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ABSTRACT

A dynamic, physical model was created to simulateff of Lagawe River Sutwvatersked A
tipping-bucket rain gauge wasstalled to gather evetiased rainfall data and a watevel recorder
was installed on a straight segment of Lagawe Riveyather water depth. Land use/land cover data
was derived from the image classification of Landsat data. Eleyatape and laal drainage direction
maps weregeneratedfrom digital elevation model using GlfrocessingtechniqguesMa nni ng 6 s
equation was utilized to model the velocity of rundtie maps, rainfall, and watdevel data served as
input to the physical, dynamic mddehich was written using PCRaster languagye R? of 0.82 was
achieved between the correlation of the measured and predicted streahtdglmwhe tstatistic showd
no significant difference between the measured and predicted streamflow. Based a@tidtiealst
analyses and indices, the dynamic, physical model was able to simulate runoff and predict streamflow.
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INTRODUCTION

The FAO (Food and Agriculture Organization) definewatershed as a geographical area
drained by a watercourd&AO, n.d.) Watershed provides ecosystem servidésalthy watersheds
provide valuable services to society, including the supply and purification of fresh(Ratteland
ThompsorR005). The Forest Management Bureau of the Philippines classifies watersheds according to
their sizes river basin (>100,000 ha), large watershed (>50,000 ha), medium watershed (>10,000),
small watershed (>1,000 ha), and micro watershed (<1,00&-N& n.d.).

Rain falling within the confines of a watershed enters the soil surface through a process called
infiltration. Rainwat er in excess of the soil s instantan
soild surface, theflows downslopeas surface runothroughvariousstream channels, untiie stream
channels converge into an8round water flow contributes significantly streamflow(Frisbee et al.

2011), especially for large waterslse®uring rainstorm eventfhiowever surface runff becomes the
major source of streamflow (Wat al. 2018Pandeyet al.2008)

Streamflowis the volumetric discharge expressed in volume per unit time (typically cubic feet
per second (s) or cubic meters per second®(s)) that takes place insdream or charel and varies
in time and spac@Viche andHolmes2016) Streamflow varies from stream to stream, depending on
the physicaproperties of the watershed or river basiider and deeper channels can convey a higher
volume of water than narr@w and shallower oneStreamflow also depends on the physical condition
of the stream. Slope, meaanohg as oppose to straight, and the presence of rocks that increases surface
roughnessighly affects the flow velocity of water.
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Streamflow is the indicator of the overall health of a watershed. Having accurate streamflow
datais an important factor in watershed planning and sustainable water resource manggexaait
and Coulibaly 2013)A healthy watershed should have continsisupply of water even during the dry
months. A stream that always drgg during summer is an indicator that its watershed is not able to
store enough water, available through rainfall during the wet season, to maintain its base flow. Such a
conditionisi ndi cati ve of the poor or degraded conditi

Accurate prediction of streamflow is an essential ingredient for both water quality and quality
managemeniMehr et al. 2013). Water quality is associated witbiserosion and runoff; soil erosion
and runoff are associated with land use and land cover. Water quality decreases as vegetation cover of
a watershed becomes degradedrease in urban lands are usually associated with an increase in high
streamflow, derease in low streamflow, and an increased variability in streamflow because of the
increased impervious surface caused by urbanization decreases infiltration of precipitation and
increases runoffTu 2009).

Streamflow data is also used in the design of critical engineering structures, such as highways,
drainage systems, andservoirs (Razavi and Coulibaly 201®8xoperly designed bridges, drainage
systems, and irrigation canals should be able to handlespreainflowcoming from surface runaff

Streamflow forecasting and modelirege classified intdour categories: conceptual, metric,
physicsbased, and dawdriven (Besaw et al 2010) Conceptual models involves a simplified
conceptualization of a hydrologic process. Metric models are based on unit hydrograph theory and are
not based on hydrologic processBhysicallybased models involve a detailed interaction of various
physical processes conliing the behavior of a systefiVu and Chau 2011).Data driven models are
useful for river flow forecasting where the main concern is accurate prediction of runoff without any
underlying information on the physics of the hydrological prodekset al. 214) According to
Kuchment et al. (1996), for a runoff mode help solve environmental problemslated tothe
hydrologic cycle, erosion, and water qualityysical process representation and available experimental
and observational data shouldfresent.

