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Abstract

Wateris the most importantesourcesupportinglivelihoodin SubSaharan Africa (SSA) andas suchit is closely
linked to the achievement of several Stainable Development GoalSDGs)In the Sahel region, local rural
communities depend on thousands small reservoirsor harvesting and stang fresh water which is used to
supply villages and small irrigation systems during the dry seasdmall resevoirs (SRs)are thus considered
important naturebased solutions to buffer natural climate variability, particularly rainfall variability, and to
promote rural development.

In this study we develogd a methodologcal frameworkto analyse small reservoiradopting a WatetEnergy
FoodEnvironmen{WEIE) nexusapproach. We develeg a set of analytical and modelling tools to analyse the
multi-purposepotential of the reservoirs in supportingpcal populationneeds, in terms of domestic, livestock,
agriculture, and electricity needs

We analysd hundreds of SRs in Burkina Faso to develop and test the methodology, which, however, is conceived
to be flexibly applied to other contexts and scaled to analyse larger regiBgsneans of several remote sensing
datasets and ground data, we identdd and characterisd water reservoirs We analysd their spatial and
temporal variabilityon the period2015-2022. We then focused on a subset @Rsto assesstheir impact on
cropland and vegetatioand to evaluate theihydropower potential as aadditional water usehat is currently

not exploited

The specific outputs of this work arg:a methodology and a set of analytical and modelling tools to analyse
the WEEimpacts of SRsat a proper spatial and temporaicale ii) an inventory of SRecluding spatiamapping

of water surfaceextension andits inter and irira annual temporal variabilityiii) the quantification of SR impact
on crop and vegetationy) an exploratory analysis of potential alternative uses of SRsproduce hydropower)
to contribute tothe energy demand satisfaction in remote rural areas.



1 Introduction

1.1 Background and policy relevance

Wateris the most importantesource supporting livelihodd SubSahara Africa (SSA) andas suchit is closely
linked to several Sustainable Development Goals (SOBisavani and Rampal, 2@). Since the beginning of
the 1970s, all SSA countries have experienced chronic drou@@aki et al., 2022phecause ofhighly variable
rainfall, increasing temperatures, and water demands (e.g., due tpufation growth). bw crop water
productivity (defined as the ratio of biomass or yield to actual water usddletseku and Grové, 202p)s
consistently undermining food sedty and livelihoodsn SSAThese phenomenare particularly dallenging in
remote and rural areas where farmeray struggle inadapting to climate variabilityand identifying alternative
livelihood strategies.Rainwaterharvestingis a long-establishedpracticein many domestic and agricultural
systems in arid andgemiarid regions(Keesstra et al., 2023)Small reservoirs (SRs) can bensidered gorm

of such apractice as they areneantto harvestingand stoting fresh waterwhichis used to supply villages and
small irrigation systems during the dry seas@8ecchi et al., 2020By meeting ruratpopulation water services
(domestic, livestock water demand, recharge of soil water storage,, qudentially, other use3, Rs are
considered important ature-based solutionsto buffer natural climate variability(Owusu et al., 202pand
contribute toimproving food security, but also creating opportunities for decent work and economic growth
(SDG 2, 89, 10, 12). SRs are longstablished water storing practices in countries suchBasgrkina Fasand
their positive impact on houseldincome and food security is widely acknowledged by local populati@eschi

et al.,2020). Still,their managementis not challengefree and many SRs have achieved lower development
impacts that initially envisioned. Commoaohallengesinclude deterioration of the water infrastructure,
organizatioral and management issues amongocial graups sharing the same resourcdand tenure,and
maintenance problemsncluding reservoir siltatioiiBaki et al., 2022; Dembele et al., 2012; Nebie, 1993; Pale,
2020). Increasing water scarcit{pbecause of CCprowing population, andompetition among watetses may
worsen the SRs capability to support rural livelihood

1.2 Objectives

The objective othis work is todevelop a methodolagal framework to analysé&SRsadopting a WaterEnergy
FoodEcosystem (WEFE) nexus approactd a set of analytical and modelling tools to analyse timaulti-
purposepotential of the reservoirs insupportinglocal populationneeds, in terms of domestic, livestock, and
agriculture and electricity needs. We analyse hundreds of SRs in Burkina Fagwg 1) to develop and test
the methodology, which, however, is conceivecboflexibly applied to other contexts and scaled to analyse
larger regions.

The specific outputs of this work arg:a methodology and a set of analytical and modelling tools to analyse
the WEEimpacts of SRat a properspatial and temporatcaleji) an inventory of SRécluding spatiamapping
and water surfaceextension andits inter and inra annual temporal variabilityiii) the quantification of SR
impact on crop and vegetationy) an exploratory analysis of potential alternative uses of SRs [ff@oduce
hydropower)}o contribute tothe energy demand satisfaction in remotenal areas.

