R Hydraulics Research Center
/iy gl &pad 1K

dasaulgjaudl| digal| iS40 ojfan|
©2017 sios - dspiam gy dmmasaio dygoa o

690l @ldbuall yad i
i bl & iyl £ g e

(| i ) ] 5



Hydraulcs Research Center

Wypad &y s j$

PRI PIRWA UPE N 1%

BlaaY




HRD Hhals Reserch Center

RAPRIETRIUERS

LSS gyl Sgedl S

paall B> 98 9 3S,el aps cuan elgcl gk
bl sl coazidl 9 pobill 8o 89wl oo
oubgi o wsodedl pcall dgn @slsiell ailw, e
>,leadl @olaiw] 9 dowiip)l OVlxoll (59 Lixglgisill
013 5 cosadell el Ul aclily 18,5k 9 auiloll
Jio ¢ 5,31 ©Vleo) Jol=U aiodluno 58 logs 11,1
o0 9 olall aucgi o> o Al dxay adleiodl woxl
ow Sysbal slalll Jslly  c@sbnll olpedl cus
Sa09 55 y0lly (el ol o s @lolell WIS il
ooall J> 58 8,1 aylxvg Loleg Lisy asodlue
aloleo 04d iy « el Jo=ll aslsiall SVISLLI
Bleodl ewlbwVl @i Ol el 9. ppin sl
a5l 9 auzdl Shall go Wl 9 Wlogleall Jsba
JWs zuoly il @ OlS g 5,3Vl izl Olawsoll o
el Saw gozas slsei] pi ol adoVl gl
o olaod) aSiiuodl 8L aslsiodl wusw 9 8,ulac
aols Ss> 959 ppos S)950 ol 148 Lugsl o Vlsgll
eoriwoll 0 lblawl Jolgtg ... ,lozdl Jgs go
Wpazs| Sillg (Al dd>yell swanall SHI) (il
...... J10U Lpleolss duws, ©lgSie @MW (9 ailblias
BVl Ll Oliass) sguidl duomwgou sasdl 1id colsi loS
9 55,0l >l sl aaludl awl,al (599 plall Lig)
9 O3Vl Judl 0ly> o b csilly oY) plall
- (ombnele ooy gaigr) M &y bl| cslel
8,000 o) sall Bk awaVl &le s oVl s
J=ey weli) aosls 8)9.01 oluoll jslan Loy2i (g 840
obleo 0idy aslunVly dslosdly ducluall wlalzoll
- plpdl Seuzdl 5,900 1ip) aus,8>

Ulsgudl Ugi> (3> saell 1o, ados augild a4>U (o9
. JlawsVl ae .y &gaS Ll oluo oo

VES RVERVE RV I AR

Jielan) o1 Juelow)

alh e oo pyedlae Zo.e

w\)i)b due 9!\ / p.\

aow il b /5. |

J LSl g0l Sgad) S e \&

Hydraulics Research

Center
Ohgadl - (Alaay
« 842234 - 843220 511 +249 : O 4L

846224
+249511843221 :usd

info@hrc-sudan.sd
\ Web: www.hrc-Sudan.sd r.




sbal S s g leiw)l
il Sgiwall Ugwl,l
ahawlg wlholxoll pyrsi 9
WJlaeol 138 s claST 8350wl
038 Jin o Ol ¢ulogo
dogleal  cldos)  wlygall
Sl ol 1is (s doadioll
29, 9 dodlwoll wls oo

> 9 03935 9 =lsVl (Sgiuo
apollell wlusdl aSlgo (suiy
ples wog Sl pladl lip]
guo pi plizdl (59 9. el
auolell Olslpidl Il

5Sell JuS o

al\V/

= mmm

e ™

L/ &
Bz -

sslaw)l (sle lgzoxl oS
Jioll ekl Jb 9
o izl ¢ Wl olwlal
&0y 9 ol aosluw

ool duzesilyiw)l bzl
b 3SI awdsdl 9
5 Wwlod] e Sl ple
Jio o el slasily aoljull
a&ois 5 Juadld ol oid
olasgll JSJ @il olyasll
LS .dasiwonll wlelhsll 4
oig) sueinll gzl sLal
adnei sde culoe (sl 8,931
ple Lot loud wVlxoll @18

y\sitiuniflg didlyzedl Gloglsbl @l Lol
o/ \\ =\ iw:(GIS &

IS ue

e

o plasw] o
9 plodl 8k acllasVl
Syl g acl)l o (59 59kl
5Sdl plai 5,5Vl wVlxall g
logleoll plad (silai] yu)sS
A2y o leiiwYl g 48l
oy (YA) sae) (GIS & RS)
3,00 wiax| 28 9 ¢ 35,0l
oddiowol) dauceg alds oid
LW 199,25 (Jlxodl [1d (59
Fluodl o waadl (sle
OV leo walizseod aSSLAI asell

