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Abstract

Project Code : MRG6180170

Project Title : Linking climate change, land use change, and flood events in the lower

Nam Phong River Basin: impacts and damages
Investigator : Asst.Prof.Dr.Kittiwet Kuntiyawichai
E-mail Address : kkitti@kku.ac.th, kittiwet@gmail.com, kittiwet_k@hotmail.com
Project Period : 2 years (2 May 2018 to 1 May 2020)

Abstract:

Flood severity in the lower Nam Phong River Basin is inadequately evaluated since little
is known about the impacts of climate and land use changes on floods. Hence, this
research aimed to quantify impacts of climate and land use changes on flood damages
at different flood occurrences. A HEC-HMS rainfall-runoff model was calibrated and
validated for 2005 — 2011 and 2012 — 2017, respectively. Thereafter, the calibrated
model was used to generate hydrographs using projected rainfall from CMIP5 (CNRM-
CM5, IPSL-CM5A-MR, and MPI-ESM-LR), which were downscaled to 50-km resolution
for 2020 — 2039, under RCPs 4.5 and 8.5. Future maximum daily and annual rainfall for
25-, 50-, and 100-year return periods under RCPs 4.5 and 8.5, were calculated. The
Land Change Modeler model was then applied to predict the 2039 land use based on
the 2010 and 2015 maps. The derived adaptive operating rules for future projections
was proposed. A hydraulic HEC-RAS model for generating flood inundation maps from
hydrographs produced by HEC-HMS, was calibrated and validated for 2010 and 2011,
respectively. The changes in climate and land use showed insignificant impacts on flood
extents during 25-, 50-, and 100-year flood events, i.e., inundation in 2039 under RCP
4.5 is smaller than baseline (2000-2017) by 4.97-8.59 km?, whereas a larger difference
of inundation is found for RCP 8.5 (0.39-5.30 km?). In contrast, the flood damage under
RCP 4.5 (14.84-18.02 million US$) is higher than the baseline by 4.32-5.33 million
US$, while the highest was found for RCP 8.5 (16.24-18.67 million US$). The
agriculture was the most vulnerable, with a damage of 4.50-5.44 million US$ in RCP
4.5 and 4.94-5.72 million US$ in RCP 8.5, whereas baseline damages were 4.49-6.09

million US$. Finally, for short-term, individual sources of greenhouse gas emissions and
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land use alteration are likely to have effects on flood risk, which is subject to appropriate

flood mitigation strategies to be implemented.

Keywords : Climate change; Land use change; Representative Concentration Pathway;

Return period; Flood damage
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3.3 maereimalasuwudasmlddslominauluewiaa
92019 BULUS18849 Land Change Modeler (LCM) tWa3tas1ziunaliuuasnis

WasuudasnsldUszlonidauluemaauuiugiwsastayanislssslominau 2
Faataa (I .6 2553 uay 2558) uazltuwilduvasnisifsuudasainanuniieszes
mslfuszlominauluewing

3.4 ﬂ’]iﬁ‘haaaan’]wwmqﬂﬂ?wm 2aFaLUUINa89 HEC-HMS f1nsudiuinstlsunos
ﬁwﬁﬂmjmf{ﬂwamauma I@mmw"mL'smaamﬂumaaﬁmﬁaﬂaﬁ;ﬂu (Baseline) (I w.¢.
2543 — 2560 %38 A.¢. 2000 — 2017) wazluauina (I w.a. 2563 — 2582 3@ A.4. 2020
— 2039)

3.5 MIFBULNULAZATIVRAULUVING8Y HEC-HMS ﬁlzmﬁﬂﬁagaé"mﬁmsvlmm’mi'u
o ®ondl E.22B LLa:é'm'm'ﬁvlmmaaﬁwi'mﬂfuLﬁwéwLﬁuﬁWLﬁauquaﬁ'@ﬁI@mmal,ﬁu
1798 W.¢. 2548 — 2554 (@.¢1. 2005 — 2011) FIRTUNIIROULALVULUINAD LazTI9T
W.¢. 2555 — 2560 (A.7. 2012 — 2017) R1WIUNITATIIROL LU VI8 wazlddn
sulszansmanagule (Coefficient of Determination, R?) tazfi1 Nash-Sutcliffe Efficiency
(NSE) (Nash and Sutcliffe, 1970) &1 TUN1TU 32NN IR UINYULAZATIARE L
LuUd18ad HEC-HMS

3.5 N33R =RANAI83TUeInNIUS (Gumbel distribution) §1%$UN33LATIZHAN
USunadugaganoiuuazUTunarunsd AsoudnsiAad 25 9 50 9 was 100 I

3.6 NIINRBIFANNNTAMENS D ALULIIR09 HEC-RAS §1TUT 18098 IWANT
Tnavaluwuuy 1 96 uaz 2 98 LLazﬁﬂvlﬂgmsaé”’mLLNuﬁLLamﬁuﬁﬁﬁmm

3.7 NMMIROUNYULAZATIIROLUULF1889 HEC-RAS azaﬁﬁ'ﬂﬁagaizﬁuﬁw’mi’u W
&o1d E.22B lagasyinnmisseuiisulusiaidaundsvnaufiasuinay w.e. 2553 (a.a. 2010)
LRZATIIROULLLINARIT IR0 WALINUYBIT W.¢. 2554 (A.¢. 2011) UAZIZDFE R? LA
@1 NSE Tumsusaifiunanisautisuuasa s sauluud1aad HEC-RAS tuldadn 1u
§IUVDINITHO LA LAZATITNOUVO UL AR WAHYIIY 921521 T unaaIndIAw
ARIALARAUFUNNT (Relative Error, RE) S‘i'%oLﬂu@hﬁuamﬁaé’m%hummgﬂﬁawaa
WU ARBTAIY LA ld LU Ldaes WafisuRurweaUeRwAEN AN
MNENBANLTAEY uazen F-statistics F9tdudnfingasfisioiudnsriutounuyasiug
PNYNNULLERaIUAZINNAWEN BN LT B

3.8 MU UNANTENLANULEIRIDIINENTIIY xR lugdvadnnudunus
FERINIAMULE LRI ANE DI INLAZTEEza Y Tapazg
samin 2 d11 1) AuFenislauase (Direct flood damage) don13lduszlamiaian
ﬂszmwﬁagmﬁb WITTUNIIW @ARINNTIN UAZINHAINTIN Uz 2) anaFomslandou

(Indirect flood damage)
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3.10 msﬂsuﬁumwLﬁuamﬂqwﬂﬁu ﬁ]:lﬂu?%'mii:qé'ﬂwmzmwgmmLLaziaﬂwa
A o A ~ [ = & @
PBIMAAAKNANTENUNNGNNAY TIANUFBINNaNnnBazuilsritusesns (Hazard)
WAEANNLUTZLNY (Vulnerability) I@ﬂmﬁ'ﬂﬁagawaé'wﬁ‘mmﬁﬂmmugeq@ LAZAINNLS)
AT IRATa9EYIIN INULLUFI89 HEC-RAS S2aunuuNwnnisbtlsslomingn

4. WHWNIIANRBITH

WAL RUIULBINTANHIITLAINEY FINITOUEAD FAAIATTIIABEN

i@ 1 i# 2

1‘2‘3’4‘5’6‘7‘8’9‘10’11‘12 1‘2‘3’4‘5’6‘7‘8‘9‘10’11‘12

nAINIIN

=n.

1| mafiuunudeys ldun Toyagq-

qmﬁwm LLGzﬁaHa‘ﬂ’Nﬂ’l&lﬂ’]W“ﬂaﬂE};N

2 | myeneFmaUasuudasdTunonn

Tuaurna

3| myengFmadasuudasmsls

Uszlominduluamaa

4 msa‘haaaamwmaqm?w aRael]

yuyUiNaad HEC-HMS

5| MIFOULNBULAZATIIFOLULULI A8

HEC-HMS

6 | MyeNzFaNuisedtrasnuLa
(Gumbel distribution) §1WIUN3

a 6 Qs
AeMzAMUTIMHURgIFA s TULAE
Sunauned Aseudnsiiad 25 4

50 9 uaz 100 4

7 | my$eassmwmezTamaas e

UU4Na89 HEC-RAS

8 | MIFAULNBLLALATIIFEALUULI A8

HEC-RAS

9 | MUsiuNanIzNUANULTIRIBINN

i

10 ﬂ’]?‘ﬂitLﬁ%ﬂ’)’]&lL%Udﬁ]’]ﬂQﬂﬂﬁﬂ
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AANIINAADI

v

AN o =S A v o ] a dy
wamimaam%mnmsﬂnmnsmnma ﬁ']&l’]iﬂﬁ?].]i']ilﬂ‘;‘l,ﬂﬂﬂvl, %

1. WuUIABINNAIMA
1.1 LLum‘haaagﬁmmﬂIaﬂ (GCM) uazuyydnaasniionmeszauninie (RCM)

mysenzdnndisusdaslSunmduluawiaa sz luldsniunisiiamesin
Usunmsivinlwaninadaouuuinaes HEC-HMS lagfinsdfiunisazisuainnisanan
Ima@ﬁagagﬁmmﬂluamﬂ@lﬁﬁmmanﬁmgaz%m%’m‘%uﬁlumgﬁmmaL%m*mms
’iﬁ?’sla%wﬂ]”a%lamwﬁwaaa:q]ﬁmmﬂluamﬂm‘luimoms COordinated Regional climate
Downscaling EXperiment (CORDEX) %ﬂumiﬁnmﬂﬁlﬁaﬂlﬁwm‘haaagﬁmmﬂiaﬂ
(GCM) 31%2% 3 LUUd1884 UIznauals wuusnasd CNRM-CM5 Luusaad IPSL-
CM5A-MR UazluLUs1889 MPI-ESM-LR lagfludazuuusnaasasfiansannwmsnisnas
(Scenario) N13daaafingiIe wnyzanuuulnifisenia “Representative Concentration
Pathways (RCPs)” T@uLLamﬁaﬂ%mmﬁm%auﬂizﬁmﬁgﬂﬂa'aﬂaaﬂNWLL@iazﬂIuauﬁﬂ@ 2
AMNATRIENAB LeuA RCP 4.5 Laz RCP 8.5 GJuRAITI8ALE8AUaILAaTUULINR

il 2Nl A13199 1

=] o a Al =
fN139N 1 LLUU%WN@GQNa']ﬂ']ﬂ“ﬂl"ﬂuﬂ'ﬁﬂﬂ']ﬂ']

Driving GCM RCM
No. Resolution Institute, Resolution Institute,
Name Scenario Name Scenario
(km) Country (km) Country
1 CNRM-CM5 155x155 RCP 4.5 CNRM- RCA4 50x50 RCP 4.5 SMHI,
RCP 8.5 ERFACS, RCP 8.5 Sweden
France
2 IPSL-CM5A-MR  275x275 RCP 4.5 IPSL, RCA4 50x50 RCP 4.5 SMHI,
RCP 8.5 France RCP 8.5 Sweden
3  MPI-ESM-LR 210x210 RCP 4.5 MPI-M, RCA4 50x50 RCP 4.5 SMHI,
RCP 8.5 Germany RCP 8.5 Sweden

1.2 mi‘lﬁ'uLLﬁLLUU?ﬁWaadQﬁmmﬂ (Bias correction)

o v o a . . v A v A A A a '
n13UIu LLﬂLL‘U‘U"ﬂ']E‘]Q\?Q@J@']ﬂ']ﬂ (Bias correction) vL@LﬂaﬂlTLﬂﬁaﬂﬂJa“ﬂLiﬂﬂ'J']

CMhyd (Climate Model data for hydrologic modeling) lagidanled Linear scaling lunns
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s

USUUAAINARIALARAW Lﬁ'ai%ﬂﬁﬁagagﬁmmﬂﬁﬁmﬁ UNWUDIFDIHATIVIG LA

ke

R ! o o & s & (% %
WRNFUWeInaRURLAzABUAY (F1wan 24 aanihiad) SeTuaaunsliuudidaya
eiaTasiio CMhyd sansnuaasMeazdoalaasgui 1 laanasannisdsoudedayaas

ﬁ'ﬂ*ﬁl@waawﬂmﬂmaammawaaﬂsmmﬂmmﬂmaoaumwawauma LUUUFIRD
il mmﬂluamﬂmmua@olmﬂn 2

Simulated
Observed
- historical climate
climate data
data

Simulated future
climate data

Identify biases /
parameterize bias
correction algorithm

Apply bias correction
algorithm

Corrected Corrected
historical future
climate data climate data

311 1 Juaaunliuudsdoya (Bias correction) snuiaTadla CMhyd

(Rathjens, et al. 2016)

(B}

gﬂﬁ 2 ﬂ?mmﬂmwﬂﬂLaﬁﬂmaoéuﬁwwaoiuauﬂﬂ@\ 7293213190 W.61. 2563 — 2643 (.41
2020 - 2100) (A) n3dbLUUIRBINTaINIE CNRM-CMS5, (B) nstbluuinaasniiannie
MPI-ESM-LR, (C) N8 wuudnaasndaina IPSL-CM5A-MR, (D) nidh uundiaes
Qﬁa’lﬂ’lﬂ CNRM-CM5, IPSL-CM5A-MR uwae MPI-ESM-LR
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a 6 A .
2. MINAIIEHAIND (Frequency analysis)