1.3 Case study: small reservoirs in Burkina Faso

We selectedBurkina Fasaas case studyarea (Figure 1) becausei) the political context has favared the
development ofSRsin the whole country; i) previous studies are available in the literature thus allowing us to
accessdata to validate our results iii) water scarcityis a key issudn the regionwhich hinders development,
particularly in rurdareas;v) the climatic and agreecological contexof Burkina Faso is representative afid
and semiarid regions thudacilitating the developmenbf a methodologyeasily applicablén other SSA regian

Although there is no standardised definitidBRsare artificial reservoirs generally with a storage capacity up to
1 million m3 and a dam less than 15 m higfOwusu et al., 2022pr surface area larger than 1 hectare [ha]
(Forkuor et al., 209). These are water infrastructures typical of serarid environments in Sulsaharan Africa,
particularly in Burkina Faso. The number®Rsin Burkina Faso is uncertain with estimates ranging between



1000 and 2000 reservoirs These reservoirs are usdxy local communities for multiple uses such as domestic
water supply, livestock watering, and irrigation. Most of them were constructed between 1974 and 1987 in
response to the Sahel droughts of the 1970s and 198@ecchi et al., 2020 hey store water during the wet
season (from July to September) and allow the local population to aceeater during the dry season (from
October to June). They are thus considered important nathmeed solutions to buffer natural climate
variability, particularly rainfall variabilityOwusu et al., 2022)

The impacts ofSRson local communities have been assessed in many works (see in particular, a systematic
literature review byOwusu et al., 2022)In generalthese studies found thatSRsimproved food security,
livelihoods and income diversification through fishing and livestock product{@ecchi et al., @0) analysed

the changes in land cover and land use arou8Bsand reported a trend between 2002 and 2014 towathe
increase of anthropogenic pressures on landscapes around SRs, particularly due the development-cicatheall
irrigation schems. It is also common thathe assessedactual impact is below the estimated potential impact
because of:

0 Sedimentation whickprogressivelyreduce reservoir storage capacif@wusu et al., 2022; Schmengler and
Vlek, 2015) Sedimentation rates range between 0.3 and 0.8 t hgr!. These figureare relatively low for
African context, but may have an effect on the actual ligpan of the reservoirgSchmengler and Viek,
2015).

8 Highevaporation ratesvhich areestimated betweer2.5 and 10 mm/dayand usually3 to 4 times higher
thanirrigation withdrawds (Owusu et al., 2022)

Poorirrigation management and agronomic practicd®wusu et al., 2022; Poussin et al., 2015)

Poor condition of hydraulic infrastructures, organizationfailure of the local management authority
leading to poor infrastructure maintenand®oussin et al., 2015)

SRshave also been associated with increased health risks due to the spofadater borne diseases (such as
malaria, diarrhoeaand schistosomiasis) and deterioration of water quality (because of agricultural practices)
and increased conflict on water use betwearsers, e.g.farmers and herdersSRs are usually built by
Governmets and financial institutions (e.g., the International Fund for Agricultural Development (IFAD) and
World Bank) and then operated and managed by local communities which, however, usually lack the financial
and human resources t@roperly manage the reservars. This topdown approach promoted a culture of
assistance and unaccountability of local organizatig@@mall Dams Rehabilitation Programmeurkina Fasp
2002). Differently from large reservoirsSRslack legislation to ensure the safety of their use and longevity
(Owusu et al., 2022l these aspects may undermine the sustainability of the agmacicecological systems
associatedwith SRs(Poussin et al., 2015)

! Literature estimates of the number o8Rs in Burkina FastForkuor et al., 2019jrom 2002 to 2014, with a current total of 1,033 SRs
(of 1 hectare [ha] or more)Owusu et al., 2022) over 1700 with storage capacity bigger than 1 million®niCecchi et al., 2020)
1450 reservoirs.



Figure 1. Area selected as casstudy (approximately 100x100 krharound the capital of Burkina Faso). Water bodies are
represented in blue while a subset of the SRs analysethis work are represented with coloured markers.
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1.4 Methodology overview

Figure 2 shows the flowchart of the modelling framework we developed to map ®Rsand analyse their
impact on the local communities in terms of irrigatedyaculture and electricity generation potential.

The first step in our analysis concerns the spatial and temporal mapping of the reservoirs (STHERyLria 2).

We used remote sensing datasets of topography (Digital ElevationdlloBEM) and land cover/land use (Global
Surface Water GSW and Dynamic WorddW) to identify the location of the reservoirs and, for each reservoir,
the monthly time series of water surface and some structural features such as dam elevation and storag
surface curve. Sectio describes in details the methods and data employed in this step and the main results.