&v.i: 9 ppilaax
&odl e gl
by Sl gl
logleo)l ¢ Wbl
9 aw,Vl) aalizoll

290 & 88950l Al
acllho)l eVl
9 acl)l Jxo 9 (
olsluedl 1 Jio S,
a,il gloil 9 acs,sell
laslgo 9 Juolzall g

Lo

® Untitled - ArcMap - Arcinfo

File Edit WView Bookmarks Insert GSelection Geoprocessing Customize Windows Help
DR E& L AR x |9 o b 13807 v EEEIEEC Pex?
BEA[E@iEiilea= -0 8@ 7B 028 0.
Table Of Contents nx )
BEEE =
- A
= us_rivers

Gojeieo da

= us_counties
GINI99
I 0.000000
I 0.000001 - 0.379392
0,379393 - 0.404153
0.404154 - 0.426392
0.426393 - 0.450674
0.450675 - 0.484536
I 0.434537 - 0,.580929

Youeag ﬂ

Bus_llakes = \_9 :ll 9 LS)JI UIS
|

v v |dsadlb &
4 R LS | &

a8l el

-71.171 44,124 Dedmal Degrees




aSdoynlpdl  Goxdl S
Jlxo 59 2ily 9 Jugb el
el a2y o Aududaidl o=l
aslodl 5lgall 8,580 couVl
Jxo 08 byl o SHll 9
&l ol @lo| ¢ sodsll el
sazdl il oyell aus
c &uloslly dunlsll ppilyad b
Ozl Usls Jlsxo (58 liSe
olwhall slac] 8 @9,20llg
alall ols olp=dl go @iz
wlxoll  Sgiwodl  sle
o wwollally e dsVlg
a8 20ll daclall grwgig 31>
aSdg)ulpdl we=dl adleioll

- &eoxl) (8.99:l (sioiy

- oo >3lee
slasd| — slas| -

role = logleo
wewl> wid g ugld —
ezl ol S uazdly
o990 Sub e R Jgusll
aoanll @oazll sVl a
Ol OlS cus sl
auoganll (silwoy  (siguSIY
b=l sV e Wew
sbix] a=r @izl olyleoll
ol ,SUL ozl g . Ol

wowl>

) [ 0 ;"2; rj

oW\ Gare o Olu\so

ol a2l o V0) e
pusi a2 S0l Josl (59
8,2 Ldl @illbgll o) ppillb
o9 el sacluel

uglholl wlansdl Joxo
lgeas> ol sac gl >
NI ESEENT SV AU VIESTAW
comodiiodl o> o /A
Jousll by, ppilaviw] as
Olaazil Ol 3] pps) duglinol

dw bl 33\gnl dloSibl 0j1>1)) dub gl dsuill

Dle 28 ¢ .asledl s)lgell
Sapoidl gloizl 1id (59
o)l asdasll OleoV
o (89 Guaizall Lo dac
S8l g .aslall s)lgall &l
9 &Sl Ju=ei Joww g los=Vl
lo)l uo,1 sl Bisei @S
L) oiow]  Ulews J.._..u 9
e Ugesizall ol 28 9
cliv| 59 a8 (suaoll 8,90
Jio 28 9 olawdl o ay3el
e iy [l sunds
9 &gzl 55,0 alll puwd all

izl s

) E

o o whaall sl ¥
syleall alolSioll 8,15Vl
R-W1 PN

9 Wbl gxgiuun Joc .YV
o loglzoll

aSoid) Saupeddl gloi=Vl o3

Sl g EYV/ENT (b

5 wluwwioll uliow po

Al ouclhall oo Sl

Ve L sl 9 ol g

alolSindl 8,15Vl 2o 8ymblio

IWRM-NET-SD

aeol> avuaiws Sl olel)
cbav] pi @oMawdl Olo,aol

M aubdll &Sl
aslodl  >)leal)  alolSioll
ol 9 .(IWRM-Net-SD)
8,15Vl ddoc Jueai (| Baps
SMIL asloll s)lgel) alo Sl

WJMs o S g
&S il wexdl <> N

wlelas]l 851250




acliall ,LosVl st....olzoJI
el 0S5 Ol oSeu ol g
alole)l WISl Ao b
el guoldl Jlxo (59
elaall g oyl glhall J5ls
29> g bW Taug=s S kol
eloix] Lorew 9 el
A wlhls] 9 38 ol G gawseo
JolSso by gogl wlS )l
-yl 0dgp RO

tiys a0l oyl EUMU
a0l e 85l g9 uine (29
2wlu g oV 1E pladl (58 ICT
acg,yoll  wbluwoll o>
i sl 8,55] € g minou
>y 9 powgadl 1A &lpo
Ol oSey dshe Wl
Joalb Gsles csul] VIS
ol gl @oMs 5S,0JL

