducing the flood risk

The conclusions of the individual studies presented here provide a broad basis for

recommendations regarding the flood hazard in the NRB. The assessment of vulnerability

and exposure are at least as important for adaptation and mitigation of flood risk as of the

hazard. This work, however, focuses mainly on the flood hazard in the NRB, a focus these

recommendations share as well. The recommendations mainly address research

(Recommendations 1 - 5) and policy (Recommendations 6 - 9). Based on the presented

assessment of the flood risk in the NRB the following recommendations have been

derived:

(1) Modelling

Faced with growing numbers of people affected, research on flood risk in the NRB
is deficient. Whilst time series analysis and research on the characteristics of
changes in the discharge regime gained some attention in recent years,
comprehensive attribution has not. Therefore, this work could only provide an
initial assessment of the influence of LULC and climate in the NRB. A robust
attribution analysis is a basis for solid adaptation and mitigation efforts, since only
with this knowledge can the causes and characteristics of the increasing flood
hazard be approached appropriately. Modelling proved to be a promising approach
for understanding the drivers of the changing flood hazard. With regard to the
individual processes affecting the hydrological system, modelling might be very
effective when coupled with field experiments. Especially, awareness of temporal
and spatial patterns of flood hazard changes and research on specific
transformations and degradations of landscapes are crucial for improving landscape
planning and flood mitigation policies.

(2) Prioritizing research on land use impacts

As for of prioritizing research in different fields, LULC seems most promising,
compared to common climate impacts. Whilst state-of-the-art climate models and
hydrological models are currently at a stage where even small improvements and
reductions of uncertainty are connected to extreme efforts in model development,
the amount of required work and/or measures to improve a LULC model or the
LULC component of an existing model are distinctly fewer.

Due to the large uncertainty in climatic trends under climate change, projections on
the impact of LULC changes are still affected by the uncertainty of the climate
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models. Therefore, climate data of the 20" century might be an alternative. The
large natural variability of the climate with its distinct decadal and sub-decadal
variability already includes a wide range of climatic conditions and could be used
for adaptation-testing studies. By these means, adaptation measures could be tested
for their suitability for flooding (e.g. with climate forcing of the 1960s) as well as
droughts (e.g. with climate forcing input of the 1970/1980s) using modelling
approaches.
(3) Considering natural variability

The uncertainty analysis has shown that beside the LULC component, climate
models entail the highest uncertainty. It is unlikely that climate models will
substantially improve during the next few years. In order to bypass this bottleneck,
the focus of hydro-climatologic research and adaptation in the NRB should consider
the region’s large natural variability. Great steps have been made in the recent past
in the understanding of the phenomenon (Dieppois et al., 2013; Nicholson, 2013)
and climate models are able to reproduce the patterns (Gbobaniyi et al., 2014). Still
these decadal patterns are not included in projections. Paeth and Hense (2002)
explained how different starting conditions of a climatological model can lead to
diverging results, reflecting in part the natural variability of the climatic system.
This effect should also be taken into account when analyzing the West African
climate in contrast to the current approach, which relies on ensembles of individual
model runs. Experiments with several runs of each model would allow
quantification of the natural wvariability, which would contribute to the
understanding of this factor’s role — particularly in the case of the NRB, where
currently the effects of natural variability seem to be more significant than the
repercussions of climate change.
(4) Climate forecasting

Another approach might result from the growing understanding of the processes and
underlying mechanism of the West African Monsoon system as illustrated by the
African Monsoon Multidisciplinary Analysis (AMMA) project (Hourdin et al.,
2010; Ruti et al., 2011). This knowledge might allow for a long-term forecasting of
the decadal but also sub-decadal patterns, and would be a milestone towards not
only the improvement of the regional flood policy, but also the region’s ability to
prepare for droughts and famines.
(5) Integrative and transdisciplinary understanding of flooding