Tum i reimaasuudasSunmedn azutsmsdensiidumsiinnedmdsunm
HugigaetnuazlInanuned ﬁiauﬂﬂ'm,ﬁ@sf;wme] FnSuN AN fasinng
"31,@15'1:%“[@1ml,ﬂaﬁ'sa‘s:ﬂ:nmaaﬂLflumaaﬁmﬁaﬁaqﬁu (Baseline) (293213198 W.¢1.
2543 — 2560 (A.¢1. 2000 — 2017) §FIWNTHFTNIN amamz‘lfwaé’wﬁmaaﬁagamn
LLum‘haaagﬁmmﬂ 3 LUUI1889 (CNRM-CM54, IPSL-CM5A-MR, MPI-ESM-LR) "fj\‘]
a9 WNNTUTVUGAITBYA (Bias correction) da8uuDIN89 CMhyd wazinnsie e
a1ud (Frequency analysis) ToyalugIgaeIUI8I5U89nNLLA (Gumbel distribution)
Asoudnsiiad 25 9 50 T waz 100 I@]UﬁwamﬁLmﬁ:ﬁﬂ%mmﬂugdqmﬁm’“wad
q’w‘ﬁ’]wadmﬁiwaaLLum‘haaagﬁmmﬂmﬂﬁ 2 NIWANIDNENae laLA RCP 4.5 uas
RCP 8.5 augadmeazidualna1ef 2 luameiinanisinmeiusuimiussiiads
maome‘haaogﬁmmﬂmglﬁmwmitﬁa‘imao RCP 4.5 Uaz RCP 8.5 813130u&A3 baad

A13519N 3

A13191 2 wamﬁmﬁ:ﬁﬂ%mmﬂugaq@‘iwi’umaaﬁjuﬁwwaa LBRHVBING 3 LULFIAD

Qﬁmmmﬁﬂuﬁu Baseline

Rainfall peak (mm/day)

Period Scenario 25yr  Relative change 50yr Relative change 100yr Relative change

(%) (%) (%)

2000-2017 109.2 115.1 120.9
2020-2039 RCP 45 1294 18.5 143.8 24.9 158.1 30.7
RCP 85 119.2 9.1 130.7 13.5 142.1 17.5
2040-2069 RCP 45 1394 27.7 154.5 34.2 169.5 40.2
RCP 8.5 186.7 71.0 211.6 83.8 236.3 954
2070-2099 RCP 4.5 158.4 45.0 176.9 53.7 195.3 61.5
RCP 85 163.8 50.0 181.6 57.8 199.4 64.9

A19191 3 Namﬁmﬁ:ﬁﬂ%mmﬂugaqmﬂﬂﬂmaaﬁéwﬁ,’]waa WBAUTBINI 3 LUUINRBI

Qﬁmmmﬁﬂuﬁ'u Baseline

Annual rainfall (mm/year)

Period Scenario 25yr Relative change 50yr Relative change 100yr Relative change

(%) (%) (%)

2000-2017 1,861.5 1,994.6 2,126.7
2020-2039 RCP 4.5 1,7834 -4.2 1,911.3 -4.2 2,038.4 -4.2
RCP 85 17274 -7.2 1,848.6 7.3 1,968.9 -7.4
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Annual rainfall (mm/year)

Period Scenario 25yr Relative change 50yr Relative change 100yr Relative change
(%) (%) (%)
2040-2069 RCP 45 1,856.6 0.3 2,003.2 0.4 2,148.8 1.0
RCP 85 1,368 4.0 2,001.8 4.9 22457 5.6
2070-2099 RCP 45 1,907.8 25 2,051.2 2.8 2,193.5 3.1
RCP 85 1,957.8 5.2 2,090.6 4.8 2,222.4 45
a '3 { faa
3. Mz alagwnidasnisiglsslanvnanlwauian
Tun13dteTzini1dSuiminridrauuus1809 HEC-HMS d11dwazd a1
a { 1 a Z’ 1 & v { o & o s v
NITTLADINTNRGDNITNTZUIWBAITLAAUITA 92 ayafin iugmsuldlsznaunis
a 1 a 6 < £ L% €d' a L™ nq: a 6 a ? 1
NIAINITNTLS ma:muﬂnagamﬂ%ﬂi:‘[mumu AIBUMIILATIERIILS I YN0
AUIAE ﬁ]:éfaaﬁniagamﬂ%ﬂsﬂmﬁﬁﬁuluamﬂmmlﬁ”ﬂs:ﬂ AUNITNINTIRN
AWIALA et
o o 2 g o A & A o eda
fRIUNIANBT azvinIAe Tzl asuntasnisitdsslominauluauwiaalas
81¢ 8 WUUIIaad Land Change Modeler (LCM) Taidwluud1aadtasvasuuusnand
TerrSet laguuuiNanIadnatazltlun1sdtasziuwl lduaainisidfauuilasnshd
Uszlopinauluewmaauuiuguvastayanislivszlosingu 2 gaa0a0 de I wa
2553 uaz 2558 (adauaziagtu) uazlfuwilduvasmadivuudasdanannaninned
itz luminanluawiaa G9lanasnsnindasundasnistadsslaminaulwauiae
A9M191911 4 Uaz3ilh 3
A13197 4 Matdfsuudainslsusslaminauluemaaiounud w.a. 2558 (a.4. 2015)
Year 2015 Year 2039 Year 2069 Year 2099
No. Land use Area Area Change Area Change Area Change
(km?) (km?) (km?) (km?) (km?) (km?) (km?)
1 Aquacultural land 13.12 13.12 0.00 13.12 0.00 13.12 0.00
2 Field crop 3,5682.42 5,385.74 1,803.32 6,035.40 2,452.98 6,259.52 2,677.10
3 Forest land 4.,505.61 4,005.04 -500.57 3,500.41 -1,005.20 3,099.86 -1,405.75
4 Horticulture 13.80 13.80 0.00 13.80 0.00 13.80 0.00
5 Miscellaneous land 557.42 525.48 -31.94 509.87 -47.55 499.34 -58.08
6 Orchard 102.18 102.18 0.00 102.18 0.00 102.18 0.00
7 Paddy field 4,045.56 2,767.16 -1,278.40 2,239.63 -1,805.93 2,040.98 -2,004.58
8 Pasture and farm house 19.74 19.74 0.00 19.74 0.00 19.74 0.00
9 Perennial crop 827.59 566.32 -261.27 668.26 -159.33 785.28 -42.31
10 Urban and built-up land 757.36 1,026.22 268.86 1,322.39 565.03 1,590.98 833.62
1 Water body 613.73 613.73 0.00 613.73 0.00 613.73 0.00
Total 15,038.53 15,038.53 15,038.53 15,038.53
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Landuse 2015

Landuse 2039

Legend Landuse Legend Landuse
ot b Bl Acuscammmiang | ] Pasey teia [ reorcune T e 8 Lomerhiom otorg o I Acssscitarl land —— [ oreunre
o il — — o s [ =)
T ] ewmare B roviiond [ el o [ coatam
[T LT [ e—— T [T——
— — B
Landuse 2069 Landuse 2099

Legend Landuse
L uwersiomrrannognann IR Anctnrst ang [ Pacey saia I e
- =) v
I e e | [ trorars
[ e I roan ane buitup nd

Legend

3 rpes & Lowar am #ong Bawe

[ e tacichy fokd I onenre
[ [y B= |
I Foe [ rerensisi oo [ orwar

[ s o it lard
—

310 3 madasuudasmiluslominauluswaaiisunud w.e. 2558 (a.6. 2015)

4. M3ANBIUVUINRDY an NN

nIAnEIRlelaanltuuusInaad HEC-HMS El.umsmﬂ'%mmﬁwhluajuﬁwwamauﬁm

laguwuudiaad HEC-HMS Gfi\‘l $i@¥1391n Hydrologic Engineering Center - Hydrologic
o & . g
Modeling System wawdulasy U.S. Army Crop of Engineers Wuluydnasdineaniuy

§ Yo > o a [ ' qo/ A 3
EN Lﬁﬂl‘ﬁﬁ’]ﬂiﬂ'ﬂﬂaﬂdﬂi:ﬂ’lu‘ﬂ’]diﬂq‘ﬂﬂ’)‘ﬂ ﬂﬁ?lﬂdiz‘ﬂﬂiﬂid‘ll’]ﬂiﬂ&luﬁ ‘HOUSZﬂE’JUVLl]@I’) HI P

’AJLﬂi’lzﬁﬂ’Nqﬂﬂ?m 816149 laun Infiltration, Unit hydrograph wag Hydrologic routing

wananigsdsznavlddranszuawnisndanydnsuanudaiaslunisinaassniw

laun Evapotranspiration, Snowmelt LLae Soil moisture accounting
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HASNET baINN1IU TN I8LU LS 1889 HEC-HMS azaglugduuusasIWg
HEC-DSS (Data Storage System) 9anansafiaztinasanin lailUizandenuuuuiiass
dug luaszna HEC 16t Taglumidnsrilaztnasnsusun i ldanuuudiass
HEC-HMS ldiudayarudrdmivuuudinas HEC-RAS TUABUAAN 9lun13a$s
wuuiaas HEC-HMS fiaaaaluit

41 mﬁmﬁ:ﬁmméaﬂmm 29AIWITALAaT

Tunsdnmil nsiasiarudanlnivasdimindimeslunuudinss HEC-
HMS a%m%‘mjm{wwamaumo leinnsRansmdw e d1annalu Subbasin
Wz Reach $1947% 9 audy G9dsznavedas 1) Canopy: Max. Storage 2) Surface: Max.
Storage 3) Loss: Initial loss 4) Loss: Constant Rate 5) Transform: Lag time 6) Baseflow:
Recession Constant 7) Baseflow: Ratio of Peak 8) Routing: K L8z 9) Routing: X

Tasmaaszsanudenlnivasdimimiieafasiinaiuuartrads laviing
"imﬂzﬁtﬁammsmﬁﬂuLLﬂaawaé’wﬂugﬂmaaé’mwmﬂmgaqﬂ (Peak discharge) Las
USn ety (Runoff volume) @ funisrasanniiiaiivn E.228 %mﬁagﬂuéﬁﬁﬁwao
TA%HILN7 0.5 W9 9. va%unH @”&LLN@G@‘?WLL%MIugﬂﬁ 4 Taavinnsi dawutlas
Andaesns 9 sauntsanarsududiigildluuuudiaes HEC-HMS 1Waaasann
L% -75%, -50%, -30%, ~20%, ~10%, -5% WazLANTWINNLEY 5%, 10%, 20%, 30%, 50%
ez 75% Geldnasninuaasfonnusanlnivasinimiinaidaninlfsuwelassa

mﬂmga gauazlin wINYINaIh

4.2 mmEiau"l,mmadmwmﬁma?@iaé‘@mmi"l,mgaq@ (Peak discharge)

Naﬁwfmadmﬁmﬂzﬁmwéauvl,mmaa@hwwwﬁmm?@iaé”mﬁmﬂmgaq@ WA
laqsgn 5 I@mmgﬂ@”@ﬂﬁh'sauﬁu"[@i”fhmwwrlﬁL@la§ Loss : Constant Rate 3&HNada
nl' % % all d' Ai 1 a 6
mmJawuﬂmwaawﬂugﬂmaaamﬂmﬂmgaq@mﬂﬂq@ TasilaaadIn1IiLaes
N 1 1 v o Qo v QI &/ %
mﬂmmwzmwalmaawﬂugﬂmaaam’m’m"lmagaq@ﬁLLquNqugwu Tun19a39ns

TNURINTNITLNUAINITIAL a%"’aﬂd’nﬁa:dqwalﬁé’mwmﬂmga q@ﬁuuﬂﬁua@m
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SE1003
(+)

381016
o

N
] 5 10 20 30 40
Legend [ Ceee— [N A
/A Ubolratana Dam = River | Boundary of Country Elevahm; B:niz(;;'MSL)
4 ", BN -
@ Streamflow Station [ Subbasin boundary {3 Studyarea -;
® Rainfall Station 7”1 Basin boundary &  Waterbody .02

gﬂﬁ 4 FunisraIganiiatinyin E.22B LLazmaummjuﬁﬁwamaumo

Fi

=== Baseflow : Ratio of Peak
=== Baseflow : Recession
Const
Canopy : Max. Storage
[ 035 - Constant Rate
=== 1035 : Initial loss
==8=Routing : K
=8-— Routing : X

=—@— Surface : Max. Storage

==@=Transform : Lag time

Percent Change in Runoff Peak Discharge

4
Percent Change in Indicated Parameter

U 5 nalsuudasdndannsinagiga (Peak discharge) o anfiiatiayin E.22B

' ' a 6 1 a :’ '
mmaau‘lmmaomwwmumamaﬂsmm‘mm (Runoff volume)
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NARWTUBINITILATIZRANNEAH MRV IFAIWI T LA DS aUSu siYiLaas laas
waz3Ui 6 I@]ymngﬂ@”@nﬁhnzl,ﬁu"L@wahmﬂﬁma§ Loss : Constant Rate 32&INaGA
dl s a :4 ] dl 1 dll 1 a 6
mmJawLLﬂawaawﬂugﬂmaaﬂsmmmmman@ TaawuinidaaaaInisiiaas
(% 1 1 v > a :’ ] v tal ‘&’ Qs v
mﬂmmoazaowahﬁNaawﬂugﬂmaoﬂsmmmmﬁLLquumejwu Tunaasanuany
=1 n' 1 a 6 o ' =3 1 9 > a g‘ ] a %
mﬂwmnwuquimmasmﬂanmzaaNﬂl%Naawﬂugﬂmaoﬂsmmmmmmﬂuu

NAR

- Baseflow : Ratio of Peak
Baseflow : Recession
Const

Canopy : Max. Storage

el [ 055 - Constant Rate

w1 0ss : Initial loss

= PRouting : K

= Routing : X

il Surface - Max . Storage

Percent Change in Funoff’ Volume

il Transform - Lag time

15
Percent Changé in Indicated Parameter

U1 6 naldsuudasdndanninagiga (Peak discharge) t anikintiayii E.22B

4.3 NMIFAULNLULAZATIARAVULLI1889 HEC-HMS

NIEaULNBULULUI1a8d HEC-HMS ﬁ]:“l,*’ﬁﬁa%laa"’mwms"tuaswi’uﬁmmi’@ ™
goniisaiinvin E.22B LLazé'mwmva%aLiﬁéwuﬁuﬁﬁﬁauquaﬁ'@ﬁlumﬁmdwﬂ W.€.
2548 — 2554 (32u21381 7 ) TasvianisUsuuidwindmeininadasasnising
annserisladanlszaninisandule (Coefficient of Determination, R?) waz1 Nash-
Sutclifie Efficiency (NSE) agjlummgﬂﬁ'ﬁuawau%’u‘lﬁmummgmmna inde 1 R2§
a1ldkasndn 0.60 uazd1 NSE fid1lsiskasnin 0.50 (Santhi et al., 2001; Moriasi et al.
2007)