Jxo 8 abolal oISl
ehao 8o wehill  ouoldl
9 aslodl 5,lgall 8,156; IV
diow j90> 9 sbypSIl g oS)l
&Syl Ol 8S i o JS
&S, cowolild  daxioll
&olsgudl &S nadl ouldl
sl clidl e o emolill
6,52l g

osd sl S0l wloas

dub\\ Olap\obl udni -8 dawyaidl ojgull 88y lin
ATAV/£/\. —.Vaw ofall (, | duls (&

aousll aulawoll
9ol Lplols
pdyac &L
oo uwl> (W)
cwlp=l alixo
CawS e
9 @l yailas
pilelnd apogs

9 Wsaxll Glen ) alo
Sl (sle s ulS g eVl
s .l e 9 <>
ala> whly aell Joow
8,931 pliz (8 g eVl gl
aGole wislpw wguw,ll JU

polell &S, &l pole pand
s g (8,35l @zl ducl,yll
PY W51 o — oV 658)l (s

adsol=ll awl, v Loy
wlaubidl g wlolxoll o sac

5 alosll lybocdl o dualsll

8 ol [l 1o JS ole
SWR J VA T VN R we
bl fesb aclbuwo 9 Ul
&gyl 8,901 (08 alll dox,
ydl Judw aus s>
AilouS 9 aubmd b
soki Sy lpelai sl g
o Ugleill (swolzdl pudseill



LEADERSHIP COURSE ON FLOOD- BASED
LIVELITHOODS 25 - 15 MAY 2017

a9:wVlg (SgMog LS «Luguil
OlwSL  lowsles] (o)
bli 0 > (loilbeog
gy JS o wlpzdly o)l
x>l o)l Jad an)sS
o5 liS lpio  dslawlg
olwhy vae @l yose
9 o sl gwladl gyl
pIs &Sg)upll wezdl 5550

.S, ] pledl aas duuslo

5 ppog S19,0 5ol csclax=Yl bylylly JolSl
2o Wi Tyyei polzlly (sogS=ll Jasll wligy
Ul rpid Sgiudl (sclozdl ) UadVI sac] 59 0l
IVS Ml pgr (s 35 0dl Olaue g pu,SII
Log> &uol,)l aiuzpio (899 « V1V plell Ulan,
oabolelly il jea%0 35,00l oS,V byl,ul)

35S0l ple 30 ppl, (sleg

ICRAF (o pulris 9 MetaMeta
alo YO — 10 o duall s
v wils il pY\V
Jeo (9 raizell gox>
oyt sl Sl ankal
53959 amzdd 83Lall 93
La,dl 9 admsall Jow
dAc o @.L.Q.D &J)ng L..uTg
WOlsgudl) @i,V Joudl oo

Ap0 o Gaiis [Adgd (59

sbd coldl acluw )l
Goxdl S, pe gl
Q)i 895 89 aSdg,aupll
Leadership Course on s
Flood-Based Livelihoods
& Rainwater Harvesting
ol g,line alaisl cow
From Africa to Asia and)
alg0i piy Silg (Back again
3,001 waseil ¢ Sl o

2 LA olsd Gouull jUhs |



o el 5y § i)y ¥ 0 ol o il il

WATER FOOTPRINT, VIRTUAL WATER AND WATER TRADING
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MAXIMIZING THE USE OF SATELLITE DATA
AND HYDROLOGICAL MODELLING FOR
STREAMFLOW PREDICTION

Researcher Khalid E. A. Hassaballah

ABSTRACT

his study aims to demonstrate the prediction of streamflow us-

ing satellite data and hydrological modelling.In this study, three
widely used, satellite-based rainfall estimates (SBRE) products (Rain-
fall Estimates (RFE 2.0), Tropical Rainfall Measuring Mission (TRMM
v7), and Climate Hazards Group InfraRed Precipitation with Stations
(CHIRPS 2.0)), were used to run the hydrological model. The per-
formance of the model was assessed using the coefficient of deter-
mination (R2) and the Nash-Sutcliffe efficiency (NSE). The results of
predicted streamflow are satisfactory and indicate that the best prod-
ucts over the Dinder and Rahad Basins is CHIRPS v2.0 with 0.8 for
both R2 and NSE. This approach shows the capability of hydrological
models to predict streamflow from SBRE at sub-basin levels, which
can be used in flood early warning decision making.