As stated in the beginning, vulnerability and exposure have not been examined in
the present thesis. Future studies should, if possible, include these dimensions, since
particularly the expected population growth will most likely be the most prominent
“game-changer” for livelihoods in West Africa in almost all aspects. The effects of
climate and LULC changes on flooding, however, will most likely aggravate the
already existing deficit in adaptation to flooding.
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Flood policy is commonly part of a broader disaster risk reduction (DRR) policy
encompassing all relevant threats. This implies that policy makers require information on
all the relevant risks of a region in order to objectively judge the trade-offs in DRR, to
prioritize DRR and to create synergies for DRR. An exclusive focus on flood risk would
neglect the fact that droughts might affect the life and livelihoods of the population more
than floods; all things considered, the construction of a reservoir might help to avoid a
future famine as well as reduce future flood risk downstream. This work’s
recommendations must therefore not be considered as guidelines or even instructions on
how to reduce flood risk, but rather as proposals that should be included in the broader
overview of risks in the region.

(6) Public awareness

The recent, general trend of a return to wet conditions in West Africa and a related
increase in catastrophic flooding is widely known amongst the local population and
also to the respective experts of the global research community. As described in
chapter 1.5.7, there exist certain initiatives as to reduce flood risk in the NRB.
However, in terms of global awareness and willingness to donate, flooding in the
NRB is widely neglected in the face of the dominant drought and famine hazards,
which are part of the still widespread “desertification narrative”. Considering the
high number of victims during the last decade, and taking into account the fact that
floods may also damage food production systems, resulting in food shortages and
famines, public awareness of floods as the “other hazard” in West Africa should be
systematically raised. Particularly in the face of the current debate on migration
from the developing world into the developed world, flood risk in the NRB should
receive more attention since it contributes to the deterioration of livelihoods and
hinders development.
(7) Technical and institutional adaptation

Conventional technical measures against catastrophic flooding are still rare in the
NRB. Five larger reservoirs exist (see Chapter 7) which have proved to be useful
against catastrophic flooding. They mostly serve also other functions like for
irrigation or generating power and can therefore be categorized as “win-win”
adaptation actions that come with other social, economic and/or environmental
benefits. However, the impacts of hydrological infrastructures are debated since
their side effects often include negative repercussions on the local ecology and
livelihoods (e.g. Zwarts et al., 2005). For instance, the inadequate regulation of the
Lagdo reservoir in Cameroon has been responsible for repeated flooding in the
downstream area of the Benue River, especially in Nigeria around Lokoja (Odunuga
et al., 2015). In sum, although these engineering solutions are useful, they should be

planned and implemented with caution. Another main technical adaptation measure
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is a functional Flood Early Warnings System, which is currently under development
but should be extended (Chapter 1.5.7).

Other measures such as, awareness-raising campaigns and a “flood-smart”
settlement policy come with generally lower cost. These kinds of measures usually
belong to the so-called “no-regret” adaptation actions. They are especially valuably
under high uncertainty as in regard of flooding in the NRB. They include actions
that do not involve trade-offs with other policy objectives. A precondition for this
kind of measures is mainstreaming and integration of flood policy in the broader
perspective of infrastructure investments, economic development and other
institutional aspects.

(8) Flood-smart land use policy
Despite flood magnitudes’ general tendency to further increase with a substantial
probability in the NRB, there are also positive implications amongst the results. The
fact that regreening and/or smart land-use policy can reduce flood magnitudes
constitutes an opportunity for regional policy. Interesting in this regard is the
finding that the “optimistic” emission scenarios are projected to lead to a more
moderate climatic change, but still come with higher flood magnitudes than the
“pessimistic” scenarios. For the high-emission scenarios, the higher temperatures
reduce the peak flows via enhanced evapotranspiration. This trade-off is even more
pronounced when taking into account that the LULC scenarios related to the
“optimistic” emission scenarios project a regreening in the NRB. This regreening,
however, cannot reduce the flood magnitudes to the same extent as the climatic
changes will increase them. Following the modelling results, an ideal flood policy
for the NRB would combine a local regreening with stronger emissions. This is
misleading, however, since other effects of increasing temperatures are completely
neglected in the projections. Besides other negative effects of increasing
temperatures, the likelihood of fundamental and irreversible changes to the
ecosystems implies that sustainable regreening might become impossible.