NANNIRAULALULLUIIREY HEC-HMS lasn1sdsuaininiiiaasane g aanm
#IUAIMN98AG (R® uaz NSE) FougasIHAUEIA NN TR HETEN I8 a5 T InafifwI o
|annuuusaes HEC-HMS uazdasmslnafildannmianaia m sanitiatinyia E.228
LLaza‘"@]i’lﬂ’livlmaL%éNLﬁuﬁ’nﬁauqua%'@ﬁ Vl@T@”dgiJﬁ 7 &3 o anniidasiarin E.228 Tven
MIaia R? way NSE YAy 0.956 LAz 0.947 AMNENGL §IWNNIHaULALLEATINNT LAR

LﬁwéNLﬁuﬁﬂLﬁauquﬁmﬁ 1#amM1988@ R? way NSE 1¥innu 0.748 waz 0.739 eu&1al
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Discharge (cms)

gﬂﬁ 7 NMIRAULABULUUINREd HEC-HMS lut1952n319T w.a. 2548 — 2554: (A) tw

sniiaivn E.22B uaz (B) danmilnadhdraiuiidauguaioig

lIuguwaINI1IATIIFAULLLUT 1889 HEC-HMS 3ztdunsasiagauaIwiniiags
61499 ﬁgﬂﬂﬁ"ﬂLm“lumgumaumaamiaamﬁwmeimao HEC-HMS lazazidunisinga
Pasrmitaasimanzauildannsseuiisuuuudiass HEC-HMS Taglunsinmn
AleimuatiaesnsaasauLuuiiasaduszozaa 6 1 (I w.e. 2555 — 2560)
Fslumsanameuuuuitasslaslisanmylranetn o aaniisaniimi £.228 lanasns
lugﬂmao@iWﬂwaaﬁﬁ R? waz NSE ¥in1iu 0.975 uas 0.975 aud ey luumeiinig
mnaammm‘i’maﬂﬂﬂl‘*ﬁé'm’]ﬂﬁvlﬂal,%dwLﬁuﬁ’nﬁauqua?@lﬁ ldwaawslugdvasdi
NNEN&E R? ae NSE 1Ay 0.772 Waz 0.770 @U&1aL @Tau,am‘rmazl,ﬁmlugﬂﬁ 8 49
WA NENR TSI amI mafidw asldannuuudiaas HEC-HMS uazsammsalna
Aldannnsaata m anndiiasiivin E.228 LLa:é'@]s'm'ﬁ"L%aL‘*ﬁ']éwLﬁuﬁwﬁauqua{mﬁ
agjilmnmﬁﬁﬁuawau%’u%ﬁ” Sarmdunsiuduislssansnwuesuuusans HEC-HMS
Aaeiud UM aeIFn I TOIAN 9 Tuawiaa Tnfalinanisdmasaninnisann

a Aa 1 A A v
')‘Y]UWWNQ?WNHWL%QQQLLNZE}T]@@O

(A) R = 0975 (B) R = 0n2

NSE 0.975

Discharge {cms)

gﬂﬁ 8 NMIATIIRALULUI1889 HEC-HMS lut93:n319T w.a. 2555 — 2560: (A)

soniiiasivi E.22B uaz (B) danniswathdnafivinidiaunguaiat
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4.4 mynanzidanmilnagagansdlaninituuszemaansaudnisifadidneg

a'mmiﬁnL?Tﬂﬁagaﬂ%mmﬂuqaq@LLasz'%mmstwﬂﬂmaaLL@iameuﬁ’]aaa

a > = Ad. =3 o ¥ Y £’ €=ia
nliane AILENINYAZLA AT WAITI9N 2 LA 3 iwmmwwa;&amﬂﬂjﬂiﬂwumu
luamﬂm*ﬁ'}gjl,l,uuﬁmaa HEC-HMS LN a¥iIn13318 98N NS IR TULARZN I8 89679 6
"L@Tma"'wﬂugﬂmaaé’mwn’]ﬂmgdqm’]sﬁugaq@mﬁﬂ W 9ANIBBNVBIFNUINDY N9 3
wuudnaedglainia (CNRM-CM5, IPSL-CM5A-MR, MPI-ESM-LR) lulsaz RCP a4

A13519N 5

13199 5 Smiwmsvlmgaqmaﬁwaoﬁamei’maogﬁmmﬂ 3% ﬁg@]ﬂ']d@@ﬂ“ll@dé}:&lfk’]wad

ADWANT FRTULARENITAIRD

Average peak outflow (m?/s)

Period Scenario 25yr Relative change 50yr Relative change 100yr Relative change

(%) (%) (%)

2000-2017 Baseline 1,051.6 1,169.0 1,273.6
2020-2039 RCP 4.5 909.6 -13.5% 1,017.4 -13.0% 1,112.3 -12.7%
RCP 85 1,162.7 10.6% 1,299.5 11.2% 1,436.5 12.8%

5. NMIANBILUVIIRDY qnwamam%

MsAnEazaNfuLLi1aa9 HEC-RAS version 5.0.6 §1%3UMs3tazsiduiingiu
’Lumﬁuﬁéjuﬁ’lwamauma YafuuL$1809 HEC-RAS £aun97n Hydrologic Engineering
Center - River Analysis System ﬁgﬂw‘"@um%ﬂ@fj U.S. Army Crop of Engineers LﬁiaLﬂu
n3asdodnsuldlunissisassniwnislnanuy Steady flow lunuy 1 56 uazsraas

FNWANTIAALLD Unsteady flow naluuuy 1 88 uas 2 96

5.1 NMINDULNUULAZATIIFOLULUINNEY HEC-RAS

msaauLﬁUULLa:mnaaummgﬂﬁawaoLLum‘haaoﬁm%’umﬁnmfhlﬂja
panidu 2 anwmeha 1) miaamﬁﬂuLLazmnaamLum‘haaﬂugﬂLLuwaaiagaagmiu
17981 (Time series data) andunsseuifisunazasramauatszauin o anfiasiavin
E.22B az 2) msseufisuuazaTIarauvenaduwiinyy lagludruvesnsseuifioy
LRZATIVFOLVBLLYAN WA TN a:ﬁmsmﬁmﬂﬁwmwé’uw”uﬁmaafagaL%aﬁ?uﬁ
izmnifa;&amauL°umﬁuﬁﬁwmmnnmﬁmm:ﬁmwmUmuﬁﬂwaoéﬂﬁfﬂmuw‘"wm

waluladoimauaznlansauna (236n13un1u) (GISTDA) uwazzauiaiuiinriaug
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v o ) d v o . o
ldanuuudnass HEC-RAS lasldarainuaaiatafeuduwns (Relative Error, RE) &9
Lflumﬁuamﬁaé"@\iﬁmummgﬂﬁawawmmauLwﬁ'uﬁﬁﬁmuﬁvlﬁmﬂLL'le'imao
LA UALAWIAVALLYANUNINYIINIINAINENLANIA LY AILRAITIEazLEualwaNnN1S
A , Lo | = ¢ = & o o o & AT
1 LazAN F-statistics TILTWANNLIAINILUATLTUANITNUTaUNUYAINUNEIYIINAN

WULRBILAZAINNATNENHN AN (ﬂvdLLﬁ@]Gi’]UﬂZLaﬂ@lluﬁ&lﬂ’ﬁﬁ 2

|A0 —Ap|
A

(o]

A
F= [—” ]xlOO (2)
A, +A -Ay

RE =

Tasf

'
A

o o ¢
RE A ANUANIALARDURNNND

)Y

(2 1
~ =

A8 ARNINTININNATWEN LA N

]
)Y

(2 1
~ =

A8 NBNHININIINNITINRDIRNIN

A8 A1 F-statistics

)Y

)Y

[ ] v
A =

op 018 AUNTOUNLVINUNIIVIINAIINAINENBAUNLNUAZIINNTTNRBIFNIN

)Y

> m > >

5.2 WAMIRAULNBUULLI 1889 HEC-RAS

ANSFAUMBUULUUS1889 HEC-RAS 2z finnislasnisUsuun@l Manning's n

3 3‘ d‘i‘ t:l' a ¢ o ? ‘ﬁj dl v 1 v v v =)
Pays1nazNwNINUIURIS N (1% 2D area) ‘ﬁdﬁﬂﬂ“(]vl,@]ﬂa’nil’utﬂ’)ﬂ']d@l% NMIRBUINYUY
wuusaadazidvaande 2 anEme Ao NMIFAUNELAITEALINLAZNIROUNLLTE LA

S - ~ = v & a o &
WHNUININ I@ﬂ&]iqﬂﬂgﬂaﬂ@LLa:ﬁNﬂﬂWﬁTaﬂﬂ’]saaUL‘ﬂﬂU@\‘]@a‘lﬂu

MIFAULNHUAITZAVIN

mssaUfisULUDI1a09 HEC-RAS lagldanszauin asvinnssautiioy o aand
FaUN E.22B 1452952931918 anBInauiatuanay .o, 2553 (A.A. 2010) FILAAI
Naé‘wﬁlugﬂﬁ 9 uazlddneada R? was NSE vasmsilsufisudnszauinfidmwanle
INULVI1889 HEC-RAS AUA132a LT 1a1nn13a 519501 0.879 uas 0.824
AWENAY F9AN19aDA R2 waz NSE fiw1nnin 0.500 azuaasliidnisninusunng

wnhsdzauinaglunasindunnuazsanivldauanasguana (Moriasi et al., 2007)

2

NIFAULNUUBULUANUNINYIAY

1 v
' o

NNIFBULNBUUULII8EY HEC-RAS I@ﬂ%mamwﬁuﬁﬁﬁmw NIRa U

T ﬂlﬁﬁagamauL°11@lﬁ‘uﬁﬁ,’]mwqaq@ﬁ"lﬁmﬂms’il,m’]:ﬁ*’ﬁauamwmalm'al,ﬁﬂwaa

U
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GISTDA 1l w.¢. 2553 (.¢1. 2010) Lﬂ%'m_ll,ﬁﬂun”umauLwﬁuﬁﬁﬁmwgaq@ﬂﬁam
WUUd1809 HEC-RAS 1 W.¢1. 2553 (a.¢. 2010) LLa:‘L%@hmwﬁuw‘"uﬁmaaﬁagm%dﬁ?uﬁ
Relative Error (RE) lLae F-statistics (?{&Iﬂ’liﬁ 1u8e 2) RINTUNIIATIINOLAIY
WL TofavaINaaNEN L6 nuULS1809 HEC-RAS Iﬂmﬁﬁ?uﬁﬁwmugaq@mﬁmﬂ
wuudnaas HEC-RAS LLa:ﬁuﬁﬁwmmgaqwﬁ"ﬁmnmﬁmmzﬁﬁagamwn’wmaLﬁsm
289 GISTDA U W.¢. 2553 (a.¢1. 2010) mmsmmmﬂﬁé’agﬂﬁ 10 Uz lAA1ANNFNNUT
maaﬁagm%aﬁuﬁ' Relative Error (RE) tLaz F-statistics tinnU 0.05 Waz 43.55% @816
Yiaft en RE fidennias uazen F Adenann azuaasliiiudsnnusanndasiuuasauiaa
ﬁuﬁ'ﬁ'}mugaq@mﬂmwn"1sm'nLﬁmwl,l,a:mﬂmsa‘imaaamw (Jung et al., 2014) T3az
°1hslﬁuﬂ'uﬁammgﬂﬁaaLLa:mL%aﬁamaawaé’wﬁﬁ"lﬁmnmsﬁmaaamwﬁammm‘haaa

HEC-RAS dwsuin llFlunissiaassanumsniluauiaasia b

5.3 NANIATIIRBULUUINRDI HEC-RAS

ANIATIVFAUULLIINDI HEC-RAS 2zduinn13lagnisind nindaasn laan
MIFOUNHULUUIN8 90N I FE 1R TUNTAN I Dbl UL 1889 HEC-RAS LiNaLT N3t e
=< yoA A o Ao v X A \ o @ A
DIAMNULT DD 8 VAILUUINRBINIAFINIUN TITLLINNTATIIROVUDANLT Y 2 AN s Ao
ANIATIVFAUAIIZALIN BRZNITATIIRALUALLIANUNUNYIIN LT TNal DAL NARNT

YAINNIATIIRAUAIGD b7

NMINTIIFOLANIZAVIN

MIATIAFALLUUa9 HEC-RAS Tasldanszauiin asvinnsamiasay o aandt
Famnvin E.22B lutraidanfaniauiosuinay O w.e. 2554 (9.6 2011) IUTAIHNAANT
Iugﬂﬁ 9 uazledn9aia R? uae NSE 209malsouiitsuanseeuiniduwimledan
LUD31889 HEC-RAS RUANTzaU#A lda1nN15@5195aHARY 0.975 uaz 0.914
AUENGTL BIFMIFAATIINNANTN 0.500 zuaasIHIFuAIRNNFURBE TR I T LN
a;Jilummsﬂﬁﬁmmmwam%’u‘leﬁ”mummgmmna (Moriasi et al., 2007) 8nviagiaduns
SusuinuuUs1asd HEC-RAS Rsaasduiinusindadauazanisnsirluldlunns

