Sand Mininginfluence orFlooding along

La Colle Riverin Port Vila, Vanuatu
(Pg=anwdifls! m2s1 ' « — - A _

luma Bani

201921246

January 2021

A Mastets ThesisSubmittedto
The Graduate School of Life and Environmental Sciences,
the University of Tsukuba
in PartialFulfillment of theRequirements
for the Degree of Master of Environmental Sciences



Abstract

Floods are increasingly becoming threats in areas where humans turn t¥\detllehange in
climate may be the primary cause of flooding, sand mining should also be condidezednt
decades, the global sand demand has increased due to econortiic grosgasing amourdf

sand and gravel are mined each year to sahsfgrowingdemand from construction and land
reclamation Studies have shown thavermining riverbedsfloodplains, and deltalsave put
unprecedente@ressure on rivers anddemand is only projected to rise as urbanizasind
growthabsorb more and more sand. Like other third world countries, economic development
is one of the main objectives of the island nation, Vanuatu. Whiley cautiougboutclimate
change effects, éhgovernment allowed a controlled sand miraagvity on La Colleriver.
Thisled to the purpose of th&gudy, where investigations are made to understand the influence
of sand mining on floo@longLa Colleriver i wherethe riverchannelis modified based on
sand mining activity, then simulate flood to see howctiengingandscapeffects flooding.

The employel methodology in this study includes rainfalinoff analysis,
determination of flood return periods, and stream runoff and stage an@ysiprecipitation
runoff processearesimulated using The Hydrological Modeling System (HERS), 1 where
various mathematical modelsre used to simulateevapotranspiration, infiltration, excess
precipitation transformation, and basefldvield measurements aila n n i eqgugatiosvere
usedto verify the simulated discharg&€he U.S. Army Corps of Engineers' Riv&nalysis
System (HEGRAS) is used in the stage and discharge analysis. RAS Mapper, &RAEC
extensionis used to modify the river channel based on sand extraction activities. The channel
was modified by widening and deepensand extractioarea to a cepth ofi 1,12, andi 3m
from the current stream depth. Simulatioveredone on the original and modified terrains to
see how a 1050, or a 10@year flooding eventvould behave ovehe terrains.

Rainfallrunoff resultsfor the 10-, 50-, and 106year flood return pericivere150m%/s,
184.2m%s, and £8.8m?s, respectivelyFlood simulation resultsn both original and modified
terrainrevealedthat sand miningcould, as well as could not, affect flooding aldrag Colle
river. Total inundated area has reduced by 18% during they@@0return periodvhen the
channel is modifiedMeaning, properly controlled istream mining on smaller streams could
reduceflooding. The controlled mall-scale sand mining practice currently happeningaat
Colleriver will not influenceflooding.

Keywords:sandmining,river, flood, HEGRAS
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CHAPTER ONE: INTRODUCTION AND BACKGROUND

1.1Introduction

Vanuatu is an island nation composed of 83 islands located in the South Haefinap of
the island nation and its geographic location is shoviigurel. It is one ofthe most disaster
prone countriesvhich frequently experienceyclones, volcanoes, earthquakes, and floods
(UNU 2015) Like other pacific island countries, Vanuagalsoregarded as projected 21st
century climate changendicator, from theactive onset ofEl Nifioi Southern Oscillation
(ENSO) variationstropical cyclone frequency and intensity changesl shoreline eras due

to sealevel rise(Mimura 1999) Mimura (1999)also stated that common threat to the Pacific
islands isinundation and floodingas most islands have a ldaying setting The increased
population migration rate thesxacerbates the problamthe capital cities.

As climate change impact contirauto threaterPacific island nations' livelihood, the
government and stakeholdersush engagein the development and implementation of
mitigating strategiethat areachievabldechnically, financially, and politicalljADB 2010)

On March 13h, 2015, Vanuatwas hit by a categonyive (5) tropical cyclone (T)
Pam.When assistingn the evacuation of people living in flogatone areasespecially along
the La Colleiver, it is evidentthatthe country needs to address flood issues on a national level
from flood forecasting, flood mitigatn approaches, and further studies on riedaited issues.

In January 2019, thgovernment prohibéd coastal sand extraction while providing an
alternative for construction businesses to extract sand along theTiivgiis becaussand is
an essentiatommodity within the industrial worl@Vork 2016)

On the other hand, sand mining actast are often considered unsustainable as they
could destroy the environment leaving irreversible impg&ssibonga et al. 2016yVhile La
Colleriver is currently the only site where controlled sand extraaijmeratesit is important
to understandts impacton the environment and its influence on flooding. Thisearch
attemptgo discover and understand the relationships éetvwsand mining and flooding along
the La Colleriver.

1.2Research gap

Numerous studies have demonstrated that sand milueg have several impacts on rivers.

Loss of vegetation, land sliding, and erosware severalsand mining impacts on rivers
(Mngeni et al. 2016)n Vietnam, mining upstream tiieLancang river resulted inveeryrapid
abrasiorand removal of crucial sediments for agriculture downsti@aanet al.2019) Studies

also confirmed miningffects steam flow velocity whichmay causd r e quent modi Yy



from braided to singkthread channel morphologiggading tounforeseen flood situations
(Yehalegaonkaet al.2014)

According to Stebbins(2006) sand mining mpacts may be classified into three
categoriesFirst, the physical effectsjining from streambedausesilteration of channel slope
and the chamel morphology Second, the water quality impacts; mainly due to dredging
activities, reducing water quality for dowresam users, and increasitigatment costsChird,
the eological impactsthe loss of habitats and species disturbarMere detailed potential
effects of sandextractionwere discussed ithe literature by(Rinaldi et al. 2005)which
includes:

a) Riverbed egradation ands effects on channddank and itstability.

b) Relationship betweesediment loadndwater clarity

c) Channel morphology changes and its ecological effects on river habitat
d) Channel modification and riverbank erosion

e) Heavy equipment impacts @xtraction sites

f) Changes in groundwater level due to sand mining

g) Sand mining impact on coastal procedures

Previous studies noted that the science behind the link between sand mining and flooding could
be a little murkyRehak(2019)argued that the San Jacinto River in Texas was flooded during
Hurricane Harvey in 2017 because sand mining occurred on the river for the past decade.
Instead, TACA (2018)claimed that sand mines, far from being responsible, held back some
floodwaters, redcing flooding. In such a case, we could assume sand mining might not seem
controversial in some respects. They could also be a benefit, while on the other hand, they are
an issue As such, more research into the science behind sand mining and rivendlodi
required

Previous studies on sand mining indicated that most studies were done in areas outside
the Pacific region and ikarger rivers. While small scale sand mining in smaller rivers
happening irthe Pacific, there isalsoa needto guardthe environment and reduce potential
flood issuesHence the needor this studywithin theregion.

1.3Research goal
To investigate the influence of sand mining on flooding along La Colle river.

1.4 Specific objective
1 To complete hydrological field investigations
1 To analyze obtained hydrological and meteorological data



1 To simulate flood on original and modified terrain
1 To make recommendations accordingly

1.5Research area
Vanuatu is made up of a mixture of islands having either a volcanic or a coral Ati¢gast
35% of the countrys above 300 metersvith approximately55% of the islands have slopes
greater than 20 Dense tropical forests cover most islands in Vanué®lPREP 2001)
Agricultural activitiesaregenerallylocatedaroundthe coastal areasyhile typical gardens are
located on the edge of the cultivated areas, progressing into tfeulivated areas.