(9) Regional differentiation and prioritization of adaptation

Another main recommendation derived from the results of all individual analyses is
a strong regional differentiation in flood policy in the NRB. Particularly the highly
vulnerable and flood-prone dry areas of the Sahel and Sudano-Sahelian zones will
very likely experience future changes. Particularly, in the context of a trade-off
between flood mitigation (regreening) and expansion of agricultural areas,
necessary to nourish the increasing population, this spatial heterogeneity should be
taken into account. It is in the dry areas where the increase in flood magnitudes due
to climate change is projected to be the most severe. At the same time, these are also
other areas, where flood mitigation via sustainable land use policy would be the
most effective. Since agricultural production in these areas is limited to the semi-
arid conditions anyway, a regreening might be reasonable here, despite the need for
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an intensification of agriculture. In other areas like the Upper Niger Basin, a
regreening would have less effect; sustainable and smart agriculture might provide
more advantages than reducing flood magnitudes through reforestation.

8.5. Overall Conclusions

Catastrophic flooding has become a regular and virtually ubiquitous threat in the NRB
during the past decade. The annual flooding from tropical rivers in the region is increasing;
not only the mean discharge, but also the extremes have rised. This “return to wet
conditions” in West Africa after the dry periods in the 1970s and 1980s comes with several
positive effects, but also leads to a rise in flood risk.

This process is driven not only by climatic changes, but also by human impact on the
hydrology via LULC. For example, the degradation of the savannah and the increase in
agriculturally exploited areas have led to more direct run-off and an increase of discharge.
Simulation experiments for the Sahelian part of the NRB have shown that the effect of the
LULC can contribute up to over 50% of the increase in flood trends, particularly in very
dry regions. In these areas of the basin, the combined effects of climatic and LULC drivers
have led to a very distinct increase in flood magnitudes, which is also noticeable in the
above-average increase in the number of people affected by catastrophic floods in these
subregions.

Simulations of future flood regimes project a continuity of these trends. The regional
natural variability with its highly variable multi-annual frequency of dry and wet periods is
projected to continue during the next century, although without a coherent pattern across
the models. Most of the dynamically and statistically downscaled climate simulations
reflect continuing variability but also show a further long-term wetting trend. This means
that especially during wet periods, like the current one, the likelihood of extreme flood
magnitudes in the NRB will rise.

LULC influences these trends and such measures as smart landscape planning can
mitigate flood peaks while bad agricultural practices and further land degradation will
likely lead to a further increases in flood peaks. Still, even very effective and major
mitigation measures and initiatives will only be able to reduce extreme flood magnitudes
in the future, not being capable of preventing them completely. Therefore, further research
on the risks and adaptation measures at all levels of disaster risk reduction is needed,
especially in the highly vulnerable and most greatly affected dry regions of the NRB.

8.6. Outlook

During the 21* United Nations Climate Change Conference of Parties (the COP 21 in
Paris), the member nations of the NBA (Niger, Ivory Coast, Cameroon, Nigeria, Togo,
Chad, Benin, Burkina Faso, and Guinea) held a press conference on “Niger River Basin
Climate Resilience” (COP21, 2015). They announced several large-scale future
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investments in the basin, including measures against catastrophic flooding. This positive
message, however, was apparently of interest to very few journalists. Still, even if the
public awareness and media coverage of floodings in the NRB is still very low compared
to the desertification narrative, for example, the investments in flood adaptation in the
NRB supported by several international stakeholders such as Kreditanstalt fiir
Wiederaufbau (KfW) constitute steps in the right direction. Ideally, these regional political
initiatives should be accompanied by and based on scientific research allowing for a
determination of the types of adaptation/flood mitigation measures that are
needed/reasonable for each section of the river, taking into account natural climatic
variability, climate change, LULC changes and all other relevant factors like demographic
growth and vulnerability.

This large variety of variables results in a very high degree of complexity, which
necessitates transdisciplinary approaches to research. The present thesis has revealed many
gaps in existing knowledge, which could be filled by standard research employed in many
nations, e.g. in Europe, even though data deficits and difficult infrastructure complicate
and hinder research in the NRB. Due to the considerable geographic heterogeneity in the
basin, detailed studies for different regions are needed; especially, human influence and
LULC changes should be the focus of future research. In addition, natural variability is a
significant factor in the climate of the NRB, and its interaction with the influence of
climate change should be considered by climate impact scientists.