FaaIrnIuMIT i kawIaasa U ld

v

NIATIIROLVAUANUNINTIN

NNIATIVRAUULUFI80I HEC-RAS laglfuaumaNuiiiyiioy asvinnisaagay
I@mlﬁﬁagamaummﬁ‘uﬁﬁ'}mugaq@ﬁ"l,@i”ﬁnﬂmﬁl,mw:ﬁa'mﬁagamwmUm’nﬁmmjaa
GISTDA 1 w.q. 2554 (a.¢. 2011) WIsuiflsunusavaaRuiiiiugigan laann

uuUsIaad HEC-RAS T w.a. 2554 (a.¢. 2011) uazldainnuduiusvastoysiBanud
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Relative Error (RE) L8 e F-statistics (a&lﬂﬂiﬁ 1LURe 2) f1MTUNITATIIF LAY
WL T AT INaaWEN LR 1NULUS1n09 HEC-RAS I@mﬁﬁuﬁﬁwmuqaq@ﬂﬁam
WUUIIaB9 HEC-RAS LLa:'ﬁyuﬁﬁﬂmsJgaq@ﬁvlsi”mnmﬁmﬂ:ﬁmnfa;&am‘wn’w
aMLAuNad GISTDA T w.a. 2554 (.. 2011) mmsml,am"l,ﬁ@"agﬂﬁ 10 wazladn
mwﬁuw‘”uﬁ‘maaia;&m%aﬁuﬁ Relative Error (RE) Lz F-statistics 1¥i1NU 0.10 Wae
47.89% @NAGU Had 61 RE Afldiay wazdn F Adaunn azuaasldifiniininy
aa@ﬂé”aaﬁ'mawaummﬁuﬁﬁ’]mugaq@mﬂmwmm’nLﬁwl,l,a:mﬂmiﬁ‘haaaamw
(Jung et al., 2014) S’fmzﬁiaUﬁuﬁuﬁamwgﬂﬁaaLLa:mL%aﬁamawaﬁwﬁﬁvl,@i”ﬁrlﬂﬂ’m‘maa
FNMNAIBLUUINR9 HEC-RAS d#nsuih ldlglunmsdraasaanunmsalluemaasely

160 . 160
R? = 0.879 () [[h)l =—Observed water level

NSE = 0.824 158 ---Simulated water level

R? = 0975
NSE = 0.914

=—0bserved water level
---Simulated water level

13

n
)

156 156 -

154 -

150 oof

Water level (m+MSL)
Water level (m+MSL)

148

146 - . ; i i 1 146 -
S
-‘é\ & & 3 o & & & & & & &
= o o = oF il = i N = F b

Date Date

3111 9 MIReULNBULTATIIFEULLLTInE HEC-RAS o anniliaiinyin E.22B: (A) M3
ROULNEUULUUI8ITITENINLADBTIRIANDITUINAN W.A. 2553 (A.61. 2010) Laz (B)

MINTIVFOUUL LI ITIITERINADUTIAIANTITUINAY W.6. 2554 (A.¢. 2011)
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 TIY e NSRS T “T—

() Calibration (b) Validation G

@ Provinces center
E Lower Phong basin

Flooding
I Frooding from GISTDA
Flooding from HEC-RAS
Degth {m.)
High : 10.0m.

Low . 0.1 m.

fehina <007 {
Burma “i. [ Vietnam
h s,

{47 Laos = 4

1] 5 10 20 o 5 10
Kilometers

20
Kilometers

lin donesia A [

311 10 MIRQULNIBULATATIAFBLULLIIREI HEC-RAS mﬂmamwﬁuﬁﬁ’]mugaq@:
(A) MIFOULAHLULULIIRDITIILRINNADURIRANTITUINAN .. 2553 (A.¢1. 2010) LA

(B) M3IATIAROULULINNDITINTER LA URINANTITUINAN W.A. 2554 (A.6. 2011)

6. N1IUILLARHUANIENUANMNLILWIBIINHININ

anuEumgninusduiitsuresanudnvasinvinuazsEazasinvion 49l
miﬂ‘izl,ﬁugammmLﬁmmmmﬂmﬂﬁ@i{ﬁmm:umaamﬂu 2 §% Ao 1) ANULFERY
la8a39 (Direct flood damage) kaz 2) AuLFEoWI8lasdan (Indirect flood damage) lag
anudomolasassenfeduananuiemenmedunindaunseasdlsznauing a1n
Wi dnenudenislessauiuwieduannansznuvesnnudsnislauass uas
awauﬁaﬁu’luﬁuﬁﬁ%amanmmwé’aﬁnﬂmnﬁ@m@lmstﬁf{wﬁmﬁ?u AN LT
N1393193 NFVUEIUALUINIENT TN AT Jun1sdnefiazrinn1sRanTanianis
anuFsniolauass (Direct flood damage) F9n13d3zidinarnuLFon plasasagnWamu
Tag Sahasakmontri (1989) ersuaasluaanish 3 Soldudsdszinnaasmsldnandmsy
nsuszifineantdu 4 Uszian lduA 1) Residential 2) Commercial 3) Industrial La g 4)

Q/ =) Qg L H
Agriculture laguaaztszinniaanyszanTauaanisn 3 a9n13199 6

DPE=a, +aH+al (3)
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Wa DPE = anulfunislasasd (Direct flood damage) dadsztannshe
Uszlomingw (wnassianmslsdselooingw)
H = mmﬁﬂmaamﬂwgaq@ (LTUALNAT)
L = 32HZINWTIIN (I)
e I a v
ag, a,a, = @18uUsEANTANIRERI8v09YaN (Flood damage

coefficients)

{ o a Q€ :, ] _— o et
A19191 6 AFNUTEENTANNIREWIBTRIEYIIN (Flood damage coefficients) ®1%IUN1T

sz laminaundazdszinn (Lekuthai and Vongvisessomjai, 2001)

No. Type of land use a, a, a,
1. Residential -300.00 45.40 33.80
2. Commercial -2.15 88.10 0.00
3.  Industrial -1,740.00 522.00 181.00
4.  Agriculture -1,050.00 553.00 0.00

a A, ° = a vda
FNANNIIN 3 LUDUUIETUI LT UNRTINAMNULFLAN ﬂmadnﬂﬂizmﬂﬂﬁl‘ﬁﬂﬂuua:

6 v > €3’ ' [ A
nﬂmaamawagawaawmwmm:‘lmmumsw 4

DAM=22M-PC(H)-AREAG) (4)

== APE())
Lﬁa DAM = anulFsmlasass (Direct flood damage) (L)

DPE(J, H, L) = anuLFsnslasas (Direct flood damage) @iad3sztAnn1s
s lomifan @mdssnnmsldussloaiaan)

APE()) = Wuidsdatszianmsladslomiaen j (aeuas)

PC(l, j) = WesiSudvasmsldusslominian j luaas

Area(i) = Wuflwemad i (AT9Wa3)

i = UWIUVBILTAR

j = dUssnnmslguselamifian

H = mmﬁﬂmaoﬁ'}mwgaq@ (LTUALNAT)

= gz ()
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fMTUAUNRAsdadTsiANnTENaY j (APE) lanwua Liasansien 7 lapd19dean
Ansusinha (1989) ati13'l3fia13 Sahasakmontri (1989) TzydA1ANIREWILlaA TS

(Direct flood damage) 71 latug3 laifin13Ra1TMIA1AULTRI8VEILATIFTIIN I

(2
~

(Infrastructure) aanulunisdnsnitseinnisdszidudranudoniodalasaaonugn
(Infrastructure) 1w 65% vasenanudamslasasfisrwinld lagdnlasiSudainan
#i Munich Reinsurance Company (1998) 'lé¥iin15U sz men 1y aasiudrnnadanie
Taga39NInuAaINNIILAAUNYTIAN (Total direct flood damage, TDM) 131 5auaaslaas
qUN131 5

TDM = DAM + (0.65- DAM) (5)

@13197 7 Auiedsdatszinnnalduslosindu j (UTd399n Ansusinha (1989))

Residential Commercial Industrial Agriculture
(household) (shop) (factory) (farm)
Average area per unit (m?) 1,000 250 4,000 42,000

AU I UAN NI LAINTINTAN Lo gLl o INaaNTANNANTINTIINLRZIZHZLI AN
Y4 NLUUSI8a9 HEC-RAS luudaztiitisnaasnsauilnnsinadn 25 ¥ 50 1 waz 100
T DI BRNNNIN LANAINITIIAW VA laRaanTaa NI RErIslagasIaInnIg

Lﬁﬂmmuﬁ'\mmluqumwamaua’w AIMN1519N 8

M15191 8 ANANNLRLN UI@]ﬂmamﬂmnﬁ@ﬁ,’]muﬁmmlmjwﬁww IR AUE1I LA

NIHIADI
Land use Total direct flood damage (million Baht)
Period Scenario
type 25yr 50yr 100yr
2000-2017 Baseline 323.62 353.62 390.34
Residential 36.19 40.00 43.31
Commercial 20.64 22.31 23.35
Industrial 13.46 14.11 14.51
Agriculture 253.33 277.20 309.17
2020-2039 RCP 45 456.48 520.37 554.40
Residential 178.22 199.48 212.55
Commercial 27.86 36.05 38.49
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Land use Total direct flood damage (million Baht)

Period Scenario
type 25yr 50yr 100yr

Industrial 22.20 26.00 27.41

Agriculture 228.21 258.84 275.95

RCP 8.5 499.80 535.39 574.49

Residential 189.18 204.45 219.99

Commercial 34.88 35.47 37.27

Industrial 24.85 26.58 26.82

Agriculture 250.89 268.90 290.41

2040-2069 RCP 4.5 715.87 782.41 843.26
Residential 340.47 371.63 400.80

Commercial 76.87 84.96 92.23

Industrial 36.85 40.02 42.79

Agriculture 261.67 285.80 307.44

RCP 8.5 934.37 1,002.48 1,061.31

Residential 412.07 439.91 464.51

Commercial 111.47 120.10 127.16

Industrial 47.05 52.15 56.54

Agriculture 363.79 390.31 413.11

2070-2099 RCP 4.5 918.79 1,002.93 1,072.39
Residential 495.40 539.00 577.33

Commercial 112.13 123.70 132.98

Industrial 48.13 52.75 56.37

Agriculture 263.13 287.47 305.71

RCP 8.5 992.35 1,065.58 1,130.47

Residential 503.83 541.66 559.66

Commercial 132.43 142.74 170.34

Industrial 51.85 56.07 63.00

Agriculture 304.23 325.11 337.47

UANIMNALITNIAUFAINTINANUFUNUTIZRI 4 Tadaya ldun 1) wzausivaa
(Flood stage) o éunisan1iasivin E.228 2) davszuisingigavadianguaian
(Discharge) 3) @213419210% (Probability) T4fagIuwnauwad Return period Wag 4) N

AMULREAI8NNTAANNYIIN (Damage) laglauaasanusunuslaoutsaaniduudas
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7390 U8IN1TIN8 09 LLazLﬂ%'ﬂmﬁﬂuwaa"’wﬂumrﬁamwﬂﬁ]qﬂ'u nsmnsUasunngisan
N32aNN RCP 4.5 waz RCP 8.5 é’aLLa@alugﬂﬁ 11 99 13

Stage-Discharge Stage-Damage

Flood Stage (m.msl)
N\
LY
A
LY
Flood Stage [m.msl)
B &
A
')
\

900 1,000 1,100 1,200 1,300 1,400 1,500 370 420 470
Dischage [cms) Flood Damage (million baht)

Probability-Discharge Probability-Damage

——Baseline REP 45 =——RCPES

NG

0,00
900 1,000 1,100 1200 1,300 1,400 1,500 320 370 420 470 520 570
Dischage (cms) Flood Damage (million baht)

Probability

3171 11 ANFUAUTIZNTN Flood stage/Discharge, Flood Stage/Flood Damage,

Probability/Discharge Waz Probability/Flood Damage 1248 @.¢1. 2020 — 2039 iUy

o
anmwiagsin
Stage-Discharge Stage-Damage
8.6 1586
——Baseline ——RCP4S ——RCPES ——Baseline ——RCP45 ——RCPES
= 158 = 1584
£ E
E 1582 E jms
@ @
g =
& 1580 A 1580 »
1
& 1578 W 1578
/ / p
157.6
450 1,050 1,350 1,450 1,550 1,850 320 420 520 620 720 820 920
Dischage (cms) Flood Damage [milllon baht)
Probability-Discharge Probability-Damage
0.05 — fasaling RCP 4.5 =—RCPES 005 ——pBaseline ——RCP45 ——RCPES
0.04 \ 0.04
Z o003 | Z o0
Eoo \ £ o003
2 \ |
2 oo 8
g 0.02 \ £ 002
0.01 001
0.00 00
850 1,050 1,250 1,450 1,650 1,850 320 420 520 620 720 820 a0 1,020
Dischage [cms) Flood Damage (million baht)

gﬂﬁ 12 ANURUWUTIZAI19 Flood stage/Discharge, Flood Stage/Flood Damage,
Probability/Discharge Waz Probability/Flood Damage 1348 0.¢1. 2040 — 2069 UL
anwilagLin
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Stage-Discharge Stage-Damage

Flood Stage (m.msl)
Flood Stage [m.msl)

1.2 1.3 ¥ y. X ¥,
Dischage (cms) Flood Damage (milllon baht)

Probability-Discharge Probability-Damage

Prabability
Probability

Dischage (ems) Flood Damage (million baht)

gﬂﬁ 13 ANURUWUTIZAI19 Flood stage/Discharge, Flood Stage/Flood Damage,
Probability/Discharge Las Probability/Flood Damage 47491 @.¢. 2070 — 2099 BUNL

amwﬁﬁ]ﬁ;ﬁ'u

7. msﬂsuﬁuﬁuﬁtﬁmmnqﬂnﬁ'ﬂ

mitduanuissnnannandwitnezyansacanuguisuszlanmaveinions
NENUNNANAABUN TIanuFssnannisasdulaituresny (Hazard) uazainu