The second step concerns the assessment of the reservoir impact on irrigated agriculture, which is the main
purpoe of SRsin arid and semiarid regions (STEP 2 iRigure 2). We correlated monthly time series of
precipitation (by using the remote sensing dataset CHIRPS), vegetation (by using the remote senseshé\DVI
the cropland class of DYWand reservoir storage (as identified in STEP 1) over different spatial units which are
purposely selected to isolate the areas where crops are cultivated in close proximity of the reservoir and
downstream from the dam. Sectiof describes in details the methods and data employed in this step and the
main results.

Finally, we estimated the hydropower potential of tl#Rsby modelling the reservoir mass balance and the
functioning of a hypothetical hydropower plant (STEP 3Figure 2). These models require knowledge on
reservoir structural features such as the storageirface curve (surveyed in fielstudy or as identified in STEP

1) and information on reservoir management strategies to analyse if angvtthe reservoir storage can be used

to produce electricity in addition to the other current uses (i.e., irrigation and, in some cases, livestock and
domestic supply). Given that hydropower plants are currently not in place, we referred to scientifitureefor
making hypothesis on the hydropower plant features and electricity demand. SeBtawscribes in details the
methods and data employed in this step and the main results.

STEP 1 and 2 are exclusively performed on Haesis of remote sensing data and utilise ground measurements
(when available) to validate the models. STEP 3, instead, is currently implemented by means of ground
measurements obtained from the literature, but the models are structured in such a way &iveénformation

from the previous 2 steps. This is worth noting because this connection would allow us to replicate the analysis



in otherregions(i.e. different from the case study adopted in this preliminary wkithout the need for costly
and resouce-intensive ground data collection

Wehighlightthat the current modelling framework could be extended to include a crop model GRODPWAT
FAO) and a hydrological model (dashed boxeBigure 2) which, if implemented in futte works, would allow
us to assess the impact of climate variability and change as well as other secianomic scenarios (e.g.,
population growth) on the sustainability @Rsas naturebased solution to adapt to global changes.

Figure 2: Flowchart of the methodology developed in this work and possible future extensions.
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2 Mapping of current reservoirs using remote sensing

2.1 Remote sensed products assessment and selection

The objective of this phase was to identify existing rematensed derived products that would support the
identification of small water bodies andeservoirs, further to land use and land change relevant to assess the
impact of thereservoirson local socieeconomic developmeng(g.human water supply, livestockgriculture,
and potential energy production).

Various remotesensedderived raster products are available regimg about surface waterbodiesletection,

extent changes over time and, more generally, Land Use and Land Change (LULGSWtata is a welt
established JRC produ¢Pekel et al., 2016ajpased on monthly time series analysis (since 1984) of 30m
resolution Landsat images. GSW provides a valuable insight in surface water dynamics over time at global scale.
Applications in literaturg¢e.g.Busker et al., 2018; Huang et al., 2023; Papa et al., 2088Jude the idenfication

of areas of shrinking or expanding water bodiekie as to natural or human drivers as changes in recharge or
water demand.

Other more recent LULC producssichas Esri Land Cove(Karra et al., P21) and Dynamic World@@W) (Brown

et al., 2022) elaborate upon higher 10m spatial resion Sentinel2 images, acquired in the framework of the
EU Copernicus program. Their major benefit, compared to B8N the highspatial resolutionwhich iskey
to the detection of small water bodies, sometimes just disappearing at the end of thesdason. On the other
hand, their major limitatiorlies inthe limited temporal coverag€éDWsincemid-2015, EsriLand Cover since
2017) compared to Landsat (and GSWince 1984 (Figure 3). Another differencelies in the temporal
frequency, GSW being monthly, DW beirgprrealtime (classificationalgorithm applied toeach single S2
imageavailablg, and finally the Bri Land Covebeing only yearly.

Avisualcomparison of the aforementionedULCproducts was conducted to assess theotential in detecting
waterbodiesin the selectedsemiarid region The analysis revealed that Landsat images are generally of too
rough resolution to enable a satisfactory detection 8Rsin the region, resulting irmany omission errors.
Compared tEESRI producDWperforms sendily better. water bodiesare well identifiedalsoat the end of the
rainy seasorwhen the high sediment load results in watbeing quite similar to bare soih true colourimages.
DWincludesnine land use classes, includinhe water classGiven the interest for investigating both the long
term trends and the seasonality, the Esri Land Cover has not been object of any further assesdvimnet.
detailed or comprehensive statistical assessment of tifferent LULC productsan be found in literaturge.g.