As for adaptation, initiatives such as the installation of a functioning Early Warning
System (as planned) and a “flood-smart” settlement policy taking into account the
changing risk situation would help to reduce the loss of lives and damages in exchange for
relatively minor investments. Regarding the extreme demographic growth and the very
likely deterioration of the region’s environment and climatic conditions, a comprehensive
strategy on flood risk reduction in the NRB would also contribute to reducing the expected
environmentally-induced migration. Therefore, not only scientists and regional policy
makers, but also the relevant international stakeholders, particularly in the EU, should be
involved in the development of a comprehensive flood DRR strategy for the NRB.
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Appendix

10. Appendix
10.1. Appendix of Chapter 2

10.1.1. The Sahelian Paradox

The evolution of AMAX for both flood peaks at Niamey is plotted in relation to the
annual precipitation in the corresponding source area in Figure S 21. For the Sahelian flow
peak, heavy precipitation is plotted as well. For the Guinean peak, heavy precipitation is
not shown since the source area in the Guinean highlands is located approximately 1500
km away from the gauge in Niamey, and these events do not have a noticeable effect here.

The systematic detection of the Sahelian peak supports the finding of Descroix et al.
(2012) that the AMAX regime in the middle section of the Niger has changed distinctively
over the past 30 years. Between 1930 and 1980, years exhibiting a separate peak for the
Sahelian flood was rather an exception in Niamey. Since 1983, there was only one year
that showed no separate Sahelian peak and, since then, the peak was even higher for nine
subsequent years compared to the Guinean flood (Figure S 21, top). This effect is
connected to the “Sahelian Paradox”, which becomes visible for the Sahelian peak. The
positive trend in the AMAX of the Sahelian peak started already in the 1970s. In contrast,
the related rainfall data shows a further decrease and then stabilization in annual
precipitation until the middle of the 1980s. The data for heavy precipitation in the region
shows similar trends and turning points to that for annual precipitation. Therefore, heavy
precipitation cannot explain the paradox of increasing discharge despite decreasing or
stable rainfall. From the end of the 1980s, all three trends show the same direction and,
hence, there is no more paradox, even if the underlying process might still be continuing.
For the Guinean peak, this effect is completely absent and the evolution of the AMAX
series corresponds to the annual precipitation. For the time series of the Guinean flood
peak, the minima for AMAX and precipitation are located in the middle of the 1980s, i.e.
analogues to the precipitation in the Sahelian region. Hence, the Sahelian and Guinean
flood peaks are decoupled even when observed from the same gauging station.

247



Appendix of Chapter 2

Annual precipitation Heavy precipitation
E —_
E 1400] ® Observed ® WFD * WFDEI E 30
0§ 1200 =
X7 [ : = 20
© = 1000 \ €
Ec —I o 7\
G2 800 5 10 agef, weal \ ¥
ms | g
§ 600 £
c ma) 0
c T T T T T 1 (2] L] T T T T 1
< 1960 1970 1980 1990 2000 2010 1960 1970 1980 1990 2000 2010
Year Year
T =5
E ao0 ® Observed ® WFD ® WFDEI E 10
£ 300 i 2 8
o2 £ 6 s
(o =3 o L
] § 200 E 4
a 2 2
= 100 =
=
E r T T T - 0 r T T T 1
< 1960 1970 1980 1990 2000 1960 1970 1980 1990 2000
Year Year

® Observed ® WFD ® WFDEI

3 =
E 1000 E 20
c £
>S5 800 o
DE 2
S § 10
T 400 - £
Zs a
Tg 200 £
E T T T T T 1 a 0 r T T T T 1
< 1960 1970 1980 1990 2000 2010 1960 1970 1980 1950 2000 2010
— Year Year
13
%1000 ® Observed ® WFD ® WFDE| E
SE 800 %
CF 600 €
1] g @
=5 400 5
= a
2 200 £
‘% f T 1 3
1960 1970 1980
_ Year
£ ® WFD WFDEI o
£ 1800 ® Observed ° E £ 30 -
§ 1400 £
Sz 2 20
g_% 1000 g AW
(M5 600 g 101
® =
§ 200 r T T T 1 E 0 B r T T : 1
< 1970 1980 1990 2000 2010 1970 1980 1990 2000 2010
Year Year