11312119 (Vulnerability) lagaansouaadnnusuns laassgan1sn 6 (53358, 2550)

Disaster Risk =Hazard X Vuln erability (6)
\ia  Diaster Risk = @ULALIRIBADRIG
Hazard = Ny
Vulnerability = @27utd91e019

7.1 mydsslinnpiinyiag (Flood Hazard Assessment)

Avinvia (Flood Hazard) uisrituaasanuinaasinvag uazanusimslng
las HR Wallingford (2006) "L@Tﬁmugmmiﬁwmmé'mwaaﬁ'ﬂﬁwﬂm (Flood hazard
rating) 13esaan1sf 7 lasfinenainaauinvesinrin wazanuiianislvauds 598
Debris Factor (DF) @9tdud1fiduasariuanuan/annuiiiinriy uazlssinnaasnisle
Uslominan asusasluansned 9 Smssandumdsanasssivudoannisi 7

ﬁ]zmmmv‘hmiﬁ‘hLmﬂsm‘”ummgmﬁwaaﬁ'mﬁwifmvl,ﬁ@”m'ﬁwﬁ 10
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HR=dX(v+05)+DF (7)

o HR = $a1209881YAN (Flood hazard rating)
d = enwinvasivion (Depth of flooding, m)
v = mmﬁfmfﬁvlmmaai{wi’m (Velocity of floodwater, m/s)
DF = Debris Factor ﬁmimﬂﬁl’mm’]i"mﬁ 9

191917 9 @1 Debris Factor #1%IULAREAIMNAN/AINULSINYIN ezl sztnnniThT

UseTpmninan
Depth Pasture/Arable Woodland Urban
0.00-0.25m 0 0 0
025-0.75m 0 0.5 1
d>0.75 and/or v>2.0 m/s 0.5 1 1

#311: HR Wallingford, 2006

A13519N 10 NMIILUNANNIZAVANNLREININTIIY

Flood hazard rating Degree of Flood Description
(HR) Hazard
<0.75 Low Caution

“Flood zone with shallow flowing

water or deep standing water”

0.75-1.25 Moderate Dangerous for some (i.e. children)
‘Danger: Flood zone with deep or

fast flowing water”

1.25-25 High Dangerous for most people
“Danger: flood zone with deep fast

flowing water”

>2.5 Extreme Dangerous for all
“Extreme danger: flood zone with

deep fast flowing water”

fi311: HR Wallingford, 2006
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mIvszilinnsiivianluasatazinmsdssifiulasudsaandu 4 nydl Aa 1) nsdlann
Ua91% 3291 W.¢. 2543 — 2560 (A.¢1. 2000 — 2017) 2) n3thaurna 1298 w.a. 2563 -
2582 (9.41. 2020 — 2039) 3) NIHaUINA TIIT W.¢1. 2583 — 2612 (9.91. 2040 — 2069) WAz
4) nIREMWAA 3398 W.a. 2613 — 2642 (A.7. 2070 — 2099) laNAaNTANNANINTIAIN
ez nuuudiaes HEC-RAS Tuguihwasaausslunsdindumwilsduves
Authhuguussnige luudazssdae lunsdl RCP 8.5 Nvauiiniaifiady 100 U anle
lunrsfasmw wananiladinaantuasnisituszlominauluaninaanuuudiaed
Land Change Modeler 411 5iWa@n Debris Factor (DF) lagwanisuszsifiuannaaunisi 7
@ @ @ o & A o & A A a
T13du IduaawinunauuusasnsivinlasuaasunuidTouiouau s
R ) AN v o A A & A Y 4 =
pasnviviinlundaznidlanzn 14 SeanAunluszduanuuusidn (Low) azdl
wwalikuvasanasizas gangsdedafiadaguiu (a.a. 2000 - 2017) Tdaudsgasdlu
aUNAA (A.7. 2070 — 2099) a&NILAKIATA lun19asinudnuilasidudvasNuinalng
) i o a v a X A L A A
Juusluszaugs (High) uazszaugega (Extreme) azlumliuiintniias 9andwlleda

fi9fa9tin (a.4. 2000 — 2017) laufatredluamwian (a.q. 2070 — 2099) atiaiiulata
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Baseline : 100yr (2000 - 2017) RCP 8.5 : 100yr (2020 - 2039)

Legend

Degree of Flood Hazard

@® Provinces center B Low
E Lower Phong basin I Vocerate
[ Hign
- Extreme

311 14 u,wuﬁLﬂ‘%ﬂmﬁﬂumm;mlﬁwaammmﬁsauﬂmﬂ,ﬁwﬁ'\ 100 1 luudiaznydh
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7.2 msﬂsnﬁummLﬂ‘inmamnqmﬁ'ﬂ (Flood Vulnerability Assessment)

nsdsmdunanudnzuanngnnavluniséineni asviinsdsdulasnissy
A 1 [ L2 (;:in 1 [
anuFsIdaa I NzvNgnnAbaulmianvansldlizloningu lasutisszeay
anuzuieanidn 4 szAUITULADINDANUTHLIIVBIABTIY (Flood hazard) Aa
FZAU6T (Low) 32@uLUNANY (Moderate) 32AUFY (High) UAzIzaLUFIFa (Extreme) Lo
;&’ A % (d‘n A ) a 1 v 1 2{’ A & I3
wuinslsUszlosinauiiminasauuseandu 4 Yszan laun 1) Auiidaiada
(Miscellaneous land) 2) WWANITILNEAT (Agricultural land) 3) ﬂuﬁa%imﬁ?ﬁl (Residential)
wae 4) ﬁuﬁqma’mmwuazﬂ’mmiﬁ’] (Industrial and Commercial)

ARINUWAIMTI BRI ANNIU T L esdsan T U s la i A uaug 9
28932AUANNANINTINA LHaNUULS1889 HEC-RAS $1%47% 4 T29010AN AIuaadln
a15199 11 laglunstszfivazienaansanudninvig annuuus1aes HEC-RAS

R . Ada o o ¥, A ' \ A A
luguihwasaaudslunsdindumwilduvesivihaguussunigalundazsisdde lu

N3 RCP 8.5 NyaudnstAadtn 100 I a1 lglwn1snasomn

P o [3 o o v cda
M1318N 11 ﬂ’ﬁﬂqﬁu@Lﬂm"VIﬂWT‘ﬂWLL%ﬂiz@Uﬂ']’UJLﬂi’]zﬂ'ﬁ(ﬂ'ﬂlﬂ'ﬁl‘ﬁﬂitiﬂ‘ﬂ% 200

ANMNRNVDIUINIIN (m)

f dsziannslzdselaninan
<0.5 05-10 1.0-20 >2.0
1 AuNLUaLaaa (Miscellaneous land) @
2 AWNYNIin®Eas (Agricultural land) @
3 Wuhagandu (Residential) &9
4 ﬁuﬁqmﬁ’l‘lﬁﬂiiul,tazii”luﬂ”liﬁ"l (Industrial and Commercial) N

nan: ﬂ%’uﬂgamﬂﬁwﬁfﬂaﬁulﬂiaﬂwsw°@uuﬂLLﬁamﬁﬂs:mma (2559)

waé’wfmaamiﬂsuﬁummLﬂﬁzmaﬁmﬁmqwﬂﬁﬂluﬁuﬁﬁjwﬁwwamaumo‘lﬁwaﬁwﬁ
é’oLLamaiﬁﬂa:LﬁyﬂiugﬂLLumJaaLquﬁLﬂ%'ﬂuLﬁm_lmwLﬂsﬁzmdmﬂqﬂﬂn‘"yn‘"ﬂluu@ia:
ﬂstﬁvl,@'f@”agﬂﬁ 15 FINUINWALUIZAUANNLUTIZUN96T (Low) UazTeaUanuLls1E1ng
U1unans (Moderate) 3 uurliuvasanaaisay 9a1ngsdadanedagiiu (a.a. 2000 -
2017) laudstrsiluamiaa (a.a. 2070 — 2099) adnafinlasa lunisasanudruiui
ANULUTIEUN9IEAUFI (High) WasTzAUFIEN (Extreme) a:ﬁum‘[ﬁmﬁm}uﬁaﬂq ANTI
Dadafialagiiu (a.a. 2000 - 2017) Taudistredluawine (a.6. 2070 - 2099) ataiin
larasuni ﬁnﬂNamiﬁﬂmftawa:a;ﬂvlﬁ’hﬁuﬁ@uﬁww 29nauaIazium Iduvasainu

Lﬂi’]:ﬂ?dﬁ]ﬁﬂgﬂﬂﬂ Ell%@%’]ﬂ@]LW&l@;N"ll%
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Baseline : 100yr (2000 - 2017)

RCP 8.5 : 100yr (2020 - 2039)

RCP 8.5 : 100yr (2070 - 2099)

Fios Y

Legend

Degree of Flood Vulnerability

@® Provinces center B Low
D Lower Phong basin I voderate
[ Hign
- Extreme

P a a o A a o = ! =
;51]7] 15 LLN‘LW]Ll]iil‘]JL‘Y]Ullﬂ')’]&ll’lliqzﬂqﬂ"ﬂ']ﬂaqﬂﬂﬂUﬂiaﬂﬂﬂ’ﬁlﬂ@‘ﬁ'} 100 1 I%LL@]ﬁzﬂim
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7.3 mﬁmm:ﬁmmLﬁmmﬂqmﬁ'ﬂ (Flood Risk Analysis)

nM3deanzianuisingnnasziinIle e lasnshununaN L
VoIAUHIMIN (Flood Hazard) g @8l A210LI12U199 1NN AY (Flood
Vulnerability) lag#innisiinuadiazuuuldiuszduaiuuliizesisuaza1uniia
Wazu9ngnAAL WAL 0.1, 0.4, 0.8 LAz 1.0 MNIUITZAUAT (Low) 72aULNUARNS
(Moderate) 326 Ug9 (High) UaIzAUFIFA (Extreme) ANAS1GL WAANENIIQMAN UV
ununIgad9z Il dunaswivasununiauLie99INgNnsie (Flood Risk) Az INHU
Hag i lduriinsiagisdiazunulnidiuaasluansnen 12 theiwuaszauEnsan

o A ) o e& A A [ A A, ¥ ' (% A
annae Baldnaantiunanuassgnnavluiunguinasnausiauaasluasnem 13
wazmmnIauaaslugluuunuianaissannasldasgun 16

' € & & A A A o o o =1
nnaanuidaifuduasiunanuifinsgnnisluizaudn (Extreme) 9

v QI J 1 Qs 1
waliuaduwaingdaededaiiafagiiu (a.a. 2000 - 2017) Taudszndluewaa (..
2070 — 2099) BeNILAK IATALTULALINY TITUNANINNANTVLNAIVBIN BN BITINE
mmJ5‘zlu,u,ﬂaaamwn“ﬁmﬂwfluamﬂm

A13197 12 ﬁldﬁ?ﬂzLL%%iz(ﬂyﬁJﬂ’)’]&lLﬁUdﬁ]’]ﬂq‘ﬂﬂ.ﬂq’ﬂﬁ]’mNﬂﬂmﬂ’)’]&l‘g%uidﬁ]’mﬁﬂfﬂﬂ?w

(Flood Hazard) LLa:m’]sJLﬂi’]:‘].l’l\‘ﬁl’maqﬂﬂnvﬂ (Flood Vulnerability)

i STAUAMAF L 729A1AZLLWK (Hazard x Vulnerability)
1 @1 (Low) 0.00 — 0.01
2 1una19 (Moderate) 0.01 - 0.32
3 89 (High) 0.32 - 0.64
4 §9ga (Extreme) 0.64 — 1.00

= a & 4 A o : o A a o
fN1979N 13 NamiﬂszmuwuﬂmmLama’mqmnﬂluLLma:sz@umauﬂmsm@1611’1 100

VDILANN I
100yr return period flooded area
Period Scenario Degree of Flood Risk
km® %

2000-2017 Baseline 165.33 100.00
Low 74.62 4513

Moderate 50.13 30.32

High 38.93 23.54

Extreme 1.66 1.00
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100yr return period flooded area

Period Scenario Degree of Flood Risk
km® %

2020-2039 RCP 8.5 164.94 100.00
Low 89.31 54.15

Moderate 29.02 17.60

High 38.64 23.43

Extreme 7.96 4.83

2040-2069 RCP 8.5 223.14 100.00
Low 102.14 45.78

Moderate 38.55 17.28

High 62.90 28.19

Extreme 19.55 8.76

2070-2099 RCP 8.5 190.83 100.00
Low 80.75 42.32

Moderate 36.01 18.87

High 52.08 27.29

Extreme 21.98 11.52
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Baseline : 100yr (2000 - 2017)

RCP 8.5 : 100yr (2020 - 2039)

RCP 8.5 : 100yr (2040 - 2069)

P2
A T

T AT
\;\ﬁégd,,flf

Legend
Degree of Flood Risk
@ Provinces center B Low
D Lower Phong basin I voderate
[ High
- Extreme

3111 16 LLNuﬁLﬂ’%'aluLﬁm_liw”um’lmﬁmqﬂﬂﬁﬂﬁiauﬂmmﬁ@sﬁ’] 100 O luudaznydh
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Abstract: This study aimed at quantifying the impacts of climate and land use changes on flood
damage on different flood occurrences. A Hydrologic Engineering Center’s Hydrologic Modeling
System (HEC-HMS) model was calibrated for the period 2005-2011 and validated in the period
2012-2017, and was used to generate hydrographs using rainfall during the period 2020-2039 from
CNRM-CM5, IPSL-CM5A-MR, and MPI-ESM-LR climate models under Representative
Concentration Pathways (RCPs) 4.5 and 8.5. A Hydrologic Engineering Center’s River Analysis
System (HEC-RAS) model for use in generating inundation maps from hydrographs produced by
HEC-HMS was calibrated and validated for 2010 and 2011 period, respectively. The climate and
land use changes showed insignificant impacts on the extent of floods during 25-, 50-, and 100-year
flood events, i.e., inundation in 2039 under RCP 4.5 is smaller than baseline (2000-2017) by 4.97-8.59
km?, whereas a larger difference of inundation is found for RCP 8.5 (0.39-5.30 km?). In contrast, the
flood damage under RCP 4.5 (14.84-18.02 million US$) is higher than the baseline by 4.32-5.33
million US$, while the highest was found for RCP 8.5 (16.24-18.67 million US$). The agriculture was
the most vulnerable, with a damage of 4.50-5.44 million US$ in RCP 4.5 and 4.94-5.72 million US$
in RCP 8.5, whereas baseline damages were 4.49-6.09 million US$. Finally, the findings are useful
in the delivery of flood mitigation strategies to minimize flood risks in the lower Nam Phong River
Basin.