1 Introduction

ydrologic models and land surface
H models are usually driven by obser-

vations of rainfall to predict stream-
flow. Many models have been developed
to simulate the transformation process
of rainfall into a runoff over a catchment.
These can be categorized as an empirical
black box, conceptual, and physically based
distributed models. Each of these types of
models has limitations and advantages.
Many cases in practice preferred the use
of simple models such as the linear sys-
tem theoretic models or black box models.
However, these simpler models normally
fail to represent the non-linear dynamics in
rainfall-runoff transformation process (Ra-
jurkar et al. 2004).
Hydrological models play an important role
in facilitating optimal management of water
resources. Many hydrological models have
been developed for different purposes, for
example, flood (Artan et al. 2007; Temimi
et al. 2007; Cloke and Pappenberger 2009;
Fotopoulos et al. 2010), optimise water al-
location (de Condappa et al. 2009; Hassa-
ballah et al. 2012) or to study the ecological
responses to altered flow regimes (Richter
et al. 1996).

Rainfall data is the key driver for hydro-
logical modelling (Thiemig et al. 2013).
Therefore, adequate observations of hy-
drologic variables play a crucial role in wa-
ter resource management and planning. In
many cases, large geographical areas lack
ground observations that affect accurate
quantification of surface runoff. Obviously,
the lack of ground observations limits the
development and calibration of hydrologic
models for runoff prediction in these areas.
The global decline of rain gauge networks
confirmed by (Stokstad 1999; Hughes
2006; Calmant et al. 2008) has led re-
searchers to study the use of SBRE instead.
The free availability of SBRE with high spa-
tio-temporal resolution (e.g. 0.05 degree,
approximately 5 kilometers and 24 hours),
and being released in near real-time, has
increased the potential of SBRE as forcing
data for hydrological modelling, especially
for data-scant and ungauged basins.

To address the limited-data availability is-
sue in ungauged basins, the Internation-
al Association of Hydrological Sciences
launched research efforts such as the Pre-
dictions in Ungauged Basins (PUB) initia-
tive in 2003 (Khan et al. 2012). Salvia et
al. (2011) reported that one of the PUB ob-
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jectives is to assimilate satellite data into
hydrologic models. Recently, substantial
efforts have been concentrated on the use
of freely available satellite data to com-
plement hydrologic ground observations
over ungauged basins. The advantage of
the SBRE data sets is the global availabili-
ty over basins where ground networks are
sparse or non-existent.

Rainfall and evapotranspiration data by it-
self is not sufficient to compute the runt
plays an important role in determining
the runoff behaviour. Tetzlaff et al. (2008)
pointed out the challenging opportunities
in process conceptualization that are cen-
tral to the development of hydrology as a
mature and more integrated science. De-
spite considerable ongoing progress in
conceptualization, there remains the need
for better coordination in research and col-
laborative comparative studies to develop
transferable tools to integrate theoretical
perspectives and empirical studies.

Abbott et al. (2001) reported that the hy-
drological modelling has reached the 5th
model generation which is characterized
by highly complex physically based mod-
els connected to Geographical Information
Systems and Graphical User Interfaces.
Nevertheless, the connection is still incom-
plete due to the missing time-dimension
in most of the GIS software. Therefore,
the development of a dynamic modelling
language within a GIS framework such
as PCRaster can be seen as a further im-
portant step within this model generation
which facilitate the use of a spatial data
sets. Such models have the potential to
support policy makers decisions regarding
the impact of spatial changes e.g. land use
change. However, the information given is
still very often deterministic and ignores all
uncertainties (Pappenberger et al. 2004).
The PCRaster programming language is
an environmental modelling language to
build dynamic spatial environmental mod-
els (Van Deursen 1995; Bates and De Roo
2000; Karssenberg 2002; Uhlenbrook et

al. 2004; Karssenberg and De Jong 2005).
The idea of PCRaster is the representation
of landscape in space resulting in a stack
of PCRaster map layers, where each map
layer represents one attribute. The discret-
ization of the maps results in cells of in-
formation, in which each cell has its own
properties.

In this study, we have investigated the use-
fulness of SBRE for hydrologic modeling us-
ing a spatially distributed hydrologic model
forced with three SBRE products (RFE 2.0,
TRMM-V7 and CHIRPS 2.0) for streamflow
prediction in Dinder and Rahad basins for
the time period (2001-2012).