Physically-based models have the following characteristics and advanteigst, physically
based modelsdve parameters with clear physical meaniSgcond, physicallhased modelsan
provide satisfactory results if effective values are useddme parameters instead of measured or a
priori values.Third, physicallybased models provide arpmortunity to use simulation to explore
different assumptions and hypothefiiaichment et al1996). The rainfaltrunoff process can be
influenced by may factors such as weather conditions, tasd and vegetation cover, infiltration, and
evapotranspiratiofMehr et al.2013) Predicting streamflow froraurface runoffs complex due to the
northomogenous conditions that exists within the watersheditredtly affectthe amount of runoff
namely land use/land cover and soil conditigian et al. 2013) However, through numerical
simulation, together withveather data and lasrélated inputs, theurface runoff and streamflogan
be modelled.

Runoffand soil erosiomre processes thatcur in a watershe®@uantification of the volume
of runoff is necessary in managing the land use of the watershed and its ability to supply water to a
reservoir. Tools such as models are needed by managers to properly assess the condition of the
watershed at various timesdarainfall conditions. Thus, there is a need to develop a model that could
guantify runoff from a watershed based on land use and rainfall for better management of its land use.

This study sougttb build a dynamic, physical model that can simutateff during rainstorm

events using GIS, remote sensing, aadsortechnologies. fecifically it sought to (1) ghaer event
based rainfall data through the installation of a tipgingket raingauge with data recorder, (@ather

133



J. ISSAAS Vol. 26, No. 1: 2344 (2020)

waterlevel data through thestallation ofwaterlevel recorder, and (R)uild a dynamic physical model
using GIS and PCRaster Software.

The modeldeveloped in this research can only be usesimulate surface runoff occurring
during erosive rainfall eventhigh intensity and long duration rainfalls. The model was calibrated using
such types oflata. The model is also designed to work on extreme, rainfall events that occur only once
in every ten or twenty year§he model has been tested to work well onlswatersheds, but will also
work in larger watersheds.

MATERIALS AND METHODS

Study area. The project site is the Lagawe River Subtershed located in Ifugao province, Philippines

(Fig. 1). The project site |I56B2Wi tPOE Lbeggetad

484N06 54 6 N L atwatérsheddnas arfTappeoximatetarea of 7,392 hectares (Bato 2019),
based on computation using GIS (Geographic Information Systems) and is classified as a small
watershed by the FaseEManagement Bureau (FMB 2019).
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Fig. 1. Location of project area relative to the Philippines.

Installation of tipping -bucket rain gauge A tipping-bucket rain gauge was installed within the
boundary of Lagawe River Swhatershed in order to recoedentbased rainfall occurrences (Fig. 2).

Each bucket tip is equivalent to 0.2 millimeters of rainfall, every tip is recorded with date and time
stamp. Evenbased rainfall data is needed as input to the dynamic model. The model required high
temporalreslution rainfall data to predict streamflow to generate a river hydrograph for rainstorm
events. The rain gauge was installed in Barangay Poblacion, Hingyon municipality, Ifugao province.
The geographic coordinate ofUtHhiked r&.i (16 cghadkey eT h e
rain gauge was mounted onibth galvanized pipe attached to the steel beam of the covered stage
within the property of the Catholic Church in Hingyon.
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Fig. 2. Location of the tippingbucket rain gauge and watewel recorder installed
within Lagawe River Sulvatershed, Ifugao Province.