Keywords: climate change; land use change; CMIP5 general circulation models; representative
concentration pathway; return period; flood damage

1. Introduction

Floods are major threats to lives and properties in vulnerable areas of Thailand, especially in
many provinces in the Central and Northern Plains, and Northeast regions. As stated by [1], the most
common cause of floods in Thailand is heavy monsoon rains and tropical storms, which tend to be
more disastrous, frequent and costly, and threaten the nation as a whole.

In 2011, Thailand encountered with the worst flood crisis in 70 years [2], with the largest annual
rainfall over Thailand among the nation’s 61-year rainfall record [3]. More details were added by [4],
who observed that the 2011 Thailand floods were mainly caused by a strong Southeast Asian summer
monsoon which brought extraordinary rainfall over the country between May to October, whilst the
remaining four tropical storms produced high rainfall to northern Thailand between June and
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October. The incoming rainfall rate was significantly higher than the controlled releases from dams,
of which most dams were almost full by the beginning of October 2011 [5]. During the most critical
flood period (October through November 2011), the drainage capacity of rivers was exceeded and
resulted in water overflowing the riverbank and encroaching the broad, low-lying surrounding
floodplain where agricultural, industrial, and urban development existed. As a result, 65 out of 77
provinces were declared to be flood disaster zones with more than 800 deaths and an estimated
extensive economic damage of US$46.5 billion, in which the manufacturing sector bore
approximately 70 percent of the total damage and losses due to the flooding of six industrial estates
in Ayuthaya and Pathum Thani [6].

The signs of the aforementioned flood incidents are clearly visible and linked to the impacts of
climate and land use changes on hydrological responses. Therefore, several studies were conducted
to investigate whether there was evidence of such potential impacts on flood consequences, especially
in Northeast Thailand. The study of [7] revealed that climate and land use changes have a direct
impact on runoff in the lower Lam Pao River Basin (situated in Northeast Thailand). In detail, based
on the PRECIS Regional Climate Model outputs, the average rainfall will be increased by 14.5 mm,
whereas the average daily maximum and minimum temperature will be increased between 1.8 °C to
2.6 °C, respectively, in the next 50 years (2016-2065). In addition, by applying the Soil and Water
Assessment Tool (SWAT) model in association with the projection of climate and land use change,
the study also found that when changing paddy fields to crops and urban area by 20, 40, 60, 80, and
100 percent increments, the average annual runoff will be lower than the baseline (2006-2015) by
16.6% to 35.0%, while the average runoff will be higher than the baseline by 13.4% during the years
2012-2021. The evaluation was also made by [8] for assessing the impacts of climate and land use
changes on river discharge in the Lam Chi sub-watershed in Northeast Thailand by using the global
hydrological model, the HO8 model, the climate data from the Coupled Model Intercomparison
Project Phase 5 (CMIP5) for the period 2022-2031, and land use data projected by the Conversion of
Land Use and its Effects (CLUE) model. It was found that the discharges will increase due to increases
in precipitation between the past (1986-1995) and future (2022-2031). Due to differences in soil depth,
the subsurface flow rate, and evapotranspiration, the discharge in the forested area is expected to be
lower than in the agricultural area. Lastly, the study also indicated that the impact on the progression
of current to future discharge due to land use change is smaller than climate change, whereas the
opposite was observed for the transition from the historical to more recent past.

Regarding the climate change issue, the research in [9] was carried out to assess the flood hazard
potential under climate change scenarios in the Yang River Basin, Northeast Thailand. Through the
applications of hydrological model TOPMODEL and Hydrologic Engineering Center’s River
Analysis System (HEC-RAS) hydraulic model, the simulations of floods under future climate
scenarios for the periods 2010-2039 (2020s), 2040-2069 (2050s), and 2070-2099 (2080s), were
performed. It was found that, in the future, the Yang River Basin will get warmer and wetter, whereas
both the minimum and maximum temperature is also projected to increase. Likewise, the average
annual rainfall is also projected to be higher in the near future and lower in the far future. In addition,
the expected intensity of annual floods is found to be increased for both Representative Concentration
Pathway (RCP) 4.5 and 8.5 scenarios, in which the generated flood inundation map under 100-year
return period is found to be larger than the baseline flood inundation map (1980-2009) by
approximately 60 km?2. The impact of climate change on flood events in the Nippersink Creek
watershed located in Northeastern Illinois was also assessed by [10], in which the Hydrologic
Engineering Center’s Hydrologic Modeling System (HEC-HMS) was applied to model the hydrologic
processes based on meteorological inputs from the CMIP5 general circulation models. It was found
that the increase in greenhouse gas concentration (under RCP 8.5 scenario) can increase the future
precipitation, as well as induce a greater impact on flood events (by the 110% increase from the
historically-observed 100-year flood). The study performed by [11] examined the impact of climate
change on the hydrological behavior of the Jhelum River basin, in which the bias-corrected CMIP5
data from four GCMs (BCC-CSM1.1, INMCM4, IPSL-CM5A-LR, and CMCCCMS) and two emissions
scenarios (RCP 4.5 and RCP 8.5) were used to drive the calibrated the Hydrological Modeling System
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(HEC-HMS) and the Snowmelt Runoff Model (SRM) for the simulation of projected streamflow. The
results revealed that the precipitation (increasing by 183.2 mm or 12.74%) during the monsoon for
RCP 4.5 and the rise in temperature (increase in Tmin and Tmax will be 4.77 °C and 4.42 °C, respectively)
during the pre-monsoon period for RCP 8.5 during the 2090s will lead to an increase in snowmelt-
runoff of up to 48%, evapotranspiration and soil water storage of up to 45%, streamflow by 330 m3/s
(22.6%) (calculated by HEC-HMS) and 449 m3/s (30.7%) (estimated by SRM).

In view of the land use change, relevant research was undertaken by [12] to investigate the
influences of land management and conservation practices on discharge and sediment yield for
providing alternatives to the current watershed management practices in the Chi River Sub-basin
Part II, in Northeast Thailand. Three land management scenarios, i.e., (1) current land use with
conservation practices, (2) Land Use Planning (LUP) based on Watershed Classification (WSC), and
(3) WSC with conservation practices, were simulated with the SWAT model, and the obtained results
were compared with the existing conditions. Based on the simulation results, the current land use
with conservation practices (scenario 1) would result in a slight decrease in both total discharge and
sediment yield. Under scenario 2, WSC would result in a small decrease in discharge, but a dramatic
increase in sedimentation. Referring to scenario 3, WSC together with conservation practices would
result in a slight decrease in discharge and a small increase in sedimentation.

Furthermore, there are a lot more studies which are relevant to the potential impacts of climate
change and anthropogenic land management activities on hydrologic responses in Northeast
Thailand such as [13-17]. In brief, the abovementioned studies showed a corresponding trend
towards climate and land use change, which can worsen and trigger an increase in both the
magnitude and frequency of extreme flood events and could directly pose a great threat to human
well-being and economic development. However, the quantification of expected flood damage in
monetary terms was not quantitatively evaluated in the aforementioned studies [7-9,12-17], as they
opted to focus more on flow regime (i.e., magnitude, frequency) or flood characteristics (i.e., depth of
inundation, duration, and area inundated). To close the knowledge gap, this study aimed to quantify
the impacts of climate and land use changes on flood damage (on both a monetary basis and a threat
basis, i.e., flood depth, duration, and extent) at different levels of recurrence. A case study of the lower
Nam Phong River Basin, situated in Northeast Thailand, which frequently experiences floods which
tend to be more severe due to substantial land use alteration and future climate change, was
conducted to get a detailed insight into the possible impacts. Above all, the main findings of this
study will be helpful to properly formulate adaptation strategies and withstand the adverse impacts
of possible future flood risks and damage due to climate and land use changes in the lower Nam
Phong River Basin and other areas throughout Thailand.

2. Materials and Methods

2.1. Study Area

The study focused on the lower Nam Phong River Basin, which is located in the Northeastern
region of Thailand, with a total area of approximately 2386 km? whereas the topography is
undulating, varying in elevation from 139 m to 623 m above mean sea level (m+MSL) (note: since the
Huai Sai Bat River is a main tributary of the Nam Phong River, the Huai Sai Bat sub-basin is then
considered and included in this study, resulting in a larger study area of approximately 3127 km?).
The Nam Phong River is considered to be the main river in the Nam Phong River Basin with a length
of about 136 km that extends from the Ubol Ratana Dam (receiving the water from Lam Phaniang,
Nam Phuai, Upper Lam Nam Phong, Lam Nam Choen, and Nam Phrom sub-basins with the storage
capacity of 2431 million m? (MCM)) at the upstream end to the Chi River at the downstream end
(Figure 1). The climate in the river basin is typically dominated by monsoon winds, i.e., the Northeast
monsoon brings cool and dry weather during November to February. A dry season prevails from
March to May. After this, the wet season is characterized by the Southwest monsoon that lasts from
June to October. The average annual temperature is 26.8 °C, ranging from about 16.7 °C in December
to about 36.4 °C in April. The average relative humidity, for the year as a whole, is about 71.1%, in



Water 2020, 12, 1158 4 of 24

which the month with the highest relative humidity is September (82.5%) and the lowest is March
(60%). The mean annual rainfall is approximately 1237.6 mm/year, whilst the month with most
rainfall is September (224.9 mm) and the least is in January (2.1 mm) [18]. The mean annual discharge
is about 1594.9 MCM/year with a minimum discharge of 34.5 MCM/year (in February) and a
maximum discharge of 366.0 MCM/year (in October) [19].

2.2. Data Collection

The data collected for this study consists of 2 parts, which are 1) hydro-meteorological data, and
2) physical data of the river basin. Regarding the hydro-meteorological data, long-term daily datasets
were collected from 24 rainfall stations of the Thai Meteorological Department (during 2000-2017),
the E.22B gauging station (situated at Ban Tha Mao, Nam Phong District, Khon Kaen Province) of the
Royal Irrigation Department (during 2005-2017), and the Ubol Ratana reservoir inflow hydrograph
of the Electricity Generating Authority of Thailand (during 2005-2017) (see Figure 1 for locations of
gauging stations). The physical river basin data such as the Digital Elevation Model (DEM, 5m x5 m
grid spacing with vertical accuracies of 2 m for slope less than 35% and 4 m for slope greater than 35%
[20]), land use, and soils were obtained from the Land Development Department (LDD). Other than
that, the 2009 bathymetric surveys of 113 river cross sections at almost every 1 km along a 136 km
reach of the Nam Phong River was also retrieved from the Research Center for Environmental and
Hazardous Substance Management, Khon Kaen University.
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Figure 1. Location of the study area and its boundary.
2.3. GCMs, RCP Climate Scenarios, and Bias Correction

2.3.1. Representative Concentration Pathways (RCPs) Scenarios with Global Climate Models
(GCMs) for South Asia (CORDEX-SA)

The analysis of future rainfall changes was used for the analysis of future streamflow calculated
by the Hydrologic Engineering Center’s Hydrologic Modeling System (HEC-HMS) model. In this
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study, three sets of simulations were driven by the following three GCMs viz.,, CNRM-CMS5, IPSL-
CM5A-MR, and MPI-ESM-LR, for the future climate projections (see Table 1 for more details). Based
on the model performance of historical runs, the downscaled future climate data was derived from
the Regional Climate Model (RCM) with 50 km grid spacing under the influence of Representative
Concentration Pathways (RCPs) 4.5 and 8.5 emission scenarios, from the Coordinated Regional
Climate Downscaling Experiment over the South Asia Domain (CORDEX-SA) (note: RCP 4.5
represents a stable scenario where the radiative force will reach up to 4.5 W/m?2 by 2100) [21-24]. RCP
8.5 represents a relatively extreme scenario where greenhouse gas (GHG) will continuously increase
throughout 2100, at which time radiative force will reach 8.5 W/m? [25,26].

2.3.2. Bias Correction

The RCMs seem to be able to provide a higher spatial resolution and more reliable results on a
regional scale in comparison to General Circulation Models (GCMs), as they can produce more
spatially and physically coherent outputs with observations [27-29]. Nevertheless, the original RCM
outputs still contain considerable bias due to the forcing of GCMs, or from systematic model errors,
in which such biases could be amplified during climate change impact studies [30,31]. Therefore, the
bias correction of RCM simulated data is of great importance and is a prerequisite step for data
correction prior to climate change effect analysis. As such, the bias correction by the Linear Scaling
method included in the tailor-made tool dubbed the “Climate Model data for hydrologic modeling
(CMhyd)” was used for bias-correcting climate variables obtained from RCMs [32]. The RCMs
simulated historical rainfall during the period of 1989-2005, which was calibrated with the historical
observed rainfall during the same period, and projected rainfall for the period 2020-2039 under two
RCPs (RCP 4.5 and RCP 8.5) (see Figure 2 for detailed bias correction procedure).