Li et al., 2022; Venter et al., 2022)

We also usedHydroSHEDS, a global product at 30m and 90m resolution, providing hydrologmaihgcted
terrain elevation flow direction and flow accumulatiomaster (Hydrosheds.org, 2023We processedhese
coverages at continental scale, starting from rivers outlets along the oceans coast and inner sinks/holes for
large endorheic basinge.g.Chad basin) or at smaller clodébasins within theSahara Desertbuilding up full
watersheds upstream and related topology based on the identification of rivers confluence. Using different flow
accumulation as a discriminant, raster maps of wateests at different levels of granularity were derive@he
computed (sub)watershedswere used in the analysis below to aggregate informatioa.q.,water extent,
different land use® g \ nertent) NBVI, rainfall

Figure 3. Temporaextentof remote senseddata usedfor the analysis




2.2 Dataset collection

We selected d.°x1° tilecentredaround thecapital of Burkina Fas@uagadougopascase studyareabecause
of its high number ofwater bodies andSRgNewborne, 2016)

Monthly DW imagesvere downloadedn batch modefrom GEEGorelick et al., 2017yia Jupyter Ntebook
(Kluyver et al., 2016jor off-line processing TheDWmonthly productrepresents themode-composite of the
highest probability levelof LULC classesver a onemonth period(Brown et al., 2022)consideringmany
different, up to hundreds, images being available for each monfts leads to the positive effect thahot
detected pixels aranasked out when reported for limited periods within the montfio overcomaemaining
Sentinel2 data gapsaused by clouds;loud shadowand image artefacts monthly Sentinel 1 adar imagery
(SAR) coultbe consideredas addiional input data sourcan future studies Alternatively, interpolated (spline)
time seriescould be builtto fill data gaps.

Monthly GSW datasstweredownloaded from the]JRCGSWFTP serve(EC JRC, 2023&Jonditioned DEM, flow
direction and flow accumulatiomaster files were acquired fromthe HydroSHE® website (Hydrosheds.org,
2023). We computed atershedsand its pour poiris (water outlets) based onflow accumulation and flow
direction raster input

Most of the data processing tasks described in the followsggtions €.9.,building frequency raster maps,
extracting water extent time series, aggregating data in space amdetin buffer zones close tahe water
bodies, downstream of them or at the watershed leyat medium to highspatial and temporal resolution
(about 10m, monthly)are computationally intensebut satisfactory on 1°x1° degree tiles (raster of
12000x12000 raster cells) Howeverwe designed and implementeaptimized applications in C+4gadingto
one order of magnitude or more gain in computational speetis facilitates the transferwof the approachto
other regions as well as upscalinBata analysis was rainly conductedn R.All codes weréuilt in a modular
way which would aller the development ofuserfriendly tools tailoredfor specific stakeholder requests or
regionsat a later stage

We useddata originated fromlocal studies(a.o. Badaoui, 2013; Banao, 2018; Bangre, 2019; Barnaby, 2017;
Bonkoungou, 2019; Compaore, 2019; Kramo, 2018; Kuetche, 2018; Naon, 2017; Nyafeu, 2017; Oubda, 2019;
Ouedraogo, 2020; Sere, 2023pmdakouma, 2017; Souko, 2019; Soumana Goudia, 2018; Yampa, 2020; Zagre,
2021) by the International Institute for Water and Environmental Engineeri@gs(Institut International
d'ingénierie de I'eau e de l'environnemerity validation of simulation andanalysis results presentkin this

study. Thee studies generally includethe assessment, pre-feasibility, construction management and
restoration (incase ofdamagedor collapsed infrastructure)f several small damsn Burkina Faso

2.3 Building frequenc y raster and water body maps

Frequency raster mapdescribe theoccurrence of aertain LULC class frequenciheywere built independently

for DW, GSW and then for combined DW and GSW coverages. Frequency raster maps weredigiit fafrthe

nine LULCclasses of the DWwater, trees, grass, floodedegetation,crops, irub and scrub, built area, bare
ground class snow and ice excludgdovering the entire time period, mid 2018&nd of 2022,with the exclusion

of the classNot Detectede.g.due to claud coverageartefactsalong image strips). A few misclassified images
were identified and, as it has been the case for the large water bodies erroneously reported in the SE part of
the tile for the month of September 2015, the specific regions masked out.

AsGSW focuses specifically on water detectitire temporal dynamics of the watdrodies extent was extracted
from the images, and the same was done for the water clamsly when combining GSW and DW. Given the
coarserresolution of GSW the dataset wasresampledat the same resolution of DWDWis more precise in
detecting watetbodies thanGSWgiven the highespatial resolutionFor example, the main tributary to the Ziga
dam, in the NE sector of the tilés clearly representeth the DW frequency maghut it is not so evident in the
GSW frequency mafigure 4). Overallthe number of water bodies detected by the DW is lar¢g582) than
those detected byGSW(382), and this holds true also once the many smalitefacts resulting along sensor
stripping boundaries of DW are removed.