Installation of capacitive water-level recorder. Water depth was monitored using a capacitive water

level recorder (Fig. 2). Water depth was recorded everyrfiveites, together with the date and time

of recording. The measured water depth was used to compare and assess the output hydrograph of the
modd. The water level recorder was installed on a straight segment of the Lagawe Rigerater

level recorder was installed on the lower segment of Lagawe River located in Barangay Boliwong,
Lagawemunicipality, Ifugaoprovince The geographic coordinates : 1210 86 0.000 E,
N. This water level recorder was encased in a PVC (Polyvinyl Chloride) pipe, with numerous holes,
attached to the riprap wall of the rivathe PVC pipe provided the water level recorder security from

theft and protectin from the elements. The holes on the pipe edgtia water can geh-andout of

the pipe for proper water level recording

Rain and watelevel data collection started May 4, 2015, when the sensors were installed and
ended December 17, 208henenough erosive rainfall data was gathered

Data analysis and modelling During rainstorm events, water normally flows from an area of higher
elevation to an area of lower elevation. Water flows through the soil surface as surface runoff or through
channés like rills and gullies. The rills and gullies are like river channels that carry surface runoff
downslope at a certaielocity. The velocity of surface runoff along these channels can be estimated
using Manningdéds Equation (Equation 1).

o — (Eq. 1)

Where:
wis velocity,m/sec
i is the hydraulic radiusn
| isthe slope
¢is Manningébés surface roughness i
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Manningds n can be generated by recoding t he

Index Map. The hydraulic radius is the ratio of the cresstional area of flow to the wetted perimeter
(Equation 2).

i — (Eq. 2)

Where:

i is the hydraulic radiusn

"Qis the height of flowm

0 is the widh of flow, m

Surface runoff travels down the slope at a certain velocity, increasing, as the height of the
surface runoff increases, and decreasing, as the surface roughness increases. A uniform sloping surface
in a landscape could be assumed as a vétg whannel without sides. In such a case, the hydraulic
radius,r, becomes the height of flo, (Hillel, 2004). Thu€quation 1 becomes

0 — (Eqg. 3)
Where:
wis velocity,m/sec
"Qis the height of flowm
| isthe slope
¢is Manningbés surface roughness i

The dynamic, physical model conforms to the water balance equdiguation 4)in
computing for the surface runoff of watersheds.
Y 0 OO0 (Eq. 4)
Where:
Ris surface runoff
P is precipitation
| is infiltration
E is evapotranspiration

During erosive rainfall events, evapotranspiration can be ignored because its rate is very
insignificant compared to rainfall intensitfhus Equation 4 becomes
Y 0 O (Eq. 5)
Where:
'Yis surface runoff
0 is precipitation
“Os infiltration

Infiltration is highly dependent on time, moisture, and land use. During rainy season, the soil
is already close to saturation. During raborm events, the soil becomes saturatedisiittation is
already at its steadstate, which is very close to the saturated hydraulic conductivity.

In a watershed, which is in threémension with X, Y, and Z components (longitude, latitude,
and elevation or eastings, northings, and elevatgeggraphic information systems (GIS) will be used
to facilitate overlay and map algebra. PCRaster Software will be used for the dynamic, physical
modelling because of the following reasons: (1) PCRaster inb@8d, (2) PCRaster allows the
modeler to worland modify equations, and (3) Only PCRaster has the ability to move materials (water)
following the LDD (local drainage direction) network in a dynamic manner. Without the LDD it would
be impossible to create this model.

Land within the sulwatershed hze various land uses. Land use/ land cover of the watershed
was derived from the classification of Landsat 8 data (Fig. 3), supplemented by digitizing the location
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of rice terraces from Google Maps. Fr omedttohe | an
each |l and use class to generate a Manningds n m
erosion and runoff model. The value of Manningd
value of Manningdés n lausessi gonfe dM at radapteddodhsPdmaghatarr ues e .
(2001) . SIl'ight adjustments on some of the Manni
the model.

