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Abstract

Smiyu watershed is one of the rdativdy mid-Sze river basns draining into Lake Victoria.
The objective of this paper is to investigate the hydrologic response and to build a hydralogic
modd for the watershed Hydrologic Smulatiion Program-Fortran (HSPF) and Watershed
Modding Sysem (WMS) are used to build a long term mode for the basin. WMS is used to
andyze digitd devation and land use data as a preprocessor whereas HSPF is used to
dmulate daly dream flows The initid modd run indicaled a need for cdibraion. Some
modd parameters are, thus manipulated to obtain a better fitting model. The cdibrated modd
is, then, vdidated on a different data st Statisticd comparisons for cdibrated and vdidated
modd showed no evidence of a great difference between the smulated and observed data
Hence, the modd can be used for future runoff predictions in the basin. On the other hand,
continuous enhancement efforts are required to improve the modd predictive power.

I ntroduction

Smiyu watershed (Figure 1) has an area of 10600 km? and is located between 3325 —
#AB50 E and 2°15 — 320 S in Tawzania Fgure 1 dso shows the location of the
meteorologicd  dtetiors. Smiyu River drains from the Serengeti Nationd Park plains to Lake
Victoria On the downstream, before it discharge its water to the Lake, Duma River forms a
main tributary to Smiyu River. Duma River is a result of the confluence of Ngasamo ad
Bariadi Rivers on the upper catchement. There are three man gauging dations in the begn:
(DSmiyu River a Ndagdu (dation 112012), (2 Duma River at Sayaga @ation 112032), and
(3Smiyu River before road-bridge (dation 112022). Discharges at the Road Bridge Station,
therefore, include contribution from both rivers It should be noted theat headweaters are not



gauged and hence the lack of hydrologicd data in these arees may bring problems in the
modd cdibration
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Figure 1: The location map of entire Simiyu River basin in Tanzania

HSPF (Bickndl e. d. 2001) is a semi-didributed, continuous smulaion modd that can
perform adetaled smulation of the hydrology (

Figure 2) and water qudity in a waershed. It is a versdile modd thet can smulate
watersheds varying greatly in sze from paking lots to mgor watersheds (Munson 1998). It
was developed by HYDROCOMP, Inc. in the late 1960s under contract for United States
Environmenta  Protection Agency (EPA). HSPF has a modular gructure; it has three man
modules PERLND, IMPLND and RCHRES. Pevious land ssgments over which an
gopreciable amount of water infiltrates into the ground are modded with PERLND module.
Impervious land segments, where infiltration is negligible, such as paved urban surfaces, are
smulated with IMPLND module. Processes occurring in water bodies like streams and lakes
are treated by RCHRES module (Albek et. d. 2004).

Waershed Modding Sysgem (WMS) is GISbased prefpos processng software that
supportsmany  hydrologic/hydraulic and water qudity modes widdy used by water resources
managersengineers. It provides a user friendly interface for developing necessary input files
for these modds It dso provides some grgphics and animation cgpdalities if gpplicdble to
view the resultant output from these models. The HSPF interface in WMS (Figure 3) is used
to help generate the necessary input file for HSPF (Salah & Nelson 2005).

The objectives of this research effort ae to invedtigate the hydrologic response of Simiyu
waershed and to build a long teem hydrologic modd, cdibrate it and vdidae it usng

avallable sage/discharge datain the basin.
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Figure 2: HSPF conceptual hydrologic model. (Source: Johnson et. al. 2003)
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As seen in Figure 3, WMS is wed to andyze digitd devaion and land use data as a
preprocessor. A User Control Input (UCI) file is generated and used to run the modd.



Cdibration of the modd is done to fine-tune the results. The calibrated mode results are
compared to the observed stream flows using setitical techniques to verify the compliance.

M odel Development

The firg dep in building a religble long term hydrologicd modd for Smiyu waershed is to
generate the UCI file. At this stage, WMS is a vdudbdle hdp as it ads in ddinesting
watershed, segmenting it and entering various HSPF parameter in a convenient GIS context.

Digital Elevation Model (DEM)

Delineating a watershed is no longer a cumbersome process, WMS delinestes a watershed in
a very dmple and gdraightforward process. Depending on the Sze of the watershed and the
resolution of the underlying topogrgphicd information, watershed ddinegtion can teke a very
short time, typicaly in the order of aminute or a few minutes (Salah & Nelson 2005).