2 Despite GEE being an extremely powerful cloud computing platform, stfiépence was given to local processing to avoid computational
resources bottleneckée.g. limited processing capacity, limited access to underlying algoritlamg)licensing limitations, with even
larger impacts on later attempts to scale up the analysséakeholders and usersspecially in Africagre increasinglyrequestingdata
and toolsthat guarantee fullcontrol, transparency and securjtwhich cloud computing platforms cannot always fully provide.



Frequency maps analysis at the local scale then reveals more details about the history of Bchas the
construction date, critical events as collapsing infrastructures, and so on, to be valitiatsed on ground truth

as from local scale studies. More on this in the next paragraphs.

Figure 4. Surfacewater frequency(as percentage)mapsderived from the analysis of DW2015-2022) (left) and GSW

(1984-2021) (right)
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Basedon the aforementioned frequency raster maps, water bodies were extracted in vector format based on
their maximum extent(Figure 5). Detected water surfaces < 0.1km? often represent artefacts and, thus, are
excluded from the analsis. This means that connected water pixels forming clusters of size greater or equal
0.1kmz2 represent a water bodfpetectedwater bodieswverecategorizel based on their size as follows: i) <1kmz,

i) 1-10km?2, iii) 10-100km?2, iv) 100-1000kmz, v) >1000km3?. Our 1°x1°study tile contains reservog of the

first three size classeswith 1346 water bodiessmaller than 1km2 and36 greater than 1km2with Ziga as

biggest reservoir{80km?2).

Figure 5. Water bodies based on maximum water text in DW
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3 Spatial and temporal water surface and volume analysis for selected
areas/reservoirs

3.1 Water bodies extent dynamics

DW derived mnthly time series of water bodiegharacterize for a fairly good and continuous temporal
coverage, despite somgaps concentrating at the beginning of the rainy (and cloudy) season.

Figure 7 and Figure 8 show the monthly dynamics of normalised surface wateof the detectedSRs The
maximum extentis generally inAugustor Septemberj.e.,at the end of the rainy seasanwhile the minimum
extent is around April or May, i.at the end of the dry seasarMost of the reservoirs dries outompletely.
Although the time series are limited to a span of& years, we can digtiguish 5 categories of reservoirs:

A Stable the reservoir has a stable cyclic dynamics along all the years analysed,

A (ollapsed the reservoir has a dynamic at the beginning of the time series which stops at a certain
point in time

A Appearingthe reservai is non existing at the beginning of the time series and a dynamics appears
during the period analysed

A Increasing/decreasinghe reservoir dynamics show an increasing/decreasing trend over the analysed
period.

No information is generally available alu the driversof such changes. Thegould range fromdestruction of
reservoirs due to extreme meteorological events or reduction of reservoir capacity due to siltation or
abandonment ofthe infrastructure.But the timeseries analysisclearly revead the date (month) of SR
constructionyestoration,or destruction, for which both aerial photographs and report{eg. 2iE reports)can
provide further evidence

We analysed thenonthly reservoir dynamics using th&SWdata to obtaina longertime series(ie.,spanning
from April 1984 to December2021), despite lower spatiatesolution of 30m Figure 9 shows however, that
GSW datehave many missing valueparticulaty before 2013. This is mainly due tsensor errorge.g. failed
scan line corrector of Landsat, faunchedin 1999) and relatively high cloud and cloud shadow coverageger
west-central Africa(Pekel et al., 2016b; Wulder et al., 201 6Yhile e launch of Landsat 8in year 2013led to
major improvemens of data coverage

Finally,a comparisonof water dynamics derived fronDW (10m resolutior) and GSW(30m resolutian) was
conductedfor the period 2A.3 to 2022, which represens the periodwhen the two datasets overlagFigure
10, Figure 11). Overall similardynamicsare capturedby bothproductswithin the combinednaximum water
extent MWBE of detected reservoirsVhen comparinghe water raster cells oDWand GSWwithin the MWEDf
all detected reservoiramore than 80% ofdata is characterized by a difference of maximum 5pixgigure 6).
This good matchreveak the possibilityto utilise GSW datgor periods not covered by D\before 2015) for
reservoirs with good GSW data history

3 Normalized surface water extent is the watepama \ * > A\ m  \ Am g\ o~ _Hoj hoc Am n  mgjdm¥%nhh\sdhpt
facilitates the comparison of water extent dynamics between different reservoirs and the visualization of water dynamics for
reservoirs with very small water surfaceeas.
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Figure 8. DWReservoirs(37-251, ordered by decrasing siz¢ surface water dynamics normalized to MVt SRsin

Water body percentage extent over maximum extent
oo2o

between0.1 and1km?, for period 205-2022.
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Figure 9. GSW: Reservdit-22, ordered by decreasing sizejirface water dynamics normalizedto MWEfor larger water
bodies ¢ 1knv), for period1984-2021.