Figure S 1 Validation of precipitation reanalysis data. Left: Annual sum of observed,
WFD and WFDEI precipitation in Bamako and Gao (Mali). Right: 95th percentile of
daily precipitation for the year for observed, WFD and WFDEI precipitation in Bamako
and Gao (Mali).
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Niamey, and the mean of Alcongui and Garbe-Kourou for the Sahelian region. For the
generation of the Loess curve only Alcongui and Garbe-Kourou are used. The red squares
and crosses at the bottom of the upper figure mark years with and without separate peaks of
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included in the interpretation.
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Figure S 4 Correlation between AMAX and people affected by floods for the subregions
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basin comprises the whole Middle Niger (Compare 2.3.1.2).
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10.2.1. Revised version of the data based attribution approach

10.2.1.1. The hypothesis-testing framework for flood attribution

Based on the systematic trend analysis, a data-based approach within a hypothesis-
testing framework is applied in order to attribute the detected trends (Merz et al., 2012).
The framework is based on the evidence of consistency, the evidence of inconsistency, and
the provision of confidence level. In this study, the consistency between the climatic
variability and the AMAX is shown in order to attribute the flood increase to increasing
precipitation. Secondly, the consistency is tested for the influence of land-use change on
the discharge. Since there is no direct quantitative land-use change measurement which
can be used for a consistency test analogous to the precipitation time series, flashiness is
used as a proxy for the influence of land-use change on the runoff regime of the regions.
Flashiness is directly linked to land-use changes such as deforestation and increased
agricultural production, which results in sealed soils, crusting, smaller infiltration rates and
subsequently more direct runoff, as described by Descroix et al. (2012), and thus an
increase of flashiness of a river. Although this approach is limited as it only uses a proxy
for the influence of land-use change, the combined results allow a qualitative estimation of
the magnitude of influence of land-use change compared to climate change signals. The
final discussion of these results includes an estimation of the level of confidence of the
attribution.

10.2.1.2. Evidence of consistency between precipitation and annual flood peaks

The consistency between AMAX and precipitation is analyzed according to the
attribution framework of Merz et al. (2012) (see chapter 10.2.1.1). In chapter 3.4, the
analysis showed the general consistency between the AMAX periods (separated by
changepoints) and the decadal climatic pattern. In addition, the trend directions between
precipitation and AMAX are consistent during the whole time span of available data and
for all regions, with the exception of the Sahel Paradox in the Sahelian region and a
discrepancy at the end of the Benue precipitation time series (Figure 9). A hypothesis on
the Sahel Paradox is explained in chapter 10.1.1, and in the Benue an edge effect of the
Loess method can be an explanation for the differences in trends, since in the detailed
analysis of this region the trends are consistent (Figure 9).A detailed correlation analysis is
only possible for the timespan from 1979 t02012 for which WFDEI rainfall data is
available. As precipitation measurements, annual precipitation in the corresponding
hydrological year and heavy precipitation as the 95" percentile of the daily precipitation
are used and compared to the AMAX (Figure 9). Significant positive trends for the
AMAX, annual precipitation and heavy precipitation can be found in all three regions
since 1979. The test for autocorrelation was only positive for the AMAX time series of the
Guinean region. Here, the autocorrelation was removed as described in chapter 3.2.1. The
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strongest trend for AMAX with an increase between 30% and 40% can be found in the
Sahelian and Benue regions. In the Guinean region, the trend for AMAX is approximately
20% until 2012. The annual precipitation during the same period increased approximately
15% in the Guinean and Sahelian regions, and only approximately 10% in the Benue
region. The heavy precipitation expressed by the 95" percentile increased proportionally in
all regions between 20% and 30%. Hence, the trend of AMAX and both precipitation
measurements are consistent in all three regions. This consistency is also supported by a
correlation analysis. The annual and the heavy precipitation are strongly correlated with
the AMAX for all regions (Spearman’s p: 06-0.72) (Table S 1).