2 Study Area

he Dinder and Rahad (DR) are the
Tlower sub-basins of the Blue Nile Riv-

er basin (Figure 1). The Blue Nile ba-
sin collects flows of eight major tributaries
in Ethiopia beside the two main tributaries
in Sudan: the Dinder and the Rahad Riv-
ers. Both rivers are seasonal and derive
their water from the runoff of the Ethiopian
highlands about 30 km west of Lake Tana
(Hurst et al. 1959). Their catchments areas
are about 34,980 and 42,672 km2 for the
Dinder and Rahad, respectively giving a to-
tal area of 77,652 km2, and generate over
7% of the Blue Nile basin’s annual flow.
The basin has a complex hydrology, with
varying climate, topography, soil, vegeta-
tion cover and geology as well as human
activities. The elevation ranges from 2731
m at the Ethiopian plateau to 389 m at the
outlet of the Rahad River. The annual av-
erage flow recorded at the mouth of the
Dinder (1912-1960) at Hillet Edreis station
is 3.09 x 109 m3, compared with the lat-
er upstream record (1961-2000) of 2.39 x
109 m3 at Al-Gewisi station with long-term
annual average flow (1912-2000) of about
2.77 x 109 m3. While the records indicate
1.102 x 109 m3/y for the Rahad river. Both
rivers start flowing in July and reach their
peak flows in August-September. There is
an extended dry period from January to
June in most years when flow records are
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zeroes. The seasonal rainfall records indi-
cate a summer rainy season, from June to
September. The rains during this season ac-
count for nearly 90% of total annual precip-
itation in the lower part of the basin, while
in the Ethiopian highlands, approximately
75% of the annual precipitation falls during
these months (Shahin 1985). The annual
rainfall reaches 1400 mm/y in the Ethiopi-
an highlands near Lake Tana, but reduced
to only 440 mm/y at Sennar station at the
lower part of the basin. The mean annu-
al temperature over the Ethiopian plateau
does not exceed 20 °C, while it exceeds 30
°C at the outlet in Sudan. The mean annual
evaporation follows spatial pattern of tem-
perature. It reaches 1150 mm/y over the
highland, but exceeds 2500 mm/y in the
lower part of the basin in Sudan (Block et
al. 2007).
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Figure 1: Location of the Dinder and Rahad Basins

3 Method and data used

3.1 Method: WFlow PCRaster-based
Hydrological model

Due to unavailability and difficulty to ob-
tain ground measurements of rainfall for
continuous long period, a WFlow PCRaster
grid-based hydrological model was built
to simulate the streamflow response of
the Dinder and Rahad from satellite data.
The Wflow - PCRaster-Python based dis-
tributed hydrological model is part of the
Deltares’ Open Streams project (http://
www.openstreams.nl). In this study, the
WFlow_SBM PCRaster grid-based distrib-
uted hydrological model, which makes
use of the models of Gash and TOPOG_
SBM derived from the CQFLOW model
(Kohler et al. 2006) was used. The rain-

fall interception was calculated using the
Gash model, while hydrologic processes
that cause a runoff were calculated using
TOPOG_SBM model. Surface runoff (riv-
er flow and overland flow) was computed
based on a kinematic wave routine The
WFlow uses potential evapotranspiration
as an input data and derives the actual
evaporation based on soil water content
and vegetation cover type. The analyti-
cal Gash sub-model of rainfall intercep-
tion in the WFlow is based on Rutter’s
numerical model (Gash 1979) that allow
the model to be applied on a daily basis.
The model uses a series of expressions to
calculate the interception loss. An analyt-
ical combination of the total rainfall and
evaporation under condition of saturated
canopy is done for each rainfall storm to
determine average values of precipitation
and evaporation from the wet canopy. In
case the soil surface is partially saturat-
ed, the rainfall that falls on the saturated
area is directly added to the surface run-
off component. The soil is represented by
a simple bucket model that assumes an
exponential decay of the saturated con-
ductivity with depth. Lateral subsurface
flow is simulated using the Darcy equa-
tion. Soil depth is identified for different
land use types and consequently scaled
using the Topographic Wetness Index.
A detailed description of the SBM model
was provided by (Vertessy and Elsenbeer
1999). The model requires little calibra-
tion and maximizes the use of globally
available spatial datasets (DEM, Land
=1 il map,
river  net-
works...etc.)
that makes
it suitable
model for
this study.

L

Figure 2: Flow chart of the satellite data pro-
cessing and steps of creating the wflow model
input
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3.1.1 WFlow model calibration and
validation
As with all hydrological models, calibra-
tion of the model is needed for opti-
mal performance. The model param-
eters were manually adjusted during
calibration. The calibration procedure
performed in two steps based on; first-
ly, initial values of all parameters were
estimated based on land use and soil
types. Secondly, by adjusting selected
model parameters and evaluate the re-
sults. The model has been calibrated
based on a 4-year period (2002-2005,
using 2001 as warm-up), and validated
using data from (2007-2010).
The performance of the model was
assessed based on measures of good-
ness of fit between the simulated and
observed flow using the coefficient of
determination (R2) and the Nash-Sut-
cliffe efficiency (NSE), defined by Nash
and Sutcliffe (1970).
3.2 Data used
The demand for accurate satellite rain-
fall products is increasing mainly in areas
where ground-measurement data are un-
available, inaccessible or unreliable. Lim-
ited data is available for modelling the
Dinder and Rahad catchments. To fill this
data gap, use has been made of global-
ly available free datasets which obtained
from different sources. The datasets
which have been used in the hydrological
model are divided into two datasets; stat-
ic maps layers and dynamic maps layers.
3.2.1 The Static maps layers data
As inputs, the static maps directory
(staticmaps) contains maps that do not
change over time during the simulation
period. It includes maps of the catch-
ment delineation, Digital Elevation Map
(DEM), gauging points, land use, soil,
local drainage direction (Idd), outlets
and rivers. These maps were created
with a pre-prepare steps of the WFlow
hydrological model.