Reservoirs (1-22) surface dynamics based on GSW normalized to MWE for largest water bodies (>1km2)
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Figure 10 DW vs GSW: Reservoir40, ordered by decreasing sigsurface dynamics normalized to combin&tiVEfor
waterbodieslargerthan 1kn¥, for period 20132022. Note: Reservoir codeseanot comparable with those ones from
Figures7-9 since they may refer to different MWE (DY GSWs. combined DVWGSW MWE)

Reservoirs (1-40) surface dynamics normalized to maximum extent for largest water bodies (>1kmz2) from combined DW and GS
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Figure 11. DW vs GSW: Reserv@i-259, ordered by decreasing sigsurface dynamics normalized to corimed MWE
for SRsin between0.1 and1km?, for period 20132022. Note: Reservoir codese not comparable with those ones from
Figures7-9 since theymay refer to different MWE(DWor GSWvs. combined DWGSW MWIE

Reservoirs (41-259) surface dynamics normalized to maximum extent for small water bodies (0.1-1 km2) from combined DW and GSW
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3.2 Water bodies volume

Information about tle water volume stored irBRsis key to understand to what extent the needs of the local
populations can be met. However, inferring volumes from surfaiseshallengingas detailson the reservoir
bathymetryare needed

Digital Terrain Models (DTMs), asetl30 and 90m spatial resolution SRTNFarr and Kobrick, 2000)and
hydrologicallyconditioned DEMuch as HydroSHED&n provide the bathymetric information in all those cases
where reservoirsvere built later than he acquisition oftopographic daa (e.g. year 200Q)f a reservoir already
existed at that time bathymetry @n be inferred based oin-lake bathymetricmeasurement oon extrapolation

of topography fromwater body neighbouring area®therwise comprehensive field work ntuse conducted
and statistical laws inferrede.g.Rodrigues and Liebe, 2013)

In the framework of current study, wéocussed on thefirst approachabove We made use of the DTkb
compute the extent and volume of water bodiefor different water rise scenarios asesulting from the
construction of new hypothetical dam&igure 12). Details on thecomputational process follow

9 Selection of the dam locatich

1 Estimation of water stream prevalent direction downstream of the daifihe estimation is based on
the river pathway downstream of the dam up to eertain distanceas set by the userup to the
confluence in a river of simildnigher dischargeor at internal inner sinks/holesfddrainage point in
endorheic basis, e.g. Chad Lake

Building of adam perpendicular to the prevalent river direction

Computing eservor water surface, mean depth and mean slofm different water rise levekcenarios

Figure 12. Simulation of dam, reservoir and associated waterface, volume, and mean depth

Waterbody mean depth vs. extent
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We tested the surfacdo-volumeapplicationover randomlygenerated virtualdams within our 1° tile. In order
to have good density coveragehile avoiding to select point®o close each otherl000 random points were
setat a distancenever lower tharBkm, and different scenarioswere simulated forwater risein between 1 and
10m (commonmaximumdam height for SR the region®. Figure 13 showsthe resuls of the simulationfor
different water rise levekcenarios

4 Specific coordinates location can be provided or, alternatively, points regional random sampling can be performed telyecatiute
surface/volume vs. water rise to infer regional behaviours.

5 The simulation of virtual water filling is abted for water rises that result in water bodies that extend up to the tile boundary, as in this
case neighbouring tile(s) should be integrated in the analysis, or in too large water bodies possibly reflecting overftoadinds
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The assessment of the quality of sinfated results requires ground truth data for which details are provided in
the next section.

Figure 13. Simulated reservoir surfaces and volumes for randomly sandgdems, for water rise levedf 1m, 5m and 10m
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3.3 Ground-truth validation

We checkedDW water classificationfor selected SRdyy integrating ground observatiofrom 2iE reports
(Badaoui, 2013; Banao, 2018; Bangre, 2019; Barnaby, 2017; Bonkoungou, 2019; Kramo, 2018; Kuetche, 2018;
Naon, 2017; Nyafeu, 2017; Olagunju et al., 2019; Oubda, 2019; Ouedraogo, 2020; Sere, 2022; Somdakouma,
2017; Souko, 2019; Soumana Goudia, 2018; Yampa, 2020; Zagre, 202d9gle Earth images and, where
available, other sources as Weor newspapercontent (Gansore, 2020)Further to that, we alsoconducted a
comparisonof simulated surface/volumeas resulting from the procedure desibed abovevs. the estimates

from the aforementioneiEreportsthat being basecbn topographic surveysan be considered more detailed
equivalent toground truth Onlyone of the2iE datasetsthe Wilga damcase studyclearly reportsinconsisten

data for water level rises from 6 to 8mapparently resuiing in constant water surfaces (0.6&m?) and
increasing volumegFigure 17 andFigure 18). This curve for the Wilga dam must be cleadijscarded.