Table S 1 Correlation of AMAX with heavy precipitation (95th percentile) and annual
precipitation. All correlations are significant (a = 0.05).

Guinean Sahelian Benue
Heavy precipitation 0.72 0.64 0.71
Annual precipitation 0.72 0.6 0.65

10.2.1.3. Evidence of consistency between land-use change and annual flood peaks

The changes in flashiness have been analyzed using the yearly Richards-Baker index
for daily discharge data (Figure S 8). For Koulikoro and Niamey, there are significant
positive trends in flashiness since at least 1960. Especially for the Sahelian gauge Niamey,
this increase is extreme, ranging from approximately -50% to +40%. In contrast, the gauge
at Lokoja indicates a minor decrease in flashiness after the millennium, though due to
missing data it was not possible to estimate the trend here. The trends for the Sahelian and
Guinean regions are constant and do not show a change in direction. These findings are
inconsistent with the time series of the AMAX, which decrease in the case of Koulikoro
until the end of the 1980s, and for Niamey until the beginning of the 1970s (Figure 9). This
implies that land-use change is not the major driver of AMAX, since their dynamics
diverge and another signal influences AMAX more strongly. During the “Sahel Paradox”
in the 1970s and 1980s, however, the signal from the rainfall regime is weak because there
is little variability and the magnitude is low or decreasing slightly. Over this period, a
signal from a driver other than precipitation, which might be otherwise covered or
outweighed, can be more easily identified. This is likely to be connected to land-use
change, since during this period the land-use change signal and the AMAX are consistent.
In the middle of 1980s, the trend of precipitation changes and gets stronger, covering again
a potential signal from land-use change.
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Figure S 8 Anomaly of Richards-Baker flashiness index for representative gauges in the
Guinean (Koulikoro), Sahelian (Niamey) and Benue (Lokoja) subregions. The Theil-Sen
estimator trend is added as a dashed line for Koulikoro and Niamey from 1960, where
the trend is significant (¢=0.05). For Lokoja, measurements are not sufficient to estimate
the trend.

10.2.1.4. Attribution of the changes in the flood regime and provision of confidence level

The question of whether climatic variabilities or land-use changes are the dominant
drivers of the increasing AMAX is complex. Descroix et al. (2012) concluded that, based
on their findings of decreasing rainfall, the increase in flooding in the Sahelian region
since the 1980s and especially in the region around Niamey are not related to climatic
variations but only to land cover changes due to more intensive agricultural use. However,
our findings contradict this conclusion for the Sahelian part of the Niger and the other
subregions. There is a strong consistency between precipitation and AMAX for the three
regions in the Niger basin. The positive trend prevailing since the 1990s in annual rainfall
as well as in extreme events is significant and can largely explain the increase in AMAX.
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The study by Panthou et al. (2014) supports the results of increasing rainfall occurrence
and intensity. The analysis of a multitude of rainfall stations in the Sahel region with up-
to-date statistical methods showed a significant trend of increasingly frequent extreme
events. These results are in contrast to the findings of Descroix et al. (2012) for the
Sahelian region, who detected trends neither for total precipitation nor for heavy
precipitation. The increase in precipitation as a driver for the increased flooding in the
Sahelian is a finding also supported by Aich et al. (2014). The study shows that for four
basins in Africa, an increase in precipitation in drier regions with a rather low runoff
coefficient leads to proportionally higher increases in discharge compared to regions with
a wetter climate, where an increase in precipitation has less influence. Hence, wet years in
the dry Sahelian region lead to proportionally higher discharges than in the Guinean or
Benue regions of the Niger basin. The results of the precipitation attribution and the
agreement with the existing literature lead to a high confidence level, implying that
variability of rainfall is the dominant driver of AMAX in the region. Since changes in
annual and heavy precipitation are consistent and the timing is similar, it is not possible to
adequately quantify and discuss the influence of heavy precipitation on AMAX with the
data-based attribution method.