TablelSat urated hydraulic conductivity and Manni
Land use Saturated hydraulic conductivity (Mm/Hr.) Manningds n
Forest 100.8 0.1
Brush 42.0 0.12
Grass 100.8 0.035
Very thin grass 33.0 0.03
Bare 0.6 0.025
River 0.0 0.04
Terrace 6.0 0.06
Trall 0.6 0.025
Urban 0.6 0.02
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Fig. 3. Landsat 8 satellite data of Lagawe River Svdtershed, Ifugao Province. Pdth6,
row 048, taken May 14, 2014. Watershed boundary is designated by the blue lir

The saturated hydraulic conductivity values used for various land uses is listed on Table 1.
These values were recoded into the land use map and a saturated hydraulic conductivity map (Fig. 4i)
was created for the subatershed. The values for saturatedraylic of various land use/ land covers
were taken from an unpublished thesis of Bato (1996) and adapted for use in thig ktudyodel
requirad the following maps and files as inp(Fig. 4): (1) dem.mag DEM, (2) Idd.mapi local
drainage directiomap, @) slope.map slope map,4) station.map waterlevel gauging station map,
(5) rainstat.maj rain gauge station map, (6) mask.niapatershed boundary map, (7) mannings.map
i Man ni Rogdgnsssindex Map, (8) landuse.map land use map, (9) imapapi hydraulic
conductivity map, and (10) rain.t§srainfall intensity time series text file. The moderltputtedthe
following mays and file: (1) zruni surface runoff time series map®) zsed sediment time series
map,and @) runoff.tssi predictedwaterlevel time series text fileAll the input and output maps are
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in raster format and share the same image dimension of rows: 246 and columns: 286 and an image
resolution of 50 meters per pixel

The model was written in ASCII format using PCRastmmands and syntax. The model

a

code was divided into four parts: binding, timei
the input and output files were set- stepbtvassefit i mer
Each timestep wasgui val ent to five seconds. The fAiniti
created the static maps. The fAdynamicdo portion

where timeseries operations were performed, and where-siens maps andliles were created. Fig.
5 provides an overview of the model, the data inputs (maps and tabular data) and the data outputs (time
series maps, tabular data, and graphical streamflow data). All the maps shown in Fig. 4 and the tabular
rainfall and watetevd data are necessary to run the model
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The modified version of Manningés Equation |

showni n code snippet in Fig. 6 . Surface runoff v
shown in line 43 of the code snippet. The flux Q or volume of water discharge per unit time is computed
in line 44. Because t hi srunsteratitely, basediorstheimuwmpar af timec , 0

steps. Each timstep is equal to five seconds. The total number of-tteps depend on the duration of
the rainstorm event. As the model runs, tisegies maps are dynamically generated and the tabular
runoff data is populated per tirgtep. At the end of the model run, the streamflow hydrograph is
displayed.

{ INPUTS :
| Tabular data: :
All maps rainfall
water-level
A A
MODEL
OUTPUTS b
i time series Tabular data: Graphs: :
i mans Predicted streamflow i
P runoff hydrograph i
Fig. 5. Overview of the physicalipased model for simulating runoff.
36 dynamic

37 ‘Rainwater = (timeinputscalar(RainTimeSeries, RainZones))/120;

38 -RainwWater? = RainwWater + SurfaceWater3;

39 -InfDepth = -min(Rainwater2, iMap);

10 -InfDepth2 = InfDepth2 + InfDepth;

41 -Surfacewater = max((Rainwater? - iMap),0.000001);

42 -5 -=-max((max(Slope, -0.01)**(0.50000)),0.000001);

13 -Velocity = max((((Surfacewater®*(0.66667)) * s)/ ManningsMap),0.000001);
44 -q-=-(velocity *1.1*(Surfacewater));

45 -RuUnOff2 .= q/50;

46 -Run0ff2a = upstream(Ldd, Runoff2);

47 -report RunoffTot = max(((Surfacewater + Runoff2a) - Runoff2), 0);
48 -Surfacewater? = max (RunoffTot,0.000000001);

19 -SurfaceWater3 = SurfacewWater?;

50 -Runoff = ((Surfacewater3 *50)/20)+0.45;

Fig. 6. Code snippet of the physicalbased model for simulating runoff.