Table 1. The description of the Global Climate Models (GCMs) downscaled by RCA4 CORDEX.

Driving GCM RCM
N . .
° Name Resolution (km) Scenarios Institute, Name Resolution (km) Scenarios Institute,
Country Country
RCP 4.5 CNRM- RCP 4.5
1 CNRM-CM5 155 x 155 RCP 85 ERFACS, RCA4 50 x 50 RCP 85 SMHI, Sweden
France
RCP 4.5 IPSL, RCP 4.5
2 IPSL-CM5A-MR 275 x 275 RCP 85 France RCA4 50 x 50 RCP 85 SMHI, Sweden
RCP 4.5 MPI-M, RCP 4.5
3 MPI-ESM-LR 210 x 210 RCA4 50 x 50 SMHI, Sweden
RCP 8.5 Germany RCP 8.5

Simulated
historical climate
data

Observed
climate data

Simulated future
climate data

Identify biases /
parameterize bias
correction algorithm

Apply bias correction
algorithm

Corrected
historical
climate data

Corrected
future
climate data

Figure 2. The detailed bias correction procedure using the Climate Model data for hydrologic

modeling (CMhyd) tool. [32].
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2.4. Analysis of Future Land Use Change

The analysis of future streamflow is based on the simulation results performed by HEC-HMS
model, in which a parameter related to future land use would also need to be imported into the model
for representing future runoff generation processes. In this study, the Land Change Modeler (LCM)
tool, which is the extension of TerrSet software developed by Clark Lab [33], was used to analyze the
spatial pattern of changes in predicting the Land Use and Land Cover (LULC) and validating the
predicted LULC outputs [34]. A combination of Multi-Layer Perceptron (MLP) and Markov chain
analysis was applied to model the transition and projection of historical (2010), present (2015), and
future (2039) land use maps. The MLP, which is a feed-forward artificial neural network that
generates a set of outputs from a set of inputs with separate training and recall phases [35], was
trained to model land use transitions through creating transition maps. The transition potential maps
created using MLP are based on a set of explanatory variables called drivers, i.e., agricultural areas,
distance to urban areas, rivers, roads, as well as altitude, slope, and aspect of land. The land use
modeling requires the integration of both changes in environmental and socio-economic drivers,
however, the incorporation of the socio-economic factor is restricted by the lack of spatial data and
the difficulties in integration with other environmental data [36]. The Markov chain method was also
applied with sufficient accuracy to process the transition maps for the prediction process [37], based
on the past trends of the land use changes from the period 2010 to 2015.

2.5. Hydrological Modeling

The estimation of streamflow in the Nam Phong River Basin was carried out using HEC-HMS
model, which is designed for rainfall-runoff processes based on the relationships among runoff,
evapotranspiration, infiltration, excess rainfall transformation, baseflow, and open channel routing
of both gauged and ungauged river basins. In principle, the HEC-HMS program is a modeling
system, which relies on dividing the hydrologic cycle into separate pieces, constructing watershed
boundaries, and representing each water cycle component by a separate mathematical model. As a
result, each mathematical model becomes suitable for different environments and conditions [38].

The HEC-HMS simulation results is stored in the HEC-DSS (Hydrologic Engineering Center’s
Data Storage System), which can be used in conjunction with other HEC software, like Hydrologic
Engineering Center’s River Analysis System (HEC-RAS), for water availability, urban drainage, flow
forecasting, future urbanization impact, reservoir spillway design, flood damage reduction,
floodplain regulation, and systems operation. More details on the process of HEC-HMS model
construction are presented as follows.

2.5.1. Watershed Delineation

As a prerequisite to the HEC-HMS model set-up, the watershed was delineated and divided into
several sub-basins using Arc Hydro Tools in ArcGIS 10.3 software, based on the 30-m Digital
Elevation Model (DEM) and stream network. In consequence, the entire study area was then divided
into 25 sub-basins consisting of 5 sub-basins for the upper Nam Phong River Basin (covering the areas
upstream of the Ubol Ratana reservoir) and 20 sub-basins for the Lower Nam Phong River Basins
(covering the areas downstream of the Ubol Ratana reservoir) (see more details in Figure 3).
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Figure 3. Watershed delineation for the upper and lower Nam Phong River Basins and locations of
rainfall stations used in the Hydrologic Engineering Center’s Hydrologic Modeling System (HEC-
HMS model).

2.5.2. HEC-HMS Hydrologic Elements

The HEC-HMS hydrologic elements, such as sub-basin, reach, junction, reservoir, diversion,
source, and sink, are thoroughly connected in the river network, where their connectivity is
considered to represent the runoff processes and their effects on the drainage system [38]. In this
study, the Nam Phong model set-up contains only 5 of the abovementioned elements, accounting for
in total 93 hydrologic elements. In detail, there are 25 sub-basin elements connected with 45 reaches
and 22 junctions. In addition, five reservoir elements were also assigned to model the detention and
attenuation of hydrographs caused by Ubol Ratana, Kaeng Sua Ten, Huai Siew, and Nong Loeng Yai
Reservoirs, including Nong Wai Operation and Maintenance Project (Nong Wai Weir). A diversion
element was also added to model the diverted flow from Nong Wai Weir to the left and right main

irrigation canals.

2.5.3. Importing HEC-HMS Input Parameters

To estimate the water balance components, the following computation models were applied to
the sub-basins and reaches in which their detailed descriptions can be described below.

¢  Runoff-volume models are used to compute the runoff volume of sub-basins by subtracting the
rainfall by losses through interception, surface storage, infiltration, evaporation, and
transpiration. In this study, the “Initial and constant rate model” was selected and used as sub-
basin loss method for sub-basins within the Nam Phong River Basin.

e  Direct-runoff models are used to convert excess rainfall into direct runoff at the outlets of each
sub-basin. The “Snyder unit hydrograph model”, which is a synthetic unit hydrograph method
developed to compute the peak flow as a unit of rainfall, was used in this study (note: a unit
hydrograph represents the runoff distribution over time for one unit of rainfall excess over the
entire watershed for a specified duration).

e  Baseflow models are proposed to simulate the slow subsurface water drainage from the system
into the channels, in which the “Exponential recession model” was chosen for this study.
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¢  Routing models are employed to simulate one-dimensional open channel flow for determining
the flow hydrograph at the downstream point of the sub-basin in relation to its upstream reach,
and functions of sub-basin characteristics, such as slope and length of channel, channel
roughness, channel shape, downstream control, and initial flow condition [39]. In this study, the
“Muskingum model” was selected.

2.5.4. Importing Rainfall Data

The daily rainfall time-series during the period 2000-2017, collected from 24 selected weather
stations of the Thai Meteorological Department (TMD) located within and surrounding the Nam
Phong River Basin, was used in this study (see Figure 3 for rainfall station locations). Before importing
rainfall data into the HEC-HMS model, the adjustment of point rainfall to areal rainfall distribution
was made using the Thiessen Polygon Method, which is a standard method for computing mean
areal rainfall for the topographical and meteorological homogeneous areas (see Equation (1) for
formula used).

1 n
P=— E PA.
A o M

where

P - the mean areal rainfall

P - rainfall observed at the i*h station inside or outside the Nam Phong River Basin

A; - in-region portion of the area of the polygon surrounding the it station (area of each
polygon)

A - the total area of the Nam Phong River Basin

n - the number of areas

2.6. Frequency Analysis

Frequency analysis was used to estimate the time interval between similar size/intensity of
events or the so-called return period of specific events. The frequently used probability function, i.e.,
Gumbel distribution, was used to estimate the probable (maximum daily and annual) rainfall in the
Nam Phong River Basin for different return periods. The time horizon of 38 years was divided into
periods of different lengths, i.e., the years 2000-2017 (baseline) and 2020-2039 (future). The RCM
projected maximum daily rainfall for the period 2020-2039 was estimated for given return periods,
i.e, 25-, 50-, and 100-year periods, based on a frequency-factor formulation of the Gumbel
distribution (see Section 2.3.2 for details).

2.7. Hydraulic Modeling

The HEC-RAS hydraulic model, developed by the Hydrologic Engineering Center (HEC) of the
U.S. Army Corps of Engineers, was used for flow and flood analysis under different discharge
conditions in the river system of the Nam Phong River Basin, since the HEC-RAS set-up is capable of
performing 1D steady state water surface profile calculations, as well as unsteady 1D and 2D flow
simulations [40]. The water surface profiles are calculated from the previous cross section to the next
one by solving the energy equation (Equation (2)) with an iterative procedure: the so-called standard
step method [41] (note: the details of terms presented in Equation (2) can be seen in [38]).
Furthermore, when carrying out the unsteady flow simulation, the HEC-RAS applies the continuity
and momentum equations for determining the stage and flow at all locations in the model (see [38]
for more details).

2
a,V;

2
Z,+Y,+ Yy
2g

=7Z,+Y,+ +h
1 1 2g e (2)

where
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Z1,7> - elevation of the main channel inverts

Y1, Y2 - water depth at cross sections

V1, V2 - average velocities

a1, a2 - Saint Venant coefficients describing the variability of velocity profile in the particular
cross section

g - gravitational acceleration

he  -energy head loss

2.7.1. Schematic of the River System

To connect the river system, the schematic of the river system was firstly built using the
geometric data editor available in HEC-RAS. Thereafter, the river system parts such as rivers,
junctions, and additional hydraulic structures located along the rivers, can be properly depicted. All
the values of the cross section, i.e., station, elevation, left and right overbanks, reach length,
Manning’s roughness coefficients, left bank, right bank, and energy loss coefficients (friction,
expansion, and contraction losses), must be entered, as the cross section describes the terrain profile
of the river where the flooding on left/right banks can be clearly indicated.

2.7.2. Boundary Condition

Boundary conditions are required to establish the starting water surface for HEC-RAS to begin
its calculations. The up- and downstream boundary conditions were entered for each reach, whereas
the internal boundary conditions were defined for connections to junctions. The flow from each sub-
basin determined by HEC-HMS hydrological model, together with the released flow from Ubol
Ratana Dam stored in HEC Data Storage System (DSS), were imported into the HEC-RAS model
through the unsteady flow data editor option. The diverted flow to irrigation canal system, which
was assigned negative values, was also modelled to evaluate canal hydraulics for both steady and
unsteady flow conditions. Regarding the downstream boundary condition, the type of boundary
condition called “Normal Depth”, which is based on the assumption that the river flows under
normal flow (uniform flow) conditions at the downstream boundary of the HEC-RAS set-up model,
was selected. In detail, the normal depth or the stage for each computed flow was calculated based
on Manning’s equation, by using the slope of the channel bottom, 0.00011 m/m.

2.8. Model Calibration and Validation

The fundamental operation, the model calibration, was undertaken by adjusting/tuning
identified sensitive parameters used in the HEC-HMS model at gauging station E.22B (discharge)
and inflow to Ubol Ratana reservoir at a daily time-step during the period 2005 to 2011, and the 1D
HEC-RAS model for daily water level at gauging station E.22B at a time-step during the flood period
(August to December 2010) until the model simulation results closely match the observed values. In
addition, the model evaluation procedure was also conducted through model validation process in
order to prove that both set-up models are accurately capable of representing physical processes and
providing predictive capabilities under different—though similar—conditions, based on a set of
calibrated parameters and another set of hydrological data. For validation, the simulated outputs
calculated by both models were also compared with the observed data at E.22B, i.e., daily discharge
during the years 2012 to 2017 was used to validate the HEC-HMS, and daily water levels during the
severe flood period (August to December 2011). The Coefficient of Determination (R2?) and Nash-
Sutcliffe Efficiency (NSE) [42], which are reliable criteria, were used to assess the goodness of both model
performances during calibration and validation periods (see Equations (3) and (4) for the detailed
formulas).
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RZ i=1 (3)

NSE=l-—= )

where
Oi - observed value at time-step i
Oavg - average observed value of the simulation period
Pi - simulated value at time-step i
Pavg - average simulated value of the simulation period

To precisely verify the results simulated by the 2D HEC-RAS model, the goodness of fit between
the generated flood map from the HEC-RAS and the flood map extracted from the satellite images
from Geo-Informatics and Space Technology Development Agency (Public Organization—GISTDA)
was considered and assessed by the measure of Relative Error (RE) (Equation (5)), which is a measure
that describes the percentage-difference between observed and simulated values over a specified
time period and is useful in diagnostics of over-prediction or under-prediction (smaller values are
the indication of better model performance). The F-statistics (F) (Equation (6)), which are the ratios of
the area of the overlapping portion of the two flood extents to the area of both flood extents projected
on the map, were also used to denote the overall goodness of fit of the HEC-RAS model simulations
(a high F-statistic indicates very good model performance).

AO—Ap|

RE = (5)

o

A
F=| ————|x100 (6)
A +A,-A,,

where
A, - the inundation area extracted from satellite images

Ap - the HEC-RAS generated flood inundation area
Agp - the intersection of A, and A

2.9. Assessment of Flood Impacts and Damage

The amount of damage resulting from floods relies on flood characteristics, i.e.,, depth and
duration. In this study, the flood damage assessment was performed based on direct damage
estimation, which occurs as a consequence of the physical contact of floodwater with lives, properties,
and any other objects. The damage functions derived by [43] (Equations (7) and (8)) were used for
direct damage determination, in which four major types of land use were included in the calculation,
i.e,, residential, commercial, industrial, and agricultural. The list of coefficients for each land use type
used in Equation (7) can be presented in Table 2.

DPE =a,+aH+a,L (7)

where
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DPE - direct flood damage per land use type (Thai Baht)
H - maximum flood depth (cm)

L - flood duration (day)

ao, a1, a2 - flood damage coefficients (see Table 2)

Table 2. Estimated flood damage coefficients for each different land use type [43].