With regard to land-use change, the trends in flashiness for the Guinean and Sahelian
regions indicate an influence of land-use change on the hydrology, beginning at the latest
in the 1960s. Both trends are constant without changes in the direction. These findings are
not consistent with the AMAX as shown in chapter 10.2.1.3, and this implies that land-use
change effects have at least a minor influence on the AMAX (when compared to
precipitation). Only during the Sahel Paradox in the 1970s can this other influence on the
AMAX be detected, since the signal of the precipitation is weak here (compare
chapter 10.2.1.2). The land-use change effect, as described by Descroix et al., (2012), is
the most plausible explanation for this “Sahelian Paradox”. However, the level of
confidence for the effect of land-use change on the AMAX is rather low, since flashiness
can only be a proxy for the influence of land-use change. The combined interpretation of
the general consistency between AMAX and precipitation, along with the partial
inconsistency with the land-use change signal, implies a major influence of the climate and
climate variability on AMAX in the Niger.

Merz et al. (2012) distinguish between hard attribution, in which the consistency of one
driver and the inconsistency of another driver can be proven, and soft attribution, in which
only the consistency can be shown without ruling out the influence of another driver. In
the case of the Niger basin, the conditions for a hard attribution are not completely
fulfilled, though there are strong indications for a major influence of climate variability on
trends in AMAX and thus flood hazard.

The constraints of the data-based attribution in this study are likely to occur in other
data-sparse regions in a similar manner. Even with sufficient data, a final hard attribution
of drivers would be difficult. This study shows that the signals of different drivers might
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overlap, making it impossible to distinguish their influence on the flooding process.
Therefore, it is not possible to exclude the influence of another driver, which might only be
hidden under a stronger signal. In the case of the Niger basin, the influence of the land-use
change would have remained hidden behind the increasing precipitation if the special
context of the “Sahel Paradox” had not revealed it.

10.2.1.5. Conclusions

[...]

Answering our first research question as to the attribution of the increasing hazard is not
straightforward: we found some indications that the variability and trends in precipitation
in the Niger basin play the dominant role in the increasing AMAX. The changes in
flashiness signify an influence of land-use change on the hydrograph for the Guinean and
Sahelian regions. However, the analysis of consistency reveals that this effect does not
control the AMAX trend, since the trends are partly in the opposite direction. In the special
case of the “Sahel Paradox”, however, the effect of land-use change on the magnitude of
AMAX becomes more apparent. The latter implies that land-use changes in the Guinean
and Benue catchments seem not to have a major influence on the generation of
catastrophic flooding on the regional scale. The Sahelian catchment is more sensitive to
changes, and there are indications that land-use changes in combination with changes in
extreme precipitation cause peak flows which have not been observed before. This aspect
should be kept in mind for the elaboration of adaptation and development plans, since
measures controlling the land-use change effect can mitigate the probability of flooding.
However, particularly the results on the influence of land-use change are uncertain and a
definite attribution is not possible. A simulation-based attribution approach as suggested
by Merz et al. (2012) might give a clearer picture and might even allow the share of each
driver to be quantified. This requires, however, a very well-established and calibrated
model set up in order to simulate the different influences and provide trustworthy results
for hard attribution. In addition, the role of groundwater contributions to flooding in the
region is not well understood (Leduc et al., 2001; Mahé, 2009) and should be addressed
systematically and included in the discussion.

[...]
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Figure S 9 Comparison of precipitation of interpolated PGFv2 reanalysis data (red) with
observations of six weather stations (black) in the research area. For each station the
annual precipitation (left) and the cumulative sum of the precipitation of the whole
period (right) is depicted.
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Figure S 10 Comparison of mean annual temperature of interpolated WATCH reanalysis
data (red) with observations of six weather stations (black) in the research area.
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Figure S 11 Validation of precipitation reanalysis data. Left: Annual sum of observed,
WFD and WFDEI precipitation in Bamako and Gao (Mali). Right: 95th percentile of
daily precipitation for the year for observed, WFD and WFDEI precipitation in Bamako
and Gao (Mali).
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GSWP3 precipitation
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Figure S 12 Comparison of precipitation of interpolated GSWP3 reanalysis data (red)
with observations of six weather stations (black) in the research area. For each station the
annual precipitation (left) and the cumulative sum of the precipitation of the whole
period (right) is depicted.
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Figure S 13 Comparison of mean annual temperature of interpolated GSWP3 reanalysis
data (red) with observations of six weather stations (black) in the research area.
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Figure S 14 Slopes of trends in (a, b) low-flow percentile Qo, (¢, d) medium discharge Qs,
and (e, f) high-flow percentile Q;, grouped by climate models (a, ¢, €) and by hydrological