3.2.1.1 Digital Elevation Map
(DEM)

The catchment boundary was delineat-
ed based on a 90 m x 90 m digital ele-
vation map of the NASA Shuttle Radar
Topographic Mission (SRTM) obtained
from the Consortium for Spatial Infor-
mation (CGIAR_CSI) website (http://
srtm.csi.cgiar.org). Taking into account
the size of the catchment (77,652
km2), this DEM resolution was found
to be sufficient enough to delineate the
catchment boundary, calculate the local
drainage direction (Idd) map and deter-
mine the river network.

3.2.1.2 Land use maps

Enhanced Thematic Mapper Plus Land-
sat image of the year 2011 (ETM+) was
obtained from the United States Geo-
logical Survey (USGS) which provides
scenes from the Landsat Archive free
of charge (source: http://glovis.usgs.
gov/). The image was geometrically
corrected into the Universal Transverse
Mercator (UTM) coordinate system
(Zone 36). Atmospheric and radiomet-
ric corrections were made using a fully
image-based technique developed by
(Charvz Jr 1996) known as the COST
model; this model derives its input pa-
rameters from the image itself.
3.2.1.3 Soil Map

Soil map was obtained from the Food
and Agriculture Organization (FAO),
Harmonized World Soil Database
(HWSD). The original map of the catch-
ment boundary provided 44 Soil Map-
ping Units (SMU) classes. These class-
es have been reclassified to 8 dominant
soil group (DSG) categories.

3.2.2 The dynamic maps layers data
The dynamic data contains maps that
change over time during model simula-
tion. It includes daily maps of the pre-
cipitation and evapotranspiration for the
period (2001-2012). These maps were
prepared using PCRaster. In this study
three open-access and spatially dis-



44

tributed satellite rainfall products were
compared based on their runoff perfor-
mance at Al-Gewisi and Al-Hawata sta-
tions, the outlets of the Dinder and Ra-
had sub-basins, respectively.

3.2.2.1 FEWS NET data

Daily Rainfall Estimates (RFE 2.0) and
potential evapotranspiration (PET) data
were sourced from the Famine Early
Warning System Network (FEWS NET).
The horizontal resolution is 0.1 degree
(11.0 km) for the RFE and 1.0 degree
(110 km) for PET. This data is available
from 2001 to near real-time period of
record. More description can be found
iN http://earlywarning.usgs.gov/adds/downloads/.
3.2.2.2 TRMM v7 data

The Tropical Rainfall Measuring Mis-
sion (TRMM) is a joint space mission
of NASA and the Japan Aerospace Ex-
ploration Agency (JAXA) launched in
1997. The objective of this mission is
to monitor and study the tropical rain-
fall for weather and climate research.
The TRMM v7 has a spatial resolution
of 0.25° and a temporal resolution of
3 hours. The TRMM product uses a
multi-satellite  precipitation analysis
(TMPA), which includes also ground
measurements provided by Global Pre-
cipitation Climatology Center (GPCC).
More information can be found in Huff-
man and Bolvin (2013) and on www.
trmm.gsfc.nasa.gov.

3.2.2.3 CHIRPS 2.0 data

The Climate Hazards Group (CHG) and
scientists at the U.S. Geological Sur-
vey Earth Resources Observation and
Science Center developed the Climate
Hazards Group InfraRed Precipitation
with Stations (CHIRPS) product. This
product is a new quasi-global precipita-
tion with daily to seasonal time scales,
a 0.05° resolution, and a 1981 to near
real-time period of record. It is a third
generation precipitation  procedure
based on various interpolation schemes
to create spatially continuous grids

from raw point data (Funk et al. 2007).
For handling of the WFlow model and
keeping reasonable simulation time,
all data were resampled to a horizon-
tal resolution of 500 m. a summary of
all precipitation and evapotranspiration
satellite products was provided in Table
3.2.3 Hydrological data

Daily observed streamflow data for the
(period 2001-2012), were obtained from
the Ministry of Water Resources, Irriga-
tion and Electricity-Sudan. This data is
mainly used for calibration and valida-
tion of the WFlow hydrological model.