To determine howvell the model performed in simulating surface runoff, correlaivalysis,
theWelch ttest and NaslandSutcliffe indices were used to evaluate the results

Correlationwas performed o det er mi n eof-ftihted fAlyeotoedsuecdsand h e
predictecdatasetsA good correlation shoulgield a high K value close to 1.0The correlation analysis
was performed in Microsoft Excel 20IBhe Welcht-testis a statistical test to determine if two sample
means (measured and the préstiy, with unequal variances, are statistically differdrte null
hypothesis of this statistical test is that there is no significant difference between the mean of the
measured and the predicted. The alternative hypothesis is that theigrifieantdifference between
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the mean of the measured and the predidedthe null hypothesis to be acceptedl the alternative
hypothesis to be rejectgithe pvalue (probability value) should be above 0.05 (5% level of significance)
and the statistic shoulde below 1.96The Welch itest was performed usifySoftware version 3.6.2.

The Nash and Sutcliffe (NSE) is an index of model performance. An NSE value of one
indicates a perfect prediction; a negative value indicates a leseetiabie prediction. Aegative NSE
value also means that the sample mean is much better predictor than the model. The NSE index is
computed using Equation 6

5 YO B &
vYYP g ®
Where:
E is the efficiency of the model (Eq. 6)

@ is the measured value
@ is the predicted value
® is the mean of the measured values

RESULTS AND DISCUSSION

Four erosive rainstorm events were considamadng the entire set of rainfall data gathered
Other rainfall events that were dved norerosive due their low intensity and short duration were not
included in the analysi®ata from individual rainstorm events were lumped togefivecorrelation
analysis.Fig.7 shows the overall correlation between the measured and the predicted streamflow. The
bestfit line has an Rof 0.82, indicating a linearly positive relationship. This higivelue is supported
visually by the similarity in the shape of the measured@edicted streamflow curves Fig. 8 for
individual rainstorm eventsThe Welch Two Sampletest yielded a-statistic of 1.B, a probability
value of 0.8, and 558.51 degrees of freedom. The critioaltie at 5% level of significance is 1.96,
which is greater than thestatistic value of 16, The probability value of 08is also greater than 0.05
(5%) level of significance. The results of the physical mdglsignificant and the statistical test is in
favor of the null hypothesis and rejectiontbé alternative hypothesithe physical, dynamic moded
able tosimulatestreamflowwithout any significant differesefrom themeasured streamflow bhgawe
River Subwatershed.
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Fig. 7. Correlationanalysis of measured and predicted streamflow, Lagawe River.
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Table2 shows the goodness-fit indicesof streamflowcurves for fourainstorm events 2015

Table 2. Goodness of fit indices of streamflow curves for various rainstoentsy
Event No. Date R? NSE
1 May 12-13, 2015 0.84 0.74
2 August 18, 2015 0.74 0.62
3 October 1819, 2015 0.79 0.74
4 December 16, 2015 0.95 0.95

Figure 8 shows the predicted and measured streamflow curves for the Lagawe River for
individual rainstorm events, together with rainfall intensity and de@hinstorm event 1Fg. 8a),
with a rainfall depth of 37 mm., a rainfall duration of 3 hours, and a marimtensity of 49 mm/hr.,
generated a maximum streamflow of about 160snwith a lag time of about 2 hours. Regression
analysis of the measured and predicted streamflow generatetichi® 84 (Table 2), indicating that
the model has a predicting preois of 84%in the case of this rainstorm eveiihe NSE (Nasland
Sutcliffe, 1970 coefficient is 074, indicating that the model performed well in predicting streamflow
for this rainstorm evenfAn NSE value of equal to one indicates a perfect predictioregative value
indicates that the prediction is less reliable than using the sample mean.