Fewcase studies araletailed here below.

The Tansablog&sR located ESE ofOuagadougouwas built few years before the start of the Sentinel2
acquisition (and hence the availability of the DW images) and collapsete first half of 2015 (Google, 2023;
Oubda, 2019pefore being captwed in the DW imagegFigure14). GSWrequency maprevealsthe existence

of the waterbodyin 2014, while theDW frequency map captures the existence of a small residual water body
downstream of the original dam, edirming the detailed history reportedn Oubda(2019); the two datasets
clearlycomplement each other to tell the whole story.

The Péléeaeservoiris another example of a collapsed dariVe detectedMay 2020 as step change in the time
series (by visual inspection) which is the same degportedin (Gansore, 2020as date of destruction causing
also damagedo the nearbyPélée village Figure 15).

An exampleof a newly constructed danis the Sougédam (Figure 16) resulting indrasticchanges ofwater
extent in DW time series.

neighbouring valleys/lowsThe simulation is also aborted when the water body extends over flat areas as they could reflect the
existence of lakes rather than reporting the topography. A user defined threshold for percentage of flat areas over thesgmtitated
water body areas set to filter out not viable resultsA few limitations of the simulations attain at the 1ImDTM vertical resolution,

the noise due to the vegetation coveragmpacting on the DTM qualityand eventual artefact introduced in theonditioned DEM,
namelythe topographic lows filling procedure that modifies the local topography to guarantee surface water flow continuity
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Figure 14. The Tansablogo dam as axample for collapsed dams
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Figure 15. ThePéléédam as an example for collapsed dams
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Figure 16. TheSougédam as an eample fora newly builtdam
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The surface/volumand surface/mean deptlgraphsderiving from the 2iE reports reveals a certain degree of
variability that isunderstandablyrelated to local topographic conditiond={gure 17). Key messags are that
these waterbodies are generally of limitetheandepth,rarely exceeding the 3mand that relatively large water
bodies(1-2km2) often characterize for mean ater depth below 2mThisinformationis relevantto infer rough
estimates of volumes starting from water boes extent.

The surface/volume and surface/mean depth estimatiesiving from the application of the analytical procedure
described abovevere compared to the 2iE curves in orderdesess the quality of the simulated result€learly
the simulation permits to derive surface/volume curves any location,which implies a clear advantage
compared to the fewdatasetsresulting fromgroundtopographic surveys.

Consideringhe relatively rough horizontal and vertical resolution (90m and 1m, respectiyggijtcularly as
for the later in consideration of the limitedvater depth of SRssimulated results could not be expected folly
capture the observed behaviouEffectively simulated curves tend tbe overestimated compared to 2iE ones
as is the case for tke previously investigate®Rs of Tansablogo, Nouveau Saalé and L{Rdjure18). Other
SRsas Kellp, Loto, and Houndeharacterize forsimulated curveshat are pretty close to the2iE ones.

In the end, the simuleed curveshave not been usetb convert water surfaces to volumesut they represent
a valuable toolalthough generally leading taan overestimation. Further assessment will be conduciedhe

near future to validate the methodologfocussing also on lgjger dams wherehe limitation of the horizontal
and vertical resolution shoulde much less relevant.
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Figure 17. Surface vssolume(left) and mean depth(right) of SRsas from 2iE reports estimates
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4 NDVI analysis: relationship between water variability and vegetation
The objective of thimnalysiswas to assesghe impact of SRson agricultural activities.

In order to perform arassessment othe vegetation dynamics and agricultural variability without performing
an ad-hoc landuse amlysis (which wouldrequire ground truth data for validation, data control, etcive
analysed? datasets already available and validated:

1. The NDVI (Normalized Difference Vegetation Index) as derived by Copernicus dataset (Collection 300m,
Version2, from he Sentinel3A and -3B OLCl)with spatial resolutionequal to about 300m and
temporal resolutiorequal to10 daysstarting from 2014.

2. the Dynamic World data (already introduced in the previous section) by focusing on landuse class 4
ApmmT onkjoi Ndi_b»Aho\ji hcorespphkima thwatgr:
The NDVI is a dimensionless index thapresentsvegetation densitywhich has been usedy the remote
sensing community foa long timeand for a wide range of application§vITO, 2022)In this work, we analyse

vegetation h areas (around and downstream from the reservoirs) that we suppose could be impacted by the
water stored in the reservoir and its management.