4 Results and Discussions

Flow PCRaster grid-based hydro-
Wlogical model was used to evaluate

the hydrological performance of
three SBRE products over Dinder and Ra-
had basins. All three products generated
streamflow hydrographs with similar be-
haviour to that observed at the basins out-
lets. The modelling results showed that all
three SBRE have generally performed well
and therefore can be used in predicting
runoff at sub-basins level, especially in un-
gauged basins. The observed and the sim-
ulated flow for the upper Dinder and Rahad
correlated well except for under-prediction
of peak events and a few low flows, in ad-
dition to a few over predictions that can be
related to inherent uncertainty in the model
and the data. However, the model perfor-
mances for both calibration and verification
runs fell within the acceptable ranges.
The quality of the SBRE is not homoge-
neous over the rugged terrain and complex
rainfall patterns in the basins. However,
CHIRPS 2.0 performs better than the other
two SBRE. This is likely due to the high res-
olution of the CHIRIPS data (0.05 degree)
compared to REF 2.0 (0.1 degree) and
TRMM v7 (0.25 degree). In addition, the
CHIRPS uses a combination of the monthly
Climate Hazards Precipitation Climatology
(CHPClim), the InfraRed (IR) sensors from
the Group on Earth Observations (GEO)
satellites, the TRMM 3B42 product, and
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the ground precipitation observations that
enhanced the estimation of rainfall which
is the major driver for hydrological mod-
els. Figure 3 shows the calibration and val-
idation results of the WFlow model with
CHIRPS data for both the Dinder and Ra-
had rivers.

This result is in agreement with Hessels
(2015), who compared and validated 10
open-access and spatially distributed sat-
ellite rainfall products over the Nile Basin
and found that CHIRPS is the best product
to be used in the Nile Basin. Table 2 shows
the calibration and validation results for the
three precipitation products at Al-Gewisi
station on the Dinder River and Al-Hawata

station on the Rahad River.

Figure 3: Calibration and validation results of
the WFlow model with CHIRPS data (a) and
(b) for the Dinder River and (c) and (d) for
the Rahad River.

5 Conclusion

his study has highlighted the integrat-
Ted use of PCRaster-based hydrologi-

cal modelling for evaluation of SBRE
products and therefore improved stream-
flow prediction. Three SBRE products (RFE
2.0, TRMM-V7 and CHIRPS 2.0) are eval-
uated through Wflow PCRaster grid-based
hydrological model for the time period
(2001-2012), over the Dinder and Rahad
basins. The Results from the hydrological
model have shown that the examined SBRE

(o)

......

products have a good potential to be used
as a proxy for river flow in the study area.
All three SBRE products achieved good hy-
drological performance over the complex
climatic and geomorphologic conditions

in the area. We concluded that the exam-
ined SBRE data could be used to supple-
ment stream gauges in the study area as
well as in sparsely gauged or ungauged
neighbouring basins to calibrate hydrologic
models and predict streamflow. However,
CHIRPS 2.0 performed better than the oth-
er two SBRE as shown by high values of R2
and NSE for both calibration and validation
periods.

These results were achieved through man-
ual calibration by manually adjusting the
model parameters. Optimization technique
is recommended for further improvement
of the model performance.

Product

Developer

Spatial
resolution

Covering area

Temporal
resolution

Time span

Ground
measureme
nt

TRMM v7

NASA,
JAXA

0.25°

0°E-360°E/50°N-50°S

3 hourly

Jan 1998
- present

Yes

(cP)

- present

RFE2.0 |NOAA |0.I° 20°E-55°E/40°N-40°S | 6Hourly |Jan 2001 | Yes
(CPC) - present
CHIRPS | CHG 0.05° 0°E-360°E/50°N-50°S |Pentads |Jan 1983 | Yes
2.0 (Daily for | - present
Africa)
ETP NOAA |1.0° 20°E-55°E/40°N-40°S | 6Hourly | Jan 2001 | Yes

Table 1: Summary of the different precipitation
and evapotranspiration satellite products

Product

Dinder (Al-Gewisi)

Rahad (Al-Hawata)

Calibration

Validation

Calibration

Validation

RE INSE |RZ |NSE |R? NSE |R? |NSE

RFE 2.0 0.7 (0.7 0.5 |05 0.6 04 |07 (0.5

TRMMv7 | 0.8 |0.7 0.7 |06 0.7 0.7 |06 (0.5

CHIRPS2.0 (08 |08 08 (08 0.8 08 |07 (0.7

Table. 2: R2 and NSE values for calibration and
validation results
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SIMULATION AND OPTIMIZATION OF
TEKEZE-ATBARA RESERVOIRS SYSTEM

By: Yasir M. O. Hageltom

sub-basins of the Nile River, located

on the most eastern side of the ba-
sin. It is experiencing a new development
of dams for hydropower and irrigated ag-
riculture purposes, both in Ethiopia and
Sudan. The existing dams in the basin in-
clude Khashm Elgirba (KED) and Atbara
Dam Complex (ADC) in Sudan, and Tekeze
5 (TK5) in Ethiopia, while more dams are
on the drawing board to be implemented
in the future.
The operation of the current reservoirs
system is undertaken separately; in each
country. This may significantly limit poten-
tial benefits from the available water re-
sources of the sub-basin compared to the
coordinated operation of the reservoir sys-
tem.