Previous research (Cotter e. a. 2003) found that the used GIS data resolution has a
ggnificant impact on modd output uncertainty. The modeing was found to be more senstive
to DEM than to land use and soil data. However, for watersheds of amilar 9ze to Smiyu
watershed, mode predictions were probably acceptable (i.e. low relative error) up to pixd
sze of 150m (Cotter et .al. 2003).

A Om * 90m DEM is used to delineate the watershed. This is the maximum accuracy that
the authors could get a the time of publishing this reseerch. The DEM is imported to WM S
and used to delineate the watershed, given the gpproximate location of the outlet.

Segmenting the Water shed

The land use is obtained and imported to the WMS project. The land use is primarily used to
abdivide the watershed into land ssgments that ae percaved to exhibit homogenous
hydrologic and water quality responses

After identifying the land segments that “lump’ hydrologica/water qudity response,
activities needed to be defined for each segment. WMS is used to apply/copy parameters
across segments, define activities for reaches and define externa sourcedtargets as needed.
Mogt of these process related parameters have recommended ranges and tools to estimate,
that can be used to gpproximeate initid vaues (Salah & Nelson 2005).

Relative River Contribution

As we can see from Fgure 1, the watershed has two main sreams; i.e. Smiyu and Duma
Rivers. Based on the cross sectiond data and average flow data, t is assumed that the routing
time between both Duma River a Sayaga, Smiyu River a Ndagdu and the Road Bridge
Sation is within one day period and hence the daly flow data from the three Sations can be
usad as an gpproximetion of the reative water volume contribution of the two sub-basns on a
daily besis.

The higorica stream flow records from the three sations (i.e. Sayaga , Ndagau, Road
Bridge) are used to huild probability dendty functions (PDF) for dl dations As examples,
Figure 4a shows a PDF (frequency of occurrence of various flow vaues throughout 1970-



1978) for the unaccounted flow whereas Figure 4b shows a PDF for the flow at Road Bridge
dation. The waccounted flow represents the differerce between the flow at the Road Bridge
Station and the sum of flows from both river stations at the same day (Equetion [1]).

Unaccounted Flow = Flow at Road Bridge— (Flow at Ndagalu + Flow at Sayaga)
[1]

Through the nine years of avaldble daly discharge data (i.e. 1970-1978), the unaccounted
flow had some records with negative vaues. This suggests thet not dl of the discharges from
both rivers are contributing directly to the flow a Road Bridge Sation. This might be
atributed to ponds, dead water storage or any other source of abdraction/losses downstream
from both dations (i.e Sayaga and Ndagdu) and upsream of Road Bridge Station On the
other hand, it might indicate that the assumption made ealier is not vdid. The datisticd
andyss of the hidoricd records of unaccounted flow data reveded that the mean
contribution of the unaccounted flow to the flow a Road Bridge Station is -341%. This
percentage suggests that there is some lost water upstream of Road Bridge Station (and
downgream of Sayage/Ndagdu) amounting to dmost 3.5 times as much as the discharge a
Road Bridge Station What is more interesting is that, the same andyss shows that there is
85.1% probability that the amount of water lost between the dations (may be contributed to
the dead Sorage/ponds) is greater than the flow a Road Bridge Station. Also, there is only a
3.95% probability that the unaccounted flow will actudly be podtive, i.e add water to the
discharges from both Sayaga and Ndagau ation.
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Figure 4: Probability Density Function (PDF) for (a) Unaccounted Flow and (b)Flow at Road
Bridge Station.
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Figure 5: Simiyu Watershed, River Relative Contribution.



Figure 5 shows tha, on average, the flow of Smiyu River & Ndagdu Sation only
contributes by approximately 20% of the water flow a& Road Bridge Station, on daily bess
Smialy, Duma River, a Sayaga contributes by approximady 19% whereas the
unaccounted water composes dmost 61% of the volume flowing at the Road Bridge Station.

It must be noted that the reative contribution from both rivers as well as from unaccounted
flow (Figure 5 is computed usng the results of the daidicd andyss peformed on the
avalable higoricd data as outlined aove. The daly records that have negative unaccounted
flow are diminated for the purpose of determining the rdative contribution of the two man
streams in the watershed, i.e. Smiyu and Duma Rivers. It is dso worth mentioning that the
reldive contribution of Duma and Simiyu rivers is not necessary for the HSPF modd. It is
done as a preliminary daia-checking step.