Although Port Vila Luganville and Lenakehaveamplepopulationsize, most NiVans
live in rural areasPort Vila has grown into the countryargest city, which accounts for 19%
of its population(VANSO 2020) The country has a growth rate of 2.4% per yearch also
increasesthe migration rate to urban environments. With increasing urban movement,
settlements aréeing developed near or within potential flooding areas. La Colle river is
approximately 6 km from Port Vila, making it an ideal spot along its banks for agricultural
activities. The river also acts as a divider between the urban aneud®ami areaskigure 2
shows the study area map and its locatiotsidePort Vila.
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La Colle river is located within the Mele catchment, with approximately 15@ktand(Beca
et al.2015) The study area covers an area of 56 With an elevation of 1 602m.

Based on how each of the islands fornted, study area contains a mixture of silt and
sand. The country's climate varies from a wet tropic in the north to a much dryer subtropical in
the southern islands.v&rage temperate rangsefrom 21°C to 27°C, with anaverage humidity
of about78 %. A declinein average annual rainfdifom the north to the souhows thatt000
mmi s recorded in the north while a littless than 1506hm in the souttiBrock 1998)

1.6 Summary

The chapter introduckthe research topenddiscussed the research gaps, goals, and objectives.
Discussions in thaext chapteare based oreviewingpast research articleslating to sand
mining and flooding.



CHAPTER TWO: LITERATURE REVIEW

2.1 Introduction
This section gives a general destap of the term mining and the methods used to evaluate
their impact on runoff and flooding. Basics of stream dynamics will be first discussed before
taking a closer look into current sand mining prastiaed analysis

Theprocess of extracting sanddaather deposits alortheriver channebr within a
r i v #oodplainis called sand minin¢EIA 2012) The extractiorsite canbe both along the
coast or further inland in areas likieines, abandoned channelad gullies (Dhakwaet al.
2005) Since sand can also be presented in various shapes an®aizesy and Stali2012)
defined sand mining as the processsahd removato an extend where it becomes an
environmental issue. EquallyNEP (1991)described it agither atemporary oa permanent
lowering ofland with aproductive capacity

There are hydraulic relationships within the extraction site that are needed to be
considered when extracting sand. These relationshghgdefactors like the extraction depth,
water table, stream shape, and channel size. Therefore, a better understanding of such
relationships can lead to a sustainable (minimal environmental impa&t@am or neastream
sand extraction activity.

Othersand miningpractices apart fronm-stream or neastreamincludesdry pitand
wet pit mining.Figure 3 shows where these extraction practices normally happened along the
river channel. Dry pit miningnvolves excavatig dry ephemeral stream bedsghile wet pit
mining involves mininga perennialchannel below the water lev@ID 2009) Another sand
extraction practice is calledmaping This is when sand is removed from tbp portion of the
bar depositsusually done with gustainable miningntention. Sand mining the river channel
largely depends on thgeomorphology of the areAs seen irnFigure 3, dry pits are located
above the water leyiewhile shallow wet pits are located below the water tablé 012)

Terrace Terrace

Water Table

Figure3. Possible aggregate extraction locations



EIA (2012) further emphasized the two sand extraction methods, the mechanical and the
hydraulic dredging method. The mechanical methoglves using constructiontypes of
machinerysuch as excavators, backhgemnd bulldozersThis approachis widely used in
shallov rivers A mechanical method example is showrFigure4, where a backhoe can be
seen loading sand onto a healnty truck in India (SANDRP 2019).

The hydraulic Dredgingnethod involves specially buitanddredgingequipment
This methodextracts sand by either dragging or suction. Usuallguction pump is sited on a
pontoon This method is normally used for largscale operationandon large rivers



Figure4. Mechanicamethod used in sand extraction. SANDRP (2019).



2.2 Sand mining impacts on river runoff and inundation

Rivers are complex systemsth their primary function to transport water and sedim&he
work demandeaf a riveris determined by thelimate, geolog, topograply, andvegetaton
characteristics of theasin(Langer 2003)Crosssectional shapesd the meander and braiding
patterns of a riverantinuously adaptotthe flow and sedimentological conditions theftact
the history of flow eventEIA 2012)

Each river is unique, andver time it develops a particulatombination ofcertain
variables. These variables include tt@nned svidth, depth, slope, roughness, particle size,
andstreanmvelocity. When combined, the variables are calledydraulic geometrythrough
which the stream is enabled to performhe best possible mann®h en a ri ver 6s
geometry has been establishiedvill be maintainedprovidedthat the variable(s) variatisare
within the current hydraulic geometry limits.

Small discharge and load changes in a river are easdggmmodatedvith minor
changes on the channglanger 2003)Stream channelsormally undergo changehiring a
relatively larger flow than normaRfter suchaneventt he channel s Wllydr au
be readjusted, and mew equilibriumis developed.Since the variablesare codependent,
changing oneariablewill result in a change in the other variables also.

Active streaming channels contain dynamic propettiagespond quickly to outside
stimuli, includingsandextraction.(Kori and Mathada 2012As such, theyan accommodate
changes made on the chanmathout creatingunfavorableenvironmental impactd sand
mining operatewithin the hydraulic conditions set by the stre@idondolf 1994) Sand mining
should be conducted only after careful consideratisfgilure to do saould result in a series
of environmental problemeitherwithin theextractionareaor in other areas along the channel
(EIA 2012)

The negative impacts of sand mining on runoff and flogdingording td5S1(2016)
includes:

i.  Loweringthe groundwater tabteMining could lower the riverbed, which iturn
decreases the water level, resulting inltdweering ofthe groundwater tableThis
could trigger a scarcity of water for vegetation, livestock, and human settlements
within the vicinity.

ii.  Groundwater depletionexcessivegroundwaterpumping during sad mining
generally decreas¢hegroundwatetevel. This could causgevere scarcitgf water
and could affect watemvailability. In severe cases, it may cause an increase in
ground fissures and could also lead to land subsidence in the surrounding areas

iii. Groundwater pollution: In casewhere the river igecharging the groundwater,
miningcoul d reduce the sedimentds thickne

10



infiltration since the sediments acts as a natural filter whssundwater is
rechargedPollutants from mining activities, such as washing of mining materials,
removal of wastes, diesednd vehicular oil lubricantscould also contaminate
groundwater.
On the other hand, according @sanloo and Mobtaka (2014and mining doepositively
impactstream runoff and floodingdt is because sand mining sites cotahtrol surface water
and runoffduring a heavy rainfall ever¥loreover,the removal bsand in or beside the river
channel, if done correctly, will puide a larger storage capacity doing so, it will allow the
channel to hold a larger runoff amount. Furthermore, in areas where lakes have been built to
store sediments, the lakes can also act as a network of dams controlling excess runoff and
floodingduring an extreme evemlining is seen here as an option to minimize material losses
There are cases where organized and controlled mining psesarby towns and settlements
from being frequently floode@Borsanyi 2014)

2.3 River runoff and inundation estimates

Many studieshave been done on river runoff and inundation estimates over the years. Most of
which mainly focused on original basin terrain. Since changelsannel morphologinclude
aggradation and degradation, suchanges are sHgpecific and require specialized
investigations.

Models are used in estimating runoff and inundation, and they are used in different
study cases based on their performance with regards to the study area’s characteristics. Methods
used for estimating inundation also vary extensivélpwever, all are founded on fluid
hydraulics. Specifically, they differ imow they represent reality1-D models consider
streamflowalong a particular line, whild-D models considenothflow depth and flow width
(NZG 2010)

With 1-D models, the river channel is represented by many -s&dns closely
spaced together to accurately determine the topography features. Other properties of these
crosssections include a constant average velocity with axfider surface. Wen creating the
channel 6s geometric dat a, the designer det e
patterns cannot be resolvdieretta et al(2018)also acknowledged that areas witha lower
terrain slope,1-D models night produceinaccurateresults Therefore, 2D models are
recommendedince they camrapturepreferential flow directionproduced because of newly
built structures along the channel. FinallyD1models can interpolate the extent of the
simulated flood to create a flood madJLOS, MIKE-11, and HEGRAS are examples of-D
models As suggested byAndrei et al.(2017) one must bear in mind that some of thed2 1

11



modelsmay not have the abilityp simulate supercritical floywhich could result in inaccurate
modelpredictions.