The total volume of rainfall that fell within the watershed boundaryevent 1i 2,756,000
m?. This rainstorm generated an estimated total surface ruolofire of 122,000 fywhich eventually
flowed to the Magat River ReservoiThis stored water will be utilized for hydroelectric power
generationand r r i gati on.

Rainstorm event 2Hg. 8b), with a rainfall depth of 31 mm., a rainfall duratiohl¥ hours,
and a maximum intensity of 50 mm/hr., generated a maximum streamflow of about/48@ith a lag
time of about 1.5 hours. Regression analysis yielded?anf B.74, indicating that the model has a
predicting precision of 74% in the casetlnit rainstorm event. The NSE coefficient is 0.64, indicating
that the model performed modestly in predicting streamflow for this rainstorm event.

The total volume of rainfall tha2i 8&B0000 with
m3, whichgenerated an estimated total surface runoff volume of 95,600 m

Rainstorm event 3Hig. 8c) occurred during the onslaught of Super Typhoon Lando
(International Name: Koppu) in the Philippines and brought extreme rainfall fréob€cl421, 2015
(NASA 2015;NDRRMC 2015). Rainstorm event 3 generated a rainfall depth of 68 mm, a rainfall
duration of 7 hours, and a maximum intensity of 41 mm/hr. A maximum streamflow of abou€/$60 m
was reached, with a lag time of about 1.5 hoRegression analysis yielded ahAd® 0.79, indicating
that the model has a predicting precision of 79% in the case of this rainstorm event. The NSE coefficient
is 0.74, indicating that the model performed well in predicting streamflow for this rainstemh ev

The total volume of rainfall 60MKB000nt ghisl with
rainstorm generated an estimated total surface runoff volume of 42200Rainstorm events with
high intensity and long duration, such as Rainstorm e3/eg¢nerated a high volume of rainfall, which
in turn generated a large volume of surface n o f f .

Rainstorm event 4Hg. 8d), with a rainfall depth of 75 mm, a rainfall duration of 18 hours,

and a maximum intensity of 9.2 mm/hr., generatadaximum streamflow of 105 fs. Regression
analysis yielded an%f 0.95, indicating that the model has a predicting precision of 95% in the case
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of this rainstorm event. The NSE coefficient is 0.95, indicating that the model performed very well in
prediding streamflow for this rainstorm event.

A total of 5,578,000 rf of rainfall fell within the watershed boundary for event 4, which
generated an estimated total surface runoff of 381,00 m
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Fig. 8. Measured and predicted streamflow of Lagawe River and rainfall intensity and dephay(a)
12-13, 2015, (b) August 18, 2015, (c) October11B 2015, and (d) December 16, 2015.

CONCLUSION

A dynamic, physical model that can simulate runoff and streamflow during rainstorm events
using GIS, remote sensing, and sensor technologies havel®&esoped. For the model to work and
to be operationalized, two data must be present. First is the sdialiitel land use/land cover map and
the second is the evebased rainfall data. A satelliteased land use/ land cover map as a product of
an imageelassification process ensures that the most recent land use condition is reflected on the model.
This land use map shows the true condition of the landscape on the ground and will be used as the
surrogate date for Manni nrfilrationBapaciyhness Coef fi ci

Eventbased rainfall data is also very much needed by the model. Experience shows that daily
rainfall statistics is of less value as it does not show the varying intensities of rainfall as time progresses

and does not provide infoation on the duration of the rainfall or the number of rainfall episodes that
occur within a day.

Manningb6s Equation is normally used by

hydr o
and volume discharge of rivers. This study demonstrates cllaalymn ni ng 6 s

Equationds
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