Reaches Sub-Division

Gengdly, there are two guiddines to subdivide the streams in the basin into reaches (Sdah
& Neson 2005). Following these guiddines, Smiyu River is subdivided into nine reaches
Cross s=tions (Figure 6) were obtaned from the fidd accordingly. On the other hand, Duma
River is represented as one reach and only one cross section is fidd-collected for it. That is
primarily due to accessibility issues.
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Figure 6: Cross Sections Location in the Watershed.
Generating F-Tables

Function Tables (F-Tables) are used to document, in discrete numericd form, a functiond
relationship between two or more variables. In HSPF, F-Tables are used to specify te depth
volume-discharge rdationship for RCHRES operaions, or in some cases to specify the
surface runoff from awetland PERLND (Bicknell et. d. 2001).

It is important to note that HSPF assumes there is a fixed reationship between depth, surface
aea, voume and volume—dependant discharge component (Bickndl et d. 2001). Having

sad that, it must be emphaszed that riverine cross sections ae assumed to not vary
congderably throughout the whole period of cdibration, vdidation and even when the modd
isused for prediction.

As seen in Fgure 6, ten cross sections were collected in the fidd to represent the two main
rivers in the waershed. The cross sections taken dong Simiyu River were more or less
concentrated in the most downgream 70-80 km. The man two reasons for that are (1)to



account for the most geo-morphologica changes in the river where flows reech sgnificant
vaues as opposed to upstream sections of the river and (2)the upper catchement has limited
accessbility. WMS is used (Sdlah & Nelson 2005) to build the ftables for HYDR section in
the RCHRES application module in our modd.

Meteorological and Hydrological Time Series

HSPF requires eight meteorologicd time series to Imulae the hydologicd cyde in a
watershed. These ae ar temperature, dew point temperature, cloudiness, wind veocity,
amospheric pressure, Solar  radidtion, potentid  evapotranspiration and  precipitation  (Albek
et. al. 2004). Not dl of them are avalade for our model in a complete form, or a least they
do not span the same time frame. However, the modd can 4ill be built usng the “best
avalable’ data The time series used in our modd are just two out of these eght; i.e
preci pitation and pan evgporation covering the same period of time (1970-1978).

Fine Tuning

WMS interface is dso used to define mass links and any externd sourcesftargets as needed
(Nelson 2004), (Sdah & Neson 2005). Mass links contain the specific time series to be
trandered from one operation to another. They dso contain the spedific unit converson
factors that are needed. Externad sources specify time series, which are input to operations
from externd sources, WDM file for example. On the other hand, externa targets specify
time series, which are output from operations to externd detinations.

User Control Input File

Fndly, HSPF interface in WMS is used, as outlined aove, to generate the User Control
Input (UCI) file which is the main input to HSPF. The model ns and the atput time series
is added to the WDM file.

The initid st of modd paameter values is chosen basad on experience, obsarvaions,
previous research or other theaeticad condgderations (Ndson 2004), (Sdeh & Du 2004).
However, mos of these initid vadues end up being changed in the cdibraion process,
epecidly the process related parameters. Some fixed varidbles, do not change in the
cdibration process or a least are assumed to be fixed. Process related parameters are the
main ones that are manipulated during cdibration (Sdah & Nelson 2005).

M odel Output

WDMULiI (Humme e. al. 2001) is a draghtforward, easyto-use tool that enables modelers
to buld o update WDM files The god of WDMULl is to import/update avaldble
meteorologicd data and other time series into WDM files and to perform needed operations
(eg. editing, aggregation/disaggregeation, filling missing data, €tc) to create input time-series
for HSPF.

The run adds another time series to the WDM file. In our case, WDMUIil isused to create the
WDM file and to viaudize both observed and sSmulaed hydrographs. The initid
“reconnaissance’ run (Figure 7) demondrated that there is a considerable difference between
the smulated and observed flow data, hence there is aneed for modd cdibration.



OBSERVED

Figure 7. Initial " reconnaissance’ Mo urm Discharges at Road Bridge.