2-D models apply theame principle as a3 model when describing a river and its
flood plains. Such models accommodate varying stream velocityleptth in all horizontal
directions and reproduce pkorm flow circulation patterng-urthemore,at any point in timge
stream velocity across the water surface is the same as that at {uebtbédveraged flow).
The ground topography and roughness determine flons pathile themodel resulteatly
show water leveldepth andvelocity at eachDEM node it may take a while to compute
complicated situations depending on the computer's specifications. Sexslallsuse 1-D
equationsn their computations when dealing with stream channeRed@quationsnvolving
floodplains. Hydre2de RiCOM, and MIKE21are some examples off2 models(NZG 2010)

HEC-HMS and HECRAS are two models used in this research in determining the
rainfall-runoff and the discharggtage relationship. Generally, the steps involved in rainfall
runoffs and inundation estimates are showRigire5.

Estimate rainfall Convert rainfall to runoff convert runoff to inundation

Figure5. Steps involved in rainfallunoff and inundation.

When estimating rainfalthe common techniques used are the Thiessen Polygon (T.P.) Method,
Kriging Method (KM.), Reciprocal Distance Squared.[RS.) Method andthe Multiqua-dric
Equations (ME.) Method However, when dealing with stream flooding, hydrologists use
return period. Simply stated, a return period estimates the amount of time between rainfall of
a given magnitudéOCS 2005)As demonstrated yidukat(1997) to estimate the likelihood

that any discharge will equal or exceesp&cified limit in a yearpeak dischargamountsare
ranked fronthe largest to the smallesti= 1is the largest tilm = n, wheren is thenumber of

years on which the data was taken. Using the Weibull equatiRacarrence IntervaR]) is
determinedor each data point

YO ¢ p7a Eqn.1

RI can be defined as the projected average time between two larger storm (&venigren
1986)

Once the return periods are determireah return period's total rainfall amoust
converted into runoff. Several methadsedn achieving runoff based on rainfall were recorded
by Nashet al.(1958) The initial methods include:

12



The Rational Method

The Tangent Method

The TimeArea Methods

The UnitHydrograph Theory

= 4 4 -

1 The Modern form of the Unitlydrograph Theory
In the 18th century, more scientific approaches were being developed, including Bernard's
approach, McCarthy's approach, Synder's approach,ofagnd Schwarz's approach.
Supportedry advances in the physical understanding of hydrological processes, hydrology has
been approached with a more theoretical bakisg with theadvent of computers and
Geographic Information SystemBlodern hydrologicamodels are capable of integrating
refined versions of thepproaches mentioned aboveor example, to determine the gage
weighting factors for Mea/real Precipitation (MAP) depth, HEBIMS uses the TP method.
This method assumes that at any point within wat er s hed, t hat point¢
equal to the nearest gagEadman@0O@ci pi tati on d

Figure6 shows howthe TP methods being applied in a watershed with several gages.

It shows that points closest to each gage are found by drawing a line connecting the gages, then
another line perpeticular to theconnecting line is drawinthrough the center of the connecting
line. The lines then form a polygon around the gage, and all points within that polygon share
the same precipitation depth as the gaggech polygon area near the gage is ttssigaed the
weight, which is the fraction of the polygon's total area
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The polygons

Figure6. Assigning areal significance to point rainfall values using Thiessen polygon method.
USACE (2000).
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Within a watershed, severahodels are used to simulate potential runoff from excess
precipitation. Discussed below are two transformation methods.
1. Empirical Models: They are alseferred to as datdriven models, where nedmear
statistical relationships areagsbetween inputs and outputs. They rely heavily on input
accuracy as they are observatlmsed(Kokkenenet al. 2001) Eqn. 2 shows the
empirical model s6 governing equation tha

0  "Qohd Eqn.2

where the runoff outpus Q, andtheinput datasets of rainfall and historic runafeX
andY, respectively.

According to Beven 2012)the internal processes that govern how runoff outcomes
are determined are somewhat hard to explain. It is because the functions used in the
rainfall-runoff transformation processeeither an unknown procedure or without any
description of a physical press.

For the Curve Number method, there are two phenomena the method is based on,
before and after runoff begins. Before runoff begins, the initial accumulation of rainfall
is called initial abstraction. This includes interception, depression storage, an
infiltration. When rainfall is lostlue tothe infiltration process after runoff has started
it is called actual retention. The relationship between rainfall amount and the actual
retentionis directly probational to each other. As rainfall increases, so does the actual
retention until it reaches some maximum value: the potential maximum retetien.
mathematical relationship between the two phenomena assumes that thetttiah
to potential maximum retentioratio equalsghe actual runoff to potential maximum
runoff ratio. This mathematical relationship expressed as:

- — Eqgn.3

where,
F = actual retention (mm)
S= potential maximum retention (mm)
Q = accumulated runoff depth (mm)
P = accumulated rainfall depth (mm)
la = initial abstraction (mm)
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Once runoff has begun, exceamfall will now be either runoff or actual retention.
Mathematically, it is express in Eqn. 4.

O 0 0O 0 Eqn.4
When combining Eqn. 3 and Egn. 4, we get

U E— Eqgn.5

However, Eqgn. 5 still has two variables tha¢needed to be estimatdd.andS So, a
regressin analysis was developed from documented rainfall and runoff data on small
catchment areaThe results displayealvast amount of scatieg, and the relationship

was found:

0O MY Eqgn.6
Combining Eqn. 5 and Eqgn. 6, we get

8
U —Sfor P>0.2S Egn.7.

Eqn. 7 is the rainfaltunoff relationship used in the Curve Number Method. Given the
potential maximum retentio, the runoff depth can be estimated from the rainfall
depth.

The potential maximum retenti@&is thenconverted to the Curve Numb&N sothat
interpolating, averaging, and weightingerations arenore linearTherelationship is
expressed in Eqn. 8.

o0 —— Eqn.8

Figure 7 illustrates the graphical representation of Eqgnin8icating runoffdepth Q
values as a function of rainfall def@for selected Curve Number values
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Ungaugeddrainage basins are better modeled by an empirical method because there
may be a lack of specific information requirediexgerparameters are neediethaking
these models easy to ustawever they can be very reliable in certain cases, including
recreaing past rainfall and runoff in short periofiaze et al. 2012)SWAT2, HEG
HMS, and theegression equatiorege examples of empirical models that use the CN
method.