Tekeze-Atbara (T-A) is one of the main

study is to investigate the effect of

the new development projects in the
T-A basin; and how to optimally operate the
existing system to maximize benefits both
at national and basin levels. The main con-
sumption sectors considered in the study
are: irrigated agricultural and hydropower
generation. The specific objectives of this
study can be listed as follows:

The main objective of this research

1) To evaluate the effects of the new
dams in the sub-basin of T-A on the wa-
ter availability for hydropower and irri-
gation.

2) To develop and recommend optimal
(semi-optimal) reservoirs operation rules
for the existing cascade dams in Sudan.

3) To quantify the benefit of the differ-
ent operation policies in Sudan.

Methodology

simulation model was set up in MIKE
HYDRO BASIN to simulate and eval-
uate the performance of reservoirs

system operation under various scenarios
with respect to the

Sudan
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water availability
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As the operation rules of TK5 were not
known, the model was calibrated by ad-
justing these rules in order to match the
simulated release of the dam against the
observed flows at the downstream stations
(i.e. Burdana and Embamadre).
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For verification purposes, the model was
performed at KED for the period: 2004-
2013 based on the available historical data
from Sudan’s Ministry of Water Resources
and Electricity. This historical data includes:
reservoir water level, total releases, turbine
releases and storage changes.
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Results and Discussions
he simulation results at 10-daily time
Tstep, averaged over 47 years, demon-
strates that the reliability of irrigation
supply for the existing New Halfa Irrigation
Scheme (NHIS) of 210,000 ha is increased

by 27% after the operation of TK5. It is
further increased by 5% to reach 99% af-
ter operation of the ADC. However, the re-
liability drops to 87% when increasing the
irrigated area by additional 311,000 ha at
Upper Atbara Irrigation Project (UAIP).

Implementation of LATP

100%

Reliability of Irrigation Supply
& 2 B
E

15
&

Similarly, the total power generation and
reliability of firm power supply at KED and
ADC is increased significantly by the oper-
ation of TK5. However, this reliability de-
creases when competing with the new ex-
tended irrigation project of UAIP (311,000
ha). Moreover, the new proposed reservoir
(TK6 and TK7) in Ethiopia would have pos-
itive effects on irrigation and hydropower
in Sudan.

Development of UAIP has &

strong impact an the power
generation reliability
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Finally, the simulation model of the existing
system was used to investigate different
operating policies, basically to trade-off be-
tween irrigation demands and hydropower
reliability for the Sudanese part of the ba-
sin. The results provide a quantification of
the trade-offs that can be used by stake-
holders to select the optimum size of ir-
rigated area at the cost of less hours of
firm energy. The result reveals that there
is a clear trade-off between the hydropow-
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er reliability and water uses in irrigation in

the
ply

Sudanese reservoirs system. This sim-
means that increases in extensions of

irrigated area in UAIP will come at a signifi-

cant impact on the reliability of firm energy
production.
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Conclusions and Recommendations

-

are

rom the output of the study, the follow-
ing conclusions and recommendation

drawn:

A robust river basin simulation model

has been developed and used to test
different water management scenarios
in the T-A sub-basin. The calibration
results indicate that the model can be
confidently be used for the subsequent
scenario analysis.

100%

shortage (Mm?3/yr)

As the Tekeze-Atbara river is a season-
al river — become dry between Decem-
ber to May, the operation of upstream
dams ensured continuous supply
throughout the year, with less peak
flow during flood time.

The main conclusion drawn is that
the development of upstream dams
in Ethiopia upstream (TK5, TK6, and
TK7) has a positive impact on the re-
liability of irrigation water supply and
hydropower generation.

The extension of irrigation area in Su-
dan by full development of the planned
Upper Atbara Irrigation Project has a
considerable effect on the firm hydro-
power reliability and overall irrigation
reliability. Therefore, the extended irri-
gated area should be considered with
care.

In this study, the operation rules of

~ TK5 have been approximated based on

calibration process. Therefore, it is rec-
ommended to update the model with
the actual operation rules of the dam.
Furthermore, the results could be fur-
ther enhanced if more recent years are
used.

This research covered five dams, to
wit: KED, TK5, ADC, TK6 and TK7. It
is recommended that future work can
be extended to cover all planned reser-
voirs in the basin.

Further studies are recommended to
investigate the potential benefits that
can be obtained from cooperative op-
eration of the reservoir system in the
T-A basin.
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