Figure 7 shows the observed stream flow (solid blue line) and the simulated one (dashed red
ling). Visud comparison is not dways enough for comparing two time series especidly of
this nature. Linear regresson (Figure 8) andyss is performed to compare the two data sets. It
is found that the intercept is 17.01 with a pvdue (a measure of sgnificance) of 0.000, and
the dope is 0.08 with a p-vaue of 0.000. This shows thet there is no evidence of a support to
neglect the intercept and conclude that the dope is equa to 1.0 (i.e. observed is equd or close
to the smulated vaues). This result supports the need for cdibration and vaidation.
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Figure 8: Linear Regression Analysis for Simulated vs Observed.
Calibration and Validation

The only time period tha hes avalable discharge data overlapped in the three dations is
between 1970 and 1978. The modd is cdibrated using flow data sarting 1 January 1970 till
31 December 1975 from the gauging station a the Road Bridge (Station 112022) (Figure 9).
Stream flows starting 1 January 1976 till 15" September 1978 a the same station are used to
vdidate the mode (Figure 10).

HSPF is one of the data intensve models. It requires numerous parameters (eg., over 100
parameters for the hydrologic process done) to be inputted (Saeh & Du 2004). The first set
of vaues (Table 1) usad to run the initid modd were adapted after recommended ranges
(Bickndl et. d. 2001), (Sdah & Nelson 2005) and (Sdeh & Du, 2004). These vaues were
then modified during the cdibration process.



Table 1: List of Some Adjusted Parameters During Calibration.

Parameter Units Recommended RETgE Cdibrated value
Min Max
AGWETP - 0.000 1.000 0.000
AGWRC -/day 0.600 0.999 0.996
BASETP - 0.000 1.000 0.001
CEPSC Mm 0.000 250.0 2.540
DEEPER - 0.000 1.000 0.800
INFEXP - 0.000 10.000 2.300
INFILT mm/hr 0.025 25 7.100
IRC —/day le-6 0.999 0.999
KVARY —-/mm 0.000 2.000 0.000
LZETP - 0.000 0.999 0.050
LZS Mm 0.025 2500 25
LZSN Mm 2.500 358 25.000
PETMAX °C -- -- 4.4
PLSNSUR - 0.001 1.000 0.150
UZSN Mm 0.250 127 29.000

* After (Sdleh & Dy 2004).

Modd cdibraion is an iterative procedure that can be smplified with the hep of some tools.
Such tools-aided cdibration process is sometimes refered to as automatic cdibration.
However, in our case, the cdibraion iterations ae manudly done untl a rdaivey
satidfactory datidtica result is obtained. The cdibrated vaues lised in Table 1 represent the
find vaues & the lagt iteration. Figure 9 shows the smulated and the observed stream flows
for Smiyu watershed at Road Bridge Station.

Smilaly, Fgure 10 shows obsarved and vaidaed stream flows for Smiyu watershed at
Road Bridge Station The last cdlibration iteration is used to vdidae the modd throughout
the vaidation period.
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Figure 9: Final, Caibrated Model Run.
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It is gpparent in both Figure 9 and Figure 10 that the two hydrographs demonstrate an overall
relative agreement, although the model tends to over-predict discharges especialy in the
winter. Simulated peak discharges are reasonably consistent with measured ones Validation
period tends to show more discrepancies than the calibration period. However, the overall
simulated trend seems to be very well matching the observed one for both calibration and
validations periods.

Results and Discussion

Even though visud inspection of Figure 9 and Figure 10 indicated a rdaivey good
agreement between the observed and the smulated flows datidtica tests 4ill need to be
made to comparethe observed daily sream flows to the Smulated ones after cdibration.

A robugt daidicd tedt, of which its assumptions are not violated, needs to be incorporated a
this stage. Since each dmulation is raively unique, there exids no sngle ddidica test that
can be vdid universdly across dl cases of linear associdion. Each case should be examined
individudly to veify that assumptions of the used datidicd tet are not violaed. The
familiar Pearson’'s corrdaion coefficient is not consdered in our case, as the observed flow
is not normaly digributed (Figure 4b). Ingteed, the linear regresson andyss examining the
dope and intercept (Figure 8) is considered & a robust datisticd tedt, in this case, to measure
the linear association between the observed and smulated daly sream flows a the Road
Bridge Station. .