2. Conceptual Models: Thesaodelsare built based on observed or assumed empirical
relationships among different hydrological variableslike empirical modelswhich
only considerthe statistical relationship betwe@necipitationand runoff, the water
balance equatioms represented by theowceptual modelsvith the rainfaltrunoff
conversion, evapotranspiration, and groundwateMathematical equations that
distributethe precipitation input datestimate ach component in the water balance
equation(Sitterson et al. 2017¢G0verning equations for conceptmabdels are versions
of the water balance equation whatctounts fosurface water and storage fluctuations
seeEqgn. 9

~ ~

— 0 OYL Ow Eqn.9

wheredS/dtis the change in reservoir storagdas precipitationET is
evapotranspiratiorQsis surface runoff, an@Wis groundwater

Water movements within the atmosphere, hydrological components, and storage
reservoirs simulated by conceptual modate based on a balance equatiBeven
(2012) states that these models rely on the complexity in which complex balance
equations are used to describe hydrological components. As a result, more parameters
and meteorological data are needed for input. Orotier hand, they are much easier
to use and calibrate. A few examples of conceptual modelS@PRMODEL, HBV,
NWSRFS, and HSPF

When modeling channel flow, several models are considered. Generally, these models
determine a downstream hydrograph, basedan upstream hydrograph. The outcome is
achieved by the models solving the continuity and momentum equationsHNESCuses
severaimodels

A Lag

A Muskingum

A Modified Puls, also known as storage routing

A Kinematicwave
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A MuskingumCunge
Basic equation for open channels includes the momentum equation and the continuity equation.
Combined, the equations become the St. Venant equations or dynamic wave equations
(Feldman 2000)As expressed in Eqn. 10 and Eqn. th momentum equation considers the
sum of gravitational, pressure, and friction forces to the product of fluid mass acceleration,
while the continuity equation accounts for
The momentum equation inrll is asfollows:

Y Y - -—— —-— Eqn.10

where

S = energy gradient

S = bottom slope

V = velocity

y = hydraulic depth

x = distance along the flow path

t=time

g = acceleration due to gravity

T ¢ oF pressure gradient
Wwf'QT ¢ w=convective acceleration
Pp¥Q 1 ¢f O=local acceleration

The continuity equation in-D is as follows:

0— wo— 06— N Eqn.11

where
B = water surface width
g = lateral inflow per unit length of the channel

Each term in Egn. 11 describes the inflow to, the outflow from, or a storage along the channel,
a lake, or a reservoir. The terms are descrilydddndersor(1996)as follows:

07 @ = prism storage
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woO! B w=wedge storage
07 d O=rate of rise

Essentially, the derivation of the dynamic wave equation is based on the assumption that:

1 The streamflow velocity is constant in the channel, and the water surface is horizontal.

1 All flow varies moderately, with hydrostatic pressure being dominant at all points in the

flow.

1 There is no lateral or secondary circulation.

1 Channels have set baieries where bank erosions or sediment deposition are ignored.
Discussed above are a few of the basic principles currently used by models involving converting
rainfall to runoff.

The theoretical basis for-B hydrodynamiccalculations will be discussed this section.
Discussions are limited to unsteady flow routing. There is an assumption that when studying
flow over complex floodplains, flow is-D and that it may no longer be valid irCR It is
because -D unsteady flow varies in time and along tamatial dimensions. The2 form of

the continuity equation claims that the net mass flux into the control volume equals the storage
change in the control volume. However, the difference is that the mass fluxes are now calculated
in 2 dimensionsEqgn. 12 gpresses th2-D continuity equation

— —— —— N ™ Eqn.12

where
H = water surface elevation
h = water depth
u andv = depth average velocities in tkeandy-direction
g = the source term, representing inflow from external sources such as precipitation
(Chaudhry 2008)
Similar to the 2D momentum balance principle while considering forcing from gravity,
momentum exchange, friction, and the Coriolis effect, t#ierBomentum balance equations
can be written as follows:
Momentum balance in thedirection

— 0— U— O— 0Oo6— — w6 "Q Eqn.13
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The momentum balance in tigalirection
— 00— UL— "— VO— — Q6 Q Eqn.14

where
H = water surface elevation
Vi = momentum exchange coefficient
¢t = friction coefficient
f = the Coriolis parameter
v and u = depthaveraged velocities in the& and y directions respectively
(Brunner 2016)
The local accelerationis represented by ¢h first term in the momentunequation

—ET %NT 8 poh AT OOA OP hrid AE icapve@iveOdccelerdtioisotNd 8 p T
second term 6— O0—ET %NT 8 poh AT OOAODIFbrdng T1fom OAOI
gravity, momentum exchange coefficient, bed friction, and Coriolis fareethe terms that

followed. The Mannings formulawas used to expreghe friction coefficientcs in the x-
direction

Egn.15

where
n = Manning's roughness coefficient
g = gravitational constant
u = velocity in thex-direction
R = hydraulic radius
(Betsholtz and Nordlof 2017)

With regards to the purpose and methodology of this study, a literature review has been done
to see how well these equations perform within the HEAGS model. Two case studies on the
HEC-RAS model with regards to inundation are discussed below.

A case saidy by Eko et al. 014)on Pesanggrahan floodplain, Jakarta, compared
estimated inundated areas with observed results to assas®dieéed results' validityThe

21



study concluded that the model performance @lase to the observed resulespeciallyin
areaswith fewer structuressuch ashousing and fenceg#lowever, technical adjustments are
needed in areas where recent structures are being erected. In doing so, the model results could
be improved.

Using remote sensing, Gl8nd HECRAS techniques to Vidate flood extend on
Baseu river, Romania:neaet al. 018) concluded that theiwvalidation processewere
successfully carried out for a series of stages on a case study of Basdtaseeromecorded
hydrological datafloodwater levels generated BYEC-RAS were validated by water levels
recordedat the Stefanesti hydrometrical station, with a 9.2% error

2.4 Summary

This chapter discussesand mining's different approachesd the common area sand is
normally extractd from along the river. Methods used in determining runoff and inundation
estimates were also briefly discussed. The next chapter covers the methodology used in this
study.
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CHAPTER THREE: RESEARCH METHODOLOGY

3.1lIntroduction

This chapter discusses the methodology adopted for this dtumbxers the study design flow,

data collection process, the models used, terrain modification process, and the flood simulation
process. Since this study is the first of its kwithin the country, data collection was a very

big challenge, especially hydrological data. For example, consistent hydrological data, with a
time interval of 30 minutes, were collected from two separate sensors installed on the upstream
and the downstrea of La Colle river in August 2019. Before that, there were no data with a
consistent time interval. There were also no previous flood maps that could be used to verify
the simulation, making it difficult testimate the inundated areas correctly

3.2 Regarch Design

The study employed a methodologyolving threedifferentplatforms: AreGIS, HEGHMS,

and HEGRAS. ArcGIS was used to delineate the study area watersheutepare geometric
dataused in HEGRAS. Upon completion of the simulations, the data are then imported back
into Arc-GIS for map development. HEBMS is the hydrological model that uses rainfall to
determine discharge, while HERAS uses the discharte determine stream stage (inundated
area). HEC-RAS was also used to modify the terrain.

The first phase of the research design workflow involves observational data,
meteorological data, and hydrological dagdter data collection HEC-HMS is usedto
determine the rainfall and runoff relationshifdischarge) relationships. The outcome is
determined by calibration of the model with respect to observational data. Discharge is then
imported into HEGRAS, wherethe stream stages determinedOncestream stages verified
with observational data, st channel ishen modified to gather for sand mining activity.
Finally, using the modified terrain, flood simulations are performed, and flooded aaeeas
analyzedFigure8 showsthe design and workflow process used in this study.
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3.3 Research Dataset
Table 1 shows the list of data used in this study. Due to time constrain and lack of data,
geological and groundwater data were not effectively used in this study.

Hydrological data consist of dagxtracted from installed water level data logger
(sensors) in August 2018igure 13 shows the location where the sensors are installed. The
water levelsensos record changes in water level due to pressure change and later converted to
water level depth. The sensareset to record data every 30 minutes. Data is extracted monthly
by VMGD staff members and submit via email to the researcher in Japan.

Figure 13 also shows the location where the Meteorological data was obtained. The
data was extracted from an AWS beside the Bauelfdinational Airport, with a 10 minute
time interval. Unfortunately, this is the only reliable weather station within the study area.