The main hypothesis isindeedthat water stored during rainy season in th&Rswould ensure to extend the
agricutural season intathe dry season We shouldhus expect vegetation arounthe reservoirand downstream
from the damlasting longer after the rainy season has endalfe contrasted time seriesf NDVI, DW class 4
and Oand rainfall from CHIRPS datat (Funk et al., 2015averagedover 2 spatial units(Figure 19), i.e.the
watershed (hydrological unitvhere we expect vegetation being closely correlated togip#ation) and some
buffer areasaround the reservoirgwhere we expect a lower correlation with precipitation)

We defined4 buffers (200,500 and1000 m, and in addition a 500 buffer area extended downstream the dam
into the main river valley when presg&) based on visual inspectioof agricultural fieldsaround the reservoirs

on Google Brth satellite images(Google, 2023Figure 21). We also accounted for statistic in the lake area
(reported as Buffer 0 in the following figures), just to verify any strange behaviour of NDVI within the lake area.

Forthis assessmentve selected a subset 0f6 SRg(see Annex 3)according to the following criteria

b ensure ahomogenous distribution ofhe selectedreservoir over the study area in terms sboil
and climatic conditions

b  accountfor different reservoirdynamcs, i.e., theb types ofdynamics presented in Sectid(i.e.,
stable, collapsedappearing increasing and decreasingeeFigure 20).

Figure 19. Example of reference spatialnits used for aggregation and analysis: (left) watershed corresponding to
drained area upstream of the selected water bodyfe that other water bodies can bancluded in the upstream areg)
(right) Buffer zones identification in the proximity of watbody maximum extent.

WATERSHEDS OF DRAINED AREA OF WATER BODY ID =90 BUFFER ZONES OF DIFFERENT DISTANCE OF WATER BODY ID = 90

Source: Images frorBoogle, 2023
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Figure 20. Example of different reservoir dynamics selected for the analysis.
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4.1 Impact of reservoirs on vegetation development

Figure 22 compares the time series of averagmonthly NDVIin the different buffers with satellite images
corresponding to the same periodEheimpact of the reservoir onagricultural areasis visible in the images
corresponding t@ctober, November and December when most of the region is dry (yellow, brown iaréaes
satellite maps) and onlyagricultural fields appear asgreen are@ in the images.Those months are not
characterised by the highest values of NDVI ((normally in Augieptember as result of monthly average in
the buffers) but is indeed the targeperiod to be analysedo capture the difference in the greening and foliar
development of more natural areas (grassland is yellow/browajsusthe managed (irrigated) fields.

Figure 21. Satellite imagegaken inOctober- Novembe (end of the rainy season in the selected aregpund4 SRs
(Source: Google Earth Pro, accesseed$92023)

Source: Images frorBoogle, 2023
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Figure 22. Time series of averag&lDVI for the buffers and comparison wit satellite images from Google Earth Pro.
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Extending the analysis to all the reservoirs, wempared the maximum NDVI (magnitude amtbnth of
occurrencg its temporal extensiorand decreasingattern (how fast NDVI decrease in the dry peridd) all
reservoirs and years (sdeigure 23 for some examplg). Figure 24 shows the resultdor a particularreservor
(reservoir ID equal t®0) which is characterised by amppearingpattern as water surfacecan bedetected only
starting from 2020. We compared 2016 with 2020 athey are characterised by similar precipitatiamount
(approximately 770 mm/year) anchonthly distributionso that the main difference in terms of water availability
is the presence of the reservoir in 2020

Figure 24 shows that thereservoir has an impact on NDVI dynamics in théfer areas. In fact, the maximum
NDVlis muchhigher(0.7 vs 0.58)the NDVI dynamics in the receding limtsmootherthe lower values of NDVI
(about 0.25) are reached only in the end of November/December éxtisndingthe seasorwhen the vegetation
is presentof about 1 month

The delay baveenthe maximum NDVand the maximum rainfalis normally 1 or 2 monthsAs expectedhis
clearlyimpliesa directeffect of rainfall onthe NDVI indicatarindeedmost of the natural vegetation will be
highly affected mostly by rainfall distribution (seh as for example for forest, shrub and grassland)

Only irrigated cropland would have a developmemnefiting on the supplementary water availability from
reservoirs managementn order to reduce the influence of natural vegetation on NDVI statistiesfticus of

the assessment should be constrained temporally and spatially (temporally in the dry season and spatially in
the buffer areas) A possible refinement of the analysould insist orspecific areas where croplaridirrigated

thus excluding theriterference of other vegetation types, such as grassland and shrubs, which may be currently
included in the buffer zones, thus confounding the NDVI values.
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Figure 23. ResultsMonthlyaverage NDVI statistics for the differeftuffering distances
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