models (b, d, f) for the Upper Niger.
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Figure S 15 Slopes of trends in (a, b) low-flow percentile Qy, (¢, d) medium discharge Qs,
and (e, f) high-flow percentile Q;, grouped by climate models (a, ¢, €) and by hydrological
models (b, d, f) for the Upper Yellow.
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Figure S 16 Slopes of trends in (a, b) low-flow percentile Qg, (¢, d) medium discharge Qs,
and (e, f) high-flow percentile Q;, grouped by climate models (a, ¢, €) and by hydrological
models (b, d, f) for the Rhine.
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Table S 2 Calibration results for additional stations in the Niger basin model.

Douna
Gauging Kirango
Kouroussa Selingué Koulikoro (Bani Akka Diré Koryoume Tossaye
station Aval
River)
Calibration 1965- 964- 1975- 1987-  1964- 1968-
1965-1974 1964-1974 1979-1986
period 1974 1974 1981 1990 1974 1979
NSE/ 0.87/ 0.79/ 0.48/  0.81/- 0.82/
b 0.85/3.3 0.78/ 6.1 0.92/5.8 0.75/-4.8
PBIAS™ 293 -42.6 0.2
Gauging Ansongo Kandadji Niamey Malanville Yidere  Shiroro Riao Ibi
station Bode (Kaduna (Benue (Benue
River)* River)* River)
Calibration  1968-1979  1976-1986 1976-1986  1976-1986 1985- 1982- 1971-1980 1970-
period 1995 1990 1981
NSE/ 0.81/7.5 0.84/9.6 0.76/16.2 0.4/32.3 0.61/ 0.52/ 0.7/59.4 0.9/14.8
PBIAS™’ 27.3 354

* Nash-Sutcliffe Efficiency of daily model output.

® Percent bias of monthly average.
¢ At the stations Riao and Shiroro only monthly data has been available and used for calibration and calculation of NSE

and PBIAS
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Figure S 17 Mean monthly precipitation of corrected and uncorrected ISI-MIP climate

models and 19 other CMIP-5 ESMs for the Niger basin during the periods 1970-1999,
2020-2049 and 2070-2099.
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Figure S 18 Mean monthly precipitation of corrected and uncorrected ISI-MIP climate

models and 19 other CMIP-5 ESMs for the Upper Blue Nile basin during the periods
1970-1999, 2020-2049 and 2070-2099.
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Figure S 19 Mean monthly precipitation of corrected and uncorrected ISI-MIP climate
models and 19 other CMIP-5 ESMs for the Ubangi basin during the periods 1970-1999,
2020-2049 and 2070-2099.
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Figure S 20 Mean monthly precipitation of corrected and uncorrected ISI-MIP climate
models and 19 other CMIP-5 ESMs for the Limpopo basin during the periods 1970-1999,
2020-2049 and 2070-2099.
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10.6. Appendix of Chapter 7
Garbe-Kourou subbasin (Middle Niger basin)
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Figure S 21 Annual precipitation, mean temperature and mean short wave downwelling
radiation for the Garbe-Kourou subcatchment in the Middle Niger Basin with four
reanalysis datasets (PGFv2: 1950-2012, GSWP3: 1950-2010, WATCH: 1950-2001,
WFDEI: 1979-2012), and climate scenarios for the base and the future period of five
ISIMIP models and 13 CORDEX Africa GCM-RCM combinations for RCP 4.5 and RCP

8.5.
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Ibi (Benue basin)
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Figure S 22 Similar to Figure S 21 but for the Ibi subcatchment in the Benue Basin.
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Lower Niger basin
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Figure S 23 Similar to Figure S 21 but for the Lower Niger Basin.
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Figure S 24 Annual flow regimes on monthly basis for different parts using climate
models input of the base period (1976-2005) compared to reanalysis data which was used
for calibration. Green are CORDEX driven simulations, blue are ISMIP driven
simulations and the thick black line is the simulation with reanalysis data.
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