Field observation and investigation data include streamflow -sedsonal area
measurements, stream velocity measwnts, flood extent investigation, and stream depth
measurement after a sand extraction event.

All data types used in this research were based on the local standard time, Universal
Time Coordinated (UTC) +11 hours.

3.3.1 Field observatiorand investigation
In order to verify the accuracy of the provided LIDAR DEM, three sites were chosen to measure
the channelcrosssections. These sites were measuredogust 15h, 2019.Figure9 shows
the location where the cressctions are measured. Extracted csesgion data from the
LIiDAR DEM were then compared with the recorded measurements.

Riverbed crossections were meased to modify the river channel. Measurements
were done oMarch &h, 2020, on21 different sites alon¢he river reaclof about 7 kmFigure
10 showsthe crosssection measurement process at four different, sitee Figure11l shows
all the measurement sites along the river reach. The recorded measurements were later used to
develop the streamflow crosections as the provided LIDAR DEM did not capture the
riverbedcrosssections.

Streamflow measurements were done in 4 different sites along the river. As shown in
Table2, the first sebf measurements were domeAugust 2019 during the dry season and the
second in March 2020; the wet seas@rtotal of 22 measurements were performed, and the
results were used to determine stream discharge amount and the Manning's roughness value.
Figure 12 shows the location where the measurementslane while insertedmages of the
measurements wed®neon March 4h, 2020.

To verify inundated areas, the teamterviewed local community members about
flood extent during TC Pam, a cyclone that hit Vanuatu on Marti 2815. The interview
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was simple, as the only question asked wasdall and estimate flood extend during TC Pam
accurately Coordinates of thestimated flood extent were recorded using a GPS device.
Obtained coordinates were then converted from decimal degree (DD) to degrees, minutes, and
seconds (DMS) and are listedTiable3. Figure14 shows the obtained coordinates being plotted
over the DEM showing flood extent.

3.3.2 Hydrological dataset

The pimary hydrological dataset used in this study was obtained from the in$taliedvater
level data loggerAs seen irFigurel3, two data loggers were installetbng the riverone on
the upstream and the other on dosvnstreamTheupstreamnstallation was done by Dan Tari,
Julius Malaand the researcher éwgust 22d, 2019, from 12:53 to 6:1@m. The sensor was
installedinside aspecifically buildmetal pipebolted to acement slaconstructed by the DOWR
in the1970s.

The riverbank was dug for the downstream station, allowing the PVC pipes
containing the sensors to be buried insifieo pipes were connected in a letter L shape
allowing for the other end of the pipe to be in the river while the othertiger away from the
river and over the riverbank, yet accessible to the river water level. The installation was done
on August 1&, 20109.

Before installingthe two data loggers, thereawno ongoing hydrological data
collection onLa Colleriver since1985
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Tablel. List of data used in this research.

Hydrological Data

Source

Location of Collected Data

Water level data (Sept.

Installed Sensors

Upstream and downstreamlad

1 2019- Aug. 2020) in August 2019 Colle river
Meteorological Data
1 | Rainfall data (2016 2020) | AWS Bauerfield International Airport

2 | Rainfall data (1925 2017)

Manual station

Bauerfield International Airport

Field Observation Data

Elevation Model

1 | Riverbed crossection datg Field 21 sites alondra Colle river
measurements
2 | Stream flow data Field 4 sites alond.a Colle river
measurements
3 | Flood extent data Local community | Along La _CoIIe river @ points
members wereobtained
Water depth after sand Field - .
) Sand mining site 1
extraction measurements
Digital Elevation Model
1 1m LIDAR-Based Digital PMU Office Ministry of Climate Change
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Table2. Discharge measurements during dry and wet season.

Dry Season Discharge

Cross

: sectional W_etted Hydraulic Discharge Manning's
Slie [Delz  Sipe flow area PEITIGE] radius (m3/s)  coefficient
(m2) (m)
1 19/08/15 0.005 2.35 9.15 0.26 1.31 0.05
2 19/08/15 0.002 2.68 14.05 0.19 1.71 0.023
3 19/08/15 0.003 2.36 7.17 0.37 1.44 0.046
4 19/08/15 0.002 2.45 8.88 0.28 1.44 0.032
1 19/08/19 0.005 2.35 9.68 0.24 1.6 0.038
2
3
4 19/08/© 0.002 2.55 9.48 0.27 1.43 0.033
Wet Season
Discharge
1 20/03/04 0.005 2.63 8.069 0.33 1.29 0.07
2 20/03/04 0.002 2.65 9.12 0.29 1.38 0.038
3 20/03/04 0.003 3.02 7.32 0.41 1.66 0.055
4  20/03/04 0.002 2.51 10.05 0.25 1.75 0.025
1 20/03/07 0.005 2.59 8.06 0.32 1.52 0.056
2 20/03/07 0.002 2.61 9.11 0.29 1.29 0.039
3 20/03/07 0.003 2.81 7.26 0.39 1.73 0.048
4  20/03/07 0.002 2.43 10.05 0.24 1.52 0.028
1 20/03/10 0.005 2.54 8.06 0.31 1.32 0.063
2 20/03/10 0.002 2.59 9.11 0.28 1.5 0.033
3 20/03/10 0.003 2.77 7.22 0.38 1.65 0.049
4  20/03/10 0.002 2.29 10.05 0.23 1.58 0.024
1 20/03/13 0.005 2.69 8.07 0.33 1.2 0.076
2 20/03/13 0.002 2.7 9.12 0.29 1.45 0.037
3 20/03/13 0.003 3.05 7.32 0.41 1.68 0.056
4 20/03/13 0.002 2.53 10.05 0.25 1.75 0.026
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Table3. TC Pam flood extent coordinates obtained from community members.

From upstream to downstream

Points Date Interviewee Coordinates

1 2020/03/08 Mr. Nakou 1681806 14E| 17760410625
2 2019/08/21 Family Nakou | 1681 802 0E | 17641638 .
3 2019/08/21 Mr. Morris 1681 7658.| 1741633 .
4 2020/03/08 Mrs. Sandy 1681 7656E| 17°0410638.
5 2019/08/21 Captain.Rex | 1681861 1E| 176416389 .
6 2019/08/21 | Family William | 1681 760 4 4E | 17641658 .
7 2019/08/21 Mr. Albert 1681 7655E | 176416593 .
8 2019/08/21 | Family JohnM | 1681 7 6 2 9E 1776 4268 .
9 2019/08/21 | FamilyJohnM | 1681 7 6 4 6E | 17% 4 2 6 .
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3.3.3 Meteorological dataset

As seen imablel, there were two sets of meteorological data used. The first was froni 1925
2017. This dataset only contained the total daily rainfall (249owhere the measurements
were done manually. he other set of rainfall data was obtained from an AWS, where the
rainfall was recorded every 10 minutesice 2016 With regards to flooding and flood
simulation, the AWS data was preferable. However, there were also inconsistencies found on
the AWS datawhere unavailable data has been observed for prolonged periods. Sometimes it
could be for an hour, while other times, it could be for almost a day. For example, there were
no data available from 2019/09/07 08:00 till 2019/09/12 09:50; a total of 121 hburs
unavailable data. As a result, some of the rauntalbff events could not be analyzed.

3.4 Runoff Analysis

It is possible to define runoff as the volume of water released into surface streams. Runoff

involvesthe water that runs across the surface of the ground and into the waterways to enter a
stream andhfiltration, the water that travels by way of gravityaugh the soil toward a stream

and ultimately empties into the channel. This section explains the mechanism involved in the

determination of runoff and the model used in the process.