To test if the dmulated and the observed flow vaues are in agreement, linear regresson is
used. We will refer to this as cdibration assessment curve. Observed flow values (response
vaidde) are regressed on the smulated vaues (explanatory variable). The man idea is to
check if the dope of the explanatory variable is sgnificant and close to unity and that the
intercept is not ggnificant (or dgnificant and equa to zero). If this holds true, we could
suggest that observed vaues @e equd to the smulated ones (as it will form one sngle ine on
which any point will have the same vdues on both explanatory and response varigbles
(Figure 8) ). The cdibration assessment curve is done on both the cdibraion and the
vaidation portions of the modd (

Tadle 2).
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Table 2: Calibration Assessment Curve for Calibration and Validation.

I ntercept Slope
Value 2.44 0.84
P p-value (significance) 0.46 0.00
Calibration 90% C.I. lower bound 3.25 0.72
90% C.I. upper bound 8.13 0.96
Vaue 4.05 0.72
validation p-value (significance) 0.13 0.08
90% C.I. lower bound 2.4 0.62
90% C.I. upper bound 5.7 0.82

Asshownin

Tade 2, the pvdues for the intercegpt in both cdibration and vdiddion indicae that we fall
to rgect the null hypothess (i.e. the intercept is equa to zero). Thus, there is no evidence tha
the intercept is dgnificant. This is dso supported by the 90% confidence intervd that is
containing zero for the cdibration period.

On the other hand, the rdaivdy smdl pvdues for the dope, for both cdibration and
vdidaion, indicate tha the null hypothess can be rgected for the dope (i.e the dope is,
then, not equa to zero). Thus there is evidence tha the dope is dgnificant. Since, te vaue
of the dope is ranging between 0.72 and 0.96 for cdibration and between 0.62 and 0.82 for
vdidaion in a 9% confidence interval; we could say that the dope of the cdibration
assessment curve is conddered to be close to 1.0 and accordingly the dally smulated flows
can be conddered equd to the observed ones during the cdibration period.

The cdibration assessmet curve assured, what was noticed in Figure 10, that the validaion
period does not show, a lesst redively, the same agreement between observed and smulated
discharges asin the cdibration period.

Before we reach concluding remarks for this paper, we must emphasize that the dead
storage/ponds seem to have some effect on the hydrologic response of the basin. On the other
hand, looking closdy a the obsarved flow daa s, and conddering the ephemerd nature of
the streams in the bagin, is another indication of a need to madd enhancements.

Conclusion and Recommendations

Using any modd to smulate long term hydrologica behavior of a given waershed is not an
ey task. Mogd, if not dl, modd input parameters vary ggnificantly with seasons and
hydrologicd/meteorological  conditions. The overdl trend, pesks and vdleys should be
examined as opposed to locdized differences. These locdized differences will dways exig in
long term hydrologicdl models and they should not disurb modders as long as there is an
overdl acceptable agreement between the smulated and the observed flows.

AS indicated in the results and discusson section, e datidticad tests on the developed modd
indicate that there is no evidence of a condderable difference between the smulaed and the
obsarved daly dream flows Hence, it can be generdly used with confidence to predict future
behavior of the watershed. However, it must be noted that the modd is cdibrated and
validated on stream flow dataduring the period 1970 through 1978.
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Detailed measurementdestimation of parameters AGWRC, DEEFR, KVARY, LZETP,
LZSN and INFEXP might leed to better and esser cdibration process for this watershed.
This will definitdy enhance any future modding assgnment as it will direct the atention of
maodelers towards the parameters that affect the mode the most.

It is recommended that the observed discharge data be further revised and verified This
conforms to the results of previous research efforts in the watershed. Moreover, there are time
series that are not implemented to the modd because of lack of data Filling this ggp will dso
enhance the modd.

Further research for Simiyu watershed should be focused on getting detailed cross sections on
the Duma River. Also continuous monitoring of discharge data into both Smiyu and Duma
Riversis necessary for future refinement of the modd.

Moreover, the unaccounted flow a the watershed outlet is condderable. In that sense, it
might be better to modd the two sub-basins separatdly, as opposed to collectivdy modd the
whole basin. That is primarily because of the unidentified behavior of the besn. On the other
hand, a better picture on the unaccounted flow will hep in modding the watershed as a
whole, if needed.

Future modifications to the modd ae required to improve predictions obtaned. Re
cdibraing/vaidating the modd usng more recent data will definitdy enhance the smulative
power of the modd. Usng automatic caibration tools, such as HSPEXP (Lumb €. d. 1994)
and PEST (Papadopulos 2004), is another venue tha will contribute to reducing cdibration
time/effort considerably.
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