3.4.1 HEGHMS Model

As described in the previous chapter, this moddliotes precipitation, runoff, baseflow, and
channel flow modeling with a timseries interval of 30 minutestigure 23 shows a
representation of the maddprocess used in this study. The factors influencing runoff are
normally divided into two groups in a rainfalinoff relationship: physiographic and climatic
factors.

Physiographic features include watershed size, watershed form, watershed slope,
wateshed orientation, land use, soil moisture, soil composition, topographic and landscape
characteristics, and drainage density. Besides, climatic factors include how much precipitation
falls, the rate of rainfall, how long the rain falls, and where thefedis. These factors are
captured within the HEE®IMS runoff model. The model utilizes several methods when
predicting runoff.

This study uses six methods that are supported byHEGS to manage runoff within
the watershed. The simple canopy method, siraptéace method, SCS curve number, SCS
unit hydrograph, baseflow method, and the Muskingum metkigdre 15 shows the HEC
HMS interface where the methods are determined.
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1%p Subbasin | Canopy Surface Loss Transform Baseflow Options

Basin Name: Basin 1
Element Name: La Colle Subbasin

Description:

Iy [{

Downstream: |La Colle River v
*Area (KM2) |50
Latitude Degrees:
Latitude Minutes:
Latitude Seconds:
Longitude Degrees:
Longitude Minutes:
Longitude Seconds:
Canopy Method: | Simple Canopy
Surface Method: | Simple Surface
Loss Method: |SCS Curve Number
Transform Method: | 5CS Unit Hydrograph
Baseflow Method: | Constant Monthly

el <] <] ¢

Figurel5. HEGHMS Methods used in the study

Simple Canopy Method: This methdoldistrates a basic method of representing a plant
canopy. No precipitation intercepted by the canopy falls to the surface before the
canopy's storage capacityexhausted. Once exhausted, additional precipitation falls to
the surface or to the soil ditgcif no other surface type is presented. The canopy's
initial condition is specified as the percentage of the canopy's storage capacity
containing water at the beginning of the simulatieigure 16 shows the parameters as
determined in HEGHMS.

(8 Subbasin  Canopy  Surface Loss Transform Basefiow Options

Basin Name: Basin 1
Element Name: La Colle Subbasin

“Initial Storage (%) |5
*Max Storage (MM) &0

Crop Coefficent: | 1.0
Evapotranspiration: | Wet and Dry Periods

Uptake Method: i-Mone—

Figurel6. Simple Canopy parameters in HEBAS

Simple Surface Method: This method is a simple representation of the soil surface. All
precipitation type that reaches the soil surfascaptured in storage until the surface
storage capacity is exhausted. Water that is kept in surface sadsagdiltrates into
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the soil whenever it is present in storage, even if the storage is not full. When the storage
capacity is full, surface runol generated. This runoff also happens when precipitation
rate exceeds the infiltration rat€igure17 shows he surface's initial conditiotihat is
specified as the percentage of the surface's storage capacity containing water at the
beginning of the simulation.

@Suhhasin Canopy Surface Loss Transform Baseflow Options

Basin Name: Basin 1
Element Name: La Colle Subbasin
“Initial Storage (%) |ID

“Max Storage (MM) |100

Figurel7. Simple Surface parameters in HE®IS

3. SCS Curve Number: The SCS curve number method determinegptb&iapmte runoff
amount from a rainfall. This method is designed for a single storm,avbatethe
required data for this methas the rainfall amount and the curve number. The area's
hydrologic soil group, land use, treatmeand hydrologic condition determines the
curve numberFigure 18 shows the curve number parameter interface along with the
impervious value.

é,-.Subbasin Canopy Surface LosS Transform Baseflow Options

Basin Name: Basin 1
Element Name: La Colle Subbasin

Initial Abstraction (MM) |50
*Curve Number: |35

*Impervious (%) |15

Figurel8. SCS Curve Number parameters
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4. SCS Unit Hydrograph: This method is used to determine the surface runoff. It describes
what happens when water that is not infiltrated or deposited on the watershed surface
flows over or under thevatershed surface. HEEBMS determines the hydrograph peak
by allowing the user to input the lag tijees seen ifigurel9.

24 Subbasin  Canopy Surface Loss Transform Baseflow Options

Basin Name: Basin 1
Element Name: La Colle Subbasin

Graph Type: iStandard (PRF 484) RS
*Lag Time (MIN) | 100

Figure19. SCS Unit Hydrograph parameters

5. Baseflow Method: This method is used to compute subsurface flow. It simulates the
slow subsurface infiltration of water moving from twatershednto the channels. In
this study, the parameteraw determined by the monthly constant discharge amount.
Since monthly constant discharge amounts were used, thespime is covered by
the monthly constant depending on which month the simulation b&ginsee20 shows
how monthly constant values are placed in HEGS.

é,-.Subbasin Canopy Surface Loss Transform Baseflow  Options

Basin Name: Basin 1
Element Name: La Colle Subbasin

*January (M3/5) |1.34
*February (M35
*March (M3/5
“April (M3/5;
“May (M3/S.
*June (M3/5]

) |11
)
)
)
)
*1uly (M3/s) | 1.92
)
)
)
)
)

160
217
196
316

*August (M3/5) | 1.60
“September (M3/5.
*Qctober (M3/5) |1.38
1.40

142

*Nowvember (M3/5

“December (M3/5) | 1.36

Figure20. Constant Monthly parameters
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6. Muskingum MethodThis flood routing method was developed during the 1930s for
flood control of the Muskingum River Basin, which is located in Ohio, USA.

This method uses the stored volume at both ends of the reach to become the stage
function when the water surface cahbe assumed horizontal, especially during flood
events.

Figure21 shows the different storage components for a given instant in time along a
typical reach.

Figure21. River reach storages

At any given time, the continuity equation holdS/dt = I(t)T Q(t) where totaktorage
Sis the sum of wedge storagadprism storage. The prism storafgis considereda
direct function of the storage at the downstream end of the readhianefunction
of the outflowS, = f1(Q). The wedge storag@y exists because the inflow, differs
from outflowQ and so may be assumed taafenction of the difference between inflow
and outflowSy = f2(IT Q).

The total storageouldbe represented by:

Y Q Q0 0 Eqn.16

Assuming that irEqn. 16, f1(Q) andf: (I - Q) could be both a linear function, vmew
have

Y 00 00 U -0 p -0 Eqn.17

and by substitutingl = b/K'in Eqn. 17, we get

Y OO0 p ®O Eqn.18
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Xis a weighting factor indicating how muthndQ contribute to storage in and within

the reach lengthX values range from O to Q.%vhile most rivers have aK value
betweern0.1 and0.3. K is thetime parameter; it is the flood wave travel time through
the channel reach. The Muskingum method routing equation is derived by combining
Eqgn. 16 and Eqn. 1&igure22 shows the routing parameter interface.

1A Reach  Routing  Options

Basin Hame: Basin 1
Element Name: La Colle River

Initial Type: Discharge = Inflow -
*Muskingum K (HR) 1
*Muskingum ¥: |0.01
Subreaches: 1t5

Figure22. Muskingum routing method parameters

Based on thdiscussed methods, calibration of the model was done by adjusting each
of the methods' parames¢eListed inTable4ar e each of al l t he n

that hae been adjusted when analyzing 13 rainfathoff events against observed
discharge data.
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Figure23. Representation of the HEEMS specific to this study.
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Table4. Calibrated parametdist andvalues

Parameters Units Range

Canopy

Initial storage % 07 100

Max storage mm 0T 1500

Crop Coeff. constant 011
Surface

Initial storage % 07 100

Max storage mm 071 1500
Loss

Initial abstraction mm 071 500

Curve Number constant 307 77

Impervious % 07 100
Transform

Graph type Standard

Lag time Min 187 616
Baseflow

Constant monthly m°/s 1.341 2.76
Routing

Muskingum K HR 171 3.5

Muskingum X constant 0.07 0.5
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3.5 Flood Simulation

Flood simulationwas done in HEEGRAS, both on theoriginal and the modified terrain.
However, the modified terrain was produced in RAS Mapper HEGRAS extensionThis
section details the processes involved in the simulation.

3.5.1 HEGRAS Model

HEC-RAS was selected as the model to be used in this study apart from other models such as
Sediment and River Hydrauli¢s2D, Center for Computational Hydroscience & Engineering
2D-Flow, IBER, MikeUrban, Mike 11 and Mike 2Dbservation results of the veashed, study

area, andhydrological data availabilitgoncluded HEERAS is the model choice. A&zouagh

and Hilal (2018) statetHEGRAS performs well in rivers witralow gradient andn remote

areas where data is limited.

Figure24 shows the HEEGRAS workflow procedure used in this study, where initial
geometric data used in HERAS were prepared in ArcGIS, using the HBEBORASGIS
extension. With regards to the purpose of this study, the prepared geometric data includes
stream centerline, river bank lines, flow paths, and stream-seati®n lines. Geometric data
are then exported from ArcGIS by generating the RAS GIS impeit RASImport.sdf).

In HEC-RAS, the stream centerline is often referred tthasiver. It is obtained by
drawing a line from the upstream to the downstream of the river aivérechannel's center
The bank lines are the lines determining the radge along the river channel. There are two
bank lines, one on the left and the other on the right bank. Flow paths atbdtes used to
compute reach length between two cresstions on the left and right overbank. Creating a
flow path in the mairchannel is not necessary in HERAS. Figure 11 shows the mentioned
geometric data created along La Colle river.

The RAS GIS file is then imported mHECGRAS for computational analysis. After
the flow data and Manningbés value are adde
based on the original terrain were then analyzed and verified. After verification and calibration,
computations were thapplied on the modified terrain. Inundated boundaries (shapefiles) are
then imported back into ArcGIfér the inundated area size determination.

Spin up period of 12 months was used in this study based on observed discharge with
a time interval of 30 mirtes. However, final simulations are performed with a time interval of
60 minutes. This is because the rainfall return periods were obtained from a dataset with hourly
rainfall reading.
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3.5.2 Terrain modification

Terrain modification was done in RAS Mapper. Modification details regarding extraction depth

were obtained through field investigation before and after sand extraction activity thehile

researcher and DOWR selected the potential extraction sites

Beforeand after sand extraction activity, field investigatioeealed that the extraction depth

was approximately 1 m from the current stream depth. Because of a short and temporary sand

extraction permit issued by thgovernment to the extraction companiesher potential

extraction sites were chosen should the current site is tentparkrsed due to unforeseen

environmental issue3he two potential sites were selected based on streamflow velocity and

the terrain topographyAs determined by DOWR invegttions, streamflow velocity was

suitable for the deposition of sediments between sites 1 and 3. Further upstream, the velocity

would not allow for fine sediment deposits. Sites 2 and 3 are also easy tg duegsand

transportation would be much easigure25 shows the location of sand extraction sites, 1, 2

and 3. Site 1 is where sand is currently extracted, sites 2 and 3 are the potential extraction sites.
Extraction sites were modified by widening the riverbanks and deepening the

streamflowarea On the selected sites, the channel was deepened tdaéiepii 2, andi 3m

from the current stream channel depth.
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1. Create Stream Centerline
a] Label river and reach names
b] Attribute features
2. Create Cross-Sectional Cut Lines
3. Create Optional RAS Layers
a] Attribute features
4. Attribute Cross-Sectional Cut Lines
5. Extract elevation data for RAS Layers

wN =

oo

. Create new HEC-RAS project
. Import RAS GIS Import File
. Complete geometric, hydraulic

structure and flow data

. Compute HEC-RAS results
. Review results for hydraulic

correctness

1. Convert .RASExport.sdf to XML
2. Import RAS GIS Export File
3. Inundation Mapping
a] Generate wter surface TIN
b] Generate floodplain and depth
grid
4. Additiional Mapping (Velocity, ice...)

Validation/Calibration of Model
|
Simulation with design rainfall

Derivation of design discharge
from design rainfall

River Channel
Modification

Reduce grid < VES}
cell size YES;

Enough Cross
Sections?

Figure24. Representation of HEBAS workflow.
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Figure25. Sand extraction location within the watershed
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3.6 Summary

The study methodology outlined in this chapter includes explanations oesterch design,
researchdataset,field observation and investigatiohydrological datasetmeteorological
datasetyunoff analysis, HECHMS, flood Simulation, HEERAS, andterrain modification
The next chapter discusses the obtained results.
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CHAPTER FOUR: RESULTS and DISCUSSION

4.1 Introduction

The researctwas conductetb achieve the three main objectives stated in sectionnllishe
with the aim asindicated in section 1.3Thehydrological field investigations, the hydrological
and meteorologicalataanalysis, and finallythe simulated flood resultsill be addressed in
this chapter.

4.2 Field observation data analysis
The three crossection measurements obtained to verify the LIDAR DEM stiavthe DEM
is accurate and can be used in the study. The NSE coefficienteforls 2 and 3 shows an
average NSE coefficient of 0.926. Therefore, the LIDAR DEM can be samptesent the
study area topography accurgtdtigure26(a) refers to site 1 while (b) refers to sitead (c)
refers to site 3Figure 26 compared field crossection measuremenéndthe LIDAR DEM
crosssection while Figure27 shows thehree sites' NSE coefficient

As shown n Table 2, t he Manni nogfiicent was obgameddrens 21 ¢
streamfl ow measurements. Upstream of La Col
0.063 while 0.028 on the downstream. Obtained results also show a 1.9 % increase in wet season
discharge compared to dry seasonlisge: meaning, a somewhat constant discharge amount
during the two seasons.
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Figure26. Comparison graphs of measured cresstions and LiIDAR DEM crossections.
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Figure27. NSE's relative magnitude of field measurements compared to LIDAR DEM data.

51



4.3 Hydrological data analysis

As listed inTable3, obt ained data from | ocal communi t
was then plotted in ArcGIS. Based on TC Pam's rainfall amount, flood was simulated, and the
results were compared to floedxtent points given by the community. The result shows a
correlation between flood simulation extent and points provided by the community.

It must be noted that the interview was done in 2019, while TC Pam occurred in 2015. The
chances are high that comnity members might provide incorrect flood extent points. For
example, irFigure28, point number 5 was further away from the simulated flood extent.

With regards to TC Pam's discharge data, the simulated result could also be
underestimated as part of the rainfall data was unavailable: due to strong winds preventing
observers from going outside to collect rainfall data.

Figure28also verified the calibrated parameter3able6. Even though the calibrated
parameters have a NSE coefficient of 0.35 as seé&igore36, the outcome seemed accurate.
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Figure28. Map of obtained flood extent points and TC Pam flood simulation.
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4.4 Meteorological data analysis

Thirteen rainfall events were selected amelyzed in this studyand the results are shown in
Table5. The analyzed events occurred between August 2019 and DecembeT 2@2Z0were

no extreme events with larger rainfall amounts within the timefrémae could result in
flooding. Analysis oflhe rainfall events resulted in the determination of lag time between peak
rainfall and peak runoffThe analyzed lag time between peak rainfall and peak upstream
discharge ranges from 0.3 hours to 5.2 hours, with an average of 2.6 hours. Peak discharge lag
time between upstream and downstream station ranges from 2 hours to 3.5 hours, with an
average of 3 hours.

4.5 Return rainfall period analysis

Rainfall return periods of 2360 and 10Gyears were determined using meteorological data

from 1985 to 2019Figure29 shows the Line graph expression that was used to determine the
return rainfall amount-or the 10year return period, a total of 424mm is projected, 670.92mm

for the 50year return period, and 777.23mm for the -y@@r return periodRainfall pattern

used inall simulatorswer e generated using TC Harollddés r
on April 6th, 2020.Figure32s hows TC Har ol dbés rainfal/l patt

4.6 Rainfall and runoff analysis

Based on the analysis of 13 rainfall events, as shiowigure30 andFigure31, runoff amounts

were determined. These 13 events were divided into two groups; Group 1 comprises of events
with total rainfall below 50mm/24 hour while events with rainfall greater than 50mm are in
Group 2 (onlythree events). Using HEEIMS, runoff was determine based on calibrated
parameters of Group 2 events. The calibrated parameters are liStddei6. The cdibrated

result was then verified by another rainfall event on Decef@iliby 2020.

Figure33(a) shows the calibrated parameters being applied to a rainfall event of less
than 50mm/24 hours arkilgure33(b) shows the NSE coefficient of the obsereed simulated
discharge. WithaNSE coefficient 0f2.898, the calibrated parameters do not perform well on
smaller rainfall events.

Figure 34 and Figure 35 showthe calibrated parameters being applied to more than
50mm/24 hours of rainfall evesitWhileFigure 34 has an NSE coefficient of 0.66Bigure 35
has 0.734. This shows that the calibrated parameters performed well with larger naemiisll e

However, when validating the calibrated parameters on a recent rainfall event on
Decembel07th, 2020,there are few things to note. First, the peak timing, the result shows a
good correlation between the observed tedcalibrated parameteiSeond, peak discharge
amount, there is also a good correlation between the observed and the calibrated parameters.
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However, the NSE coefficient for the calibrated parameter©v8as This can be seenHigure
36. A closer look at the observed discharg€igure36 shows that the observed dischahgel
two peaks while there were no two separate observed peak rainfall Arpessible reason
why there are two peaks in the observed discharge could be because of unobserved extra rainfall
activity further upstream of the river: since there is only oWéSAand it is located further
downstream of the watershed. The other possible reason could be due to observed discharge
calculation errorOn the other handkigure37 shows another recent analysis on a rainfall event
on January 26th, 202Wherethe graph shows yet another twin peak discharge during the event
despite a single rainfall peakhe event has an NSE coefficient of 0.819j¢h better than the
previous validation of theised paranters. As such,it can be conl uded t hat L a
watershedcould havea large storage capacityhis led to the first peak relating to a quick
surface runoff while the second peakoisservedaftert he water shedds sto
exhaustedThis validation concluded that the determined parametnsbe used for flood
simulatiors with larger rainfall amountgyreater thari00Omm of rainfall in24 hours

The peak discharge amount foetthood returaperiods was determined based on the
calibrated parameters, the repre r i od r ai nf al | amount, .and
Figure38 shows that for the 2050, and 106years flood return period, a peak discharge of 150
m%/s, 184.2 /s, and 408.8 ffs is expected, respectively.
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Tableb. Rainfallrunoff analysis results

_— Total : Rainfall Total Peak  Discharge Upstream

Event Boigér\]/g':tg EEr\]/((jar?tf Rainfall (I:negiflroar'nniﬂl) Duration  Discharge Discharge Duration Lagtime
(mm) (hr) (m°s) (m¥/s) (hr) (hr)
. 12/2:0(;3019 12/124%2(;)19 26 117 4 437 400 21 9 0.3
X 1/170:62820 1/191/:(2)820 1 9.5 15 151,200 0.7 6 3
3 VU020 A2PR020 g3 8.5 9 1,251,720 0.8 19 3.5
g4 %2020 282020 475 24.5 5.5 786,240 14 14 5.2
5 2Dp0a0 21012020 s 8.5 7 3,552,120 3.7 195 3.1
6 322020 31212020 32 19.95 15 824,760 15 135 1.7
7 3’1%{??)20 3/151127(’20 345 18 2 824,760 0.8 145 28
g /2/2020 32612020 56 11 45 4,132,800 2 28 3
9 3/25:%’20 3/2527(’20 76.5 25.5 9 15,830,100  31.1 27.5 7
10 3’?8’:(2)320 3/31’2’:2320 46 75 7 7,693,920 11.8 195 25
11 4/226:2850 4/%:210720 30 3 9 1,418,040 08 195 41
12 W00 AZDZ0 498 35 135 2,743,200 13 20 0.3
13 4/12’:2820 4%;%820 2 15 1 229,680 0.8 145 3
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Table6. Calibratedparameters from rainfatunoff events.

Parameters Units Range Celllaize
Parameters

Canopy

Initial storage % 07 100 5

Max storage mm 0T 1500 60

Crop Coeff. constant 0i 1 1
Surface

Initial storage % 07 100 10

Max storage mm 071 1500 100
Loss

Initial abstraction mm 071 500 50

Curve Number constant 30-77 35

Impervious % 071 100 13
Transform

Graph type Standard

Lag time Min 18-617 100
Baseflow
Constant monthly m°/s 1.3471 2.76 Varies
Routing

Muskingum K HR 171 3.5 2.1

Muskingum X constant 0.01 0.5 0.3
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4.7 Stage and inundation analysis

Flood was simulated on both original and modified terrain with a return period,&L,0and
100-years.Figure 39 shows the topographic map of the original and modified terrain. It also
shows where sand is being extracted. Discussed below are the results:

Flood simulated for the return periods shows an increageinundated arehoth
on the original and modifietkrrain Interesting phenomenaere observed when simulatisn
weredone on the modified terrain. With the same amount of dischargadbreturn period
simulatiors weredone on the modified1, 1 2, andr 3m terrain.Figure40 to Figure43 shows
the results of the simulationsigure44 shows the location on the modified ténravhere water
level depth is being observeegure45 shows thathewater level increased by 2m for the-10
years return period, 4m for the-§8ars return period, and 4.2m for the 3@@rs return period.

On the 12 and 1 3m50tand I0yaanflood &ents Bhare thehnsame teBults
with the T1m depth.

The first reason is that the upstream and downstream boundary elevation of the
extraction sites are kept constant while only the area in between is deepened. By increasing the
channel depth, the volume of water the site can contain also increases.itihatidvater is
added, the outcome will be the same despite the extraction site depth.

The second reason is that the selected sand extraction sites along the channel already
has a higher bank. Therefore, when deepening the channel and keeping the umstream
downstream elevation of the extraction site constant, the excess water is only kept within the
higher riverbanks resulting in no change the inundated area but the depth within the
extraction site.

The results show that even thougbkterrain s being modified to accommodate sand
extraction with different depthfipod results remain the same for the return periods.

Therefore, choosing an appropriasng extraction site ia significant part of the
mining process. Sand properties and strealocity are factors that needed to also be
considered. It is equally important to select a site that will have a minimal effect on flooding.
As seen in the study results, channels with higher riverbanks and winder floodplain can be used
as sand extractiogites as they could help reduce inundation.

Another phenomenon observed during the simulation is that when the channel is
modified, changes in streastage occur further upstream of the river. The stage increases along
with the return periods. At presetihe assumption is that the model becomes unreliable when
simulating a larger discharge amount over a narrow channel. The other possible reason could
be the limited number of crosections used in this research. It could also be the result of the
selectd time step used in this study. However, further investigation is needed to verify if
modifying the downstream of La Colle river affects strestage on the upstream of the river.
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Figure40. Flood simulation results for the 1®0-, and 108year return period on the original terrain.
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