No Type ao a1 a
1 Residential -300.00 45.40 33.80
2 Commercial -2.15 88.10 0.00
3 Industrial -1740.00 522.00 181.00
4 Agriculture -1050.00 553.00 0.00

The direct flood damage per land use type calculated by Equation (7) was then used to determine
the direct flood damage for all land use types in Thai Baht by Equation (8).

DAMzzz%’ESL)PC(i ,j)-AREA (i) ®)

where
DAM - direct flood damage (Thai Baht)
DPE (j, H, L) - direct flood damage per land use type j at H, L (Thai Baht /land use type)
APE (j) - average area per land use type j per unit (m?) (see Table 3)
PC (i, j) - percentage of land use type jin celli (-)
AREA (i) - area of cell i (m?)
i - number of cell (-)
j - land use type 1, 2, 3, 4 (residential, commercial, industrial, agricultural) (-)
H - maximum flood depth (m)
L - flood duration (day)

Table 3. The average area per land use type per unit [44].

No Type Unit Area Per Unit (m?)
1 Residential Household 1000
2 Commercial Shop 250
3 Industrial Factory 4000
4 Agriculture Farm 42,000

Note: The average household area per household (for residential area), average commercial area per
shop (for commercial area), average industrial area per factory (for industrial area), and average
agricultural area per farm (for agricultural area), were adjusted from the study of [45] in order to
represent the actual land use situation of the lower Nam Phong River Basin.

It can be seen that the direct flood damage to infrastructure was excluded from the direct flood
damage calculation. Therefore, as suggested by [46], the flood damage to infrastructure can be
estimated at as high as 65% of the total direct flood damage, which enables the so-called “Total Direct
Flood Damage (TDM)” to be calculated in Thai Baht (Equation (9)).

TDM = DAM +(0.65- DAM) )

To achieve a better understanding from the above-detailed processes, the summarized key steps
involved in the estimation of total direct flood damage of different return periods in the lower Nam
Phong River Basin for land use and climate change scenarios are presented in Figure 4.
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Figure 4. The main steps of the estimation of total direct flood damage of different return periods in
the lower Nam Phong River Basin for land use and climate change scenarios.

3. Results and Discussion
3.1. Analysis of Future Land Use Change

3.1.1. Identifying Trends of Land Use Changes

Two sets of land use data (2010 and 2015), which were classified into eleven land use categories,
were used to identify trends of land use changes in the lower Nam Phong River Basin. Referring to
Table 4, it was found that the paddy field was decreased most significantly by 305.55 km?, followed
by the forested area, decreasing by 115.68 km?, and miscellaneous land, decreasing by 75.77 km2. The
field (cash) crops, i.e., sugarcane and cassava, tended to be increased most markedly, by 281.62 km?,
and perennial crops (especially rubber trees) were the second largest increment by 212.26 km?, and
followed by the urban and built-up land with the increase about 51.37 kma?.
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Table 4. Details of land use changes (km?) in the lower Nam Phong River Basin during the period of

2010 and 2015.
N Land U Year 2010 Year 2015 Change
° andLse Area (km?) Area (km?) km? %
1 Aquaculture land 9.59 13.12 3.53 36.8
2 Field crop 3300.80 3582.42 281.62 8.5
3 Forest land 4621.29 4505.61 -115.68 -2.5
4 Horticulture 6.32 13.80 7.48 118.4
5 Miscellaneous land 633.19 557.42 -75.77 -12.0
6 Orchard 161.11 102.18 -58.93 -36.6
7 Paddy field 4351.11 4045.56 -305.55 =7.0
8 Pasture and farm house 22.68 19.74 -2.94 -13.0
9 Perennial crop 615.33 827.59 212.26 34.5
10 Urban and built-up land 705.99 757.36 51.37 7.3
11 Water body 611.12 613.73 2.61 04
Total 15,038.53 15,038.53

3.1.2. Projected Land Use Changes During the Period 2020-2039

Regarding the projected land use changes, the potential for land transitions was modeled using
transition sub-models of LCM, which consist of a single land cover transition or a group of transitions
with the same underlying driver variables [33]. In fact, the more transition sub-models used to
generate suitable land use maps, the higher the simulation accuracy of the land use types of the lower
Nam Phong River Basin, under the influence of the same driver variables. Therefore, in this study,
seven transition sub-models including (1) field crop to urban and built-up land, (2) forest land to
perennial crop, (3) forest land to urban and built-up land, (4) miscellaneous land to urban and built-
up land, (5) paddy field to field crop, (6) paddy field to urban and built-up land, and (7) perennial
crop to field crop, were considered for potential transition modeling. The changes in aquaculture
land, horticulture, orchards, pastures and farmhouses, and water bodies were neglected for future
projection of land use maps, because their transitions were found to be insignificant.

After the explorations of land use change trends, the possible future land use changes during
the period 2020-2039 were investigated based on driver variables used for modeling the historical
change process, i.e., agricultural areas, distance to urban areas, rivers, roads, as well as altitude, slope,
and aspect of land. Upon the completion of the analysis conducted by LCM, in comparison to 2015
land use data, it was noticed that the projected paddy field in 2039 will be decreased significantly by
1278.40 km? (31.6%), whereas the forested area will also be decreased by 500.57 km? (11.1%). The field
crop was found to be significantly increased by 1,803.32 km? (50.3%), whereas the next increment will
be urban and built-up land for 268.86 km? (35.5%) (see Table 5 for more details). It can be observed
that the development scenario changes in the future could either increase or decrease their land use
changing rates, which are processed by the change analysis panel of LCM. As a result, based on the
earlier land cover areas, the quantitative change of each land use type was determined by adding the
gains and then subtracting the losses [47].

In this study, only four types of land use, i.e., residential, commercial, industrial, and agriculture,
was used for flood impacts and damages assessment, as they are often at risk, with higher potential
use, high possible damage costs, and high exposure to flooding. As such, the potential land use
change analysis revealed that the agricultural land will have the largest decrease by 38.27 km? (1.7%),
followed by the decrease of forested area by 49.76 km? (19.5%). The residential area was found to be
increased by 95.62 km? (51.5%), whereas the industrial area was also found to be increased by 26.27
km? (245.1%) (see Table 6 for descriptions).
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Table 5. The 2039 land use patterns in the lower Nam Phong River Basin compared to the 2015 land

use data.
Year 2015 Year 2039
No Land use
Area (km?)  Area(km?) Change (km?  Change (%)
1 Aquaculture land 13.12 13.12 0.00 0.0
2 Field crop 3582.42 5385.74 1803.32 50.3
3 Forest land 4505.61 4005.04 -500.57 -11.1
4 Horticulture 13.80 13.80 0.00 0.0
5 Miscellaneous land 557.42 525.48 -31.94 -5.7
6 Orchard 102.18 102.18 0.00 0.0
7 Paddy field 4045.56 2767.16 -1278.40 -31.6
8 Pasture and farmhouse 19.74 19.74 0.00 0.0
9 Perennial crop 827.59 566.32 -261.27 -31.6
10 Urban and built-up land 757.36 1026.22 268.86 35.5
11 Water body 613.73 613.73 0.00 0.0
Total 15,038.53 15,038.53

Table 6. Trends in areas of the seven major land use categories in the lower Nam Phong River Basin

between 2015 and 2039.
N Land U Year 2015 Year 2039
° and -se Area (km?) Area (km?) Change (km?) Change (%)
1 Agricultural land 2253.40 2215.13 -38.27 -1.7
2 Commercial 47.81 54.17 6.36 13.3
3 Forest land 254.53 204.77 -49.76 -19.5
4 Industrial 10.72 36.99 26.27 245.1
5 Miscellaneous land 144.50 98.78 —45.72 -31.6
6 Residential 185.57 281.19 95.62 51.5
7 Water body 88.36 93.86 5.50 6.2
Total 2984.89 2984.89

3.2. Analysis of Rainfall at Various Return Periods

In this study, the analysis of changes in rainfall was distinguished into the determination of daily
maximum rainfall and annual rainfall at various return periods. The 18 years of data from historical
simulation runs (2000-2017) were used as the baseline period, whereas the short-term future climate
was represented by the 20-year period (2020-2039) from the scenario simulation runs. Three CMIP5
General Circulation Models, ie., CNRM-CM5, IPSL-CM5A-MR, and MPI-ESM-LR, were
downscaled, whereas the bias correction method, “linear scaling”, was used to adjust the climate
models to better represent the observational data. Using the Gumbel distribution, the 25-, 50-, and
100-year return periods of daily maximum and annual rainfall were estimated for each of the CMIP5
GCMs and averaged over three GCMs under both RCP 4.5 and RCP 8.5 in the lower Nam Phong
River Basin (see Tables 7 and 8).

Table 7. The 25-, 50-, and 100-year return periods of daily maximum rainfall (average from three
CMIP5 GCMs) under RCP 4.5 and RCP 8.5 in the lower Nam Phong River Basin compared to baseline
period (2000-2017).

. . Rainfall Peak (mm/day)
Period Scenario ; - -
25-yr  Relative Change (%)  50-yr  Relative Change (%)  100-yr  Relative Change (%)
2000-2017 Baseline 109.2 115.1 120.9
2020-2039 RCP 4.5 129.4 18.5 143.8 249 158.1 30.7

RCP 8.5 119.2 9.1 130.7 13.5 142.1 17.5
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Table 8. The 25-, 50-, and 100-year return periods of annual rainfall (average from three CMIP5 GCMs)
under RCP 4.5 and RCP 8.5 in the lower Nam Phong River Basin compared to baseline period (2000

2017).
. . Annual Rainfall (mm/year)
Period Scenario 5 . .
25-yr  Relative Change (%)  50-yr  Relative Change (%)  100-yr  Relative Change (%)
2000-2017  Baseline  1861.5 1994.6 2126.7
RCP 4.5 1783.4 -4.2 1911.3 -4.2 2038.4 4.2
20202039 pepgs 17274 -7.2 1848.6 -7.3 1968.9 -7.4

3.3. Analysis of Runoff Simulated by HEC-HMS

3.3.1. Calibration and Validation of HEC-HMS

The HEC-HMS model calibration was carried out based on parameters identified during
sensitivity analysis. The observed daily discharge time series at E.22B gauging station and the daily
Ubol Ratana reservoir inflow was used for calibration, in which the dataset of 13 years was split into
seven years (2005-2011) for calibration and six years (2012-2017) for validation. Regarding the
evaluation criteria, the Coefficient of Determination (R?) and Nash-Sutcliffe Efficiency coefficient
(NSE) were calculated and used to evaluate the HEC-HMS model performance, judging whether the
model performance is satisfactory or unsatisfactory. For a daily time-step, the model is considered to
be acceptable/satisfactory for the simulations of flow hydrograph for both gauged and ungauged
river basins, when the values of R? and NSE are greater than 0.50 [48].

Based on the HEC-HMS calibrated parameters indicated in Table 9, the model calibration and
validation results showed a reasonable match between observed and simulated hydrographs (see
Figures 5 and 6). In detail, at the E.22B gauging station, the R? and NSE values were found to be 0.956
and 0.947, respectively, for calibration, whereas the R? and NSE values reached the same values of
0.975, for validation. By considering the daily Ubol Ratana reservoir inflow, the R2 and NSE values
were 0.748 and 0.739, respectively, for calibration, whereas the R? and NSE values were 0.772 and
0.770, respectively, for validation. The overall performance and capabilities of the HEC-HMS make it
a superior model well-suited for assessing the impacts of future climate and land use change
scenarios on streamflow in the lower Nam Phong River Basin.

Table 9. The summary of HEC-HMS calibrated parameters for the lower Nam Phong River Basin.

No Method Parameter Calibrated values
Initial Storage (%) 1.000
1 Simple Canopy Max Storage (mm) 100.000
Crop Coefficient 1.000
. Initial Storage (%) 1.000
2 1 f
Simple Surface Max Storage (mm) 50.000
Initial Loss (mm) 3.660-11.220
3 Initial and constant rate Constant Rate (mm/hr) 0.240-0.892
Impervious (%) 2.650-37.570
. Lag Time (hr) 0.100-41.15
4 h h
Smyder Unit hydrograp Peaking Coefficient 0.100-0.300
5 B Hal . Recession Constant 5.000
xponential recession Ratio of Peak 5.000
6 Muskingum Muskingum K (hr) 0.020-4.550

Muskingum X 0.250
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Figure 6. Comparison of HEC-HMS simulated and observed daily Ubol Ratana reservoir inflow
during: (a) calibration period; and (b) validation period, at the inlet of the Ubol Ratana reservoir.

3.3.2. Analysis of Baseline and Future Peak Discharges Under Different Return Periods

By importing the daily maximum rainfall and annual rainfall of each CMIP5 model indicated in
Tables 7 and 8, and the projected future land use into the HEC-HMS model, the hydrological
simulations under different scenarios were conducted. At the outlet of the lower Nam Phong River
Basin, the maximum daily outflow discharges for each of three CMIP5 GCMs and the average
maximum daily outflow discharges for average three GCMs (CNRM-CM5, IPSL-CM5A-MR, and
MPI-ESM-LR) under both RCP 4.5 and RCP 8.5 at different time periods (2000-2017 and 2020-2039),

were then obtained as can be seen in Table 10.

Table 10. The average maximum daily outflow discharges at the outlet of the lower Nam Phong River
Basin for average three Coupled Model Intercomparison Project Phase 5 (CMIP5) GCMs under both
Representative Concentration Pathway (RCP) 4.5 and RCP 8.5 at different time periods.

Average Maximum Daily Outflow Discharge (m?%/s)

Period Scenario 25yr Relative Change (%) 50yr Relative Change (%) 100yr  Relative Change (%)
2000-2017  Baseline  1051.6 - 1169.0 - 1273.6 -
2020-2039 RCP4.5 909.6 -13.5% 1017.4 -13.0% 1112.3 -12.7%
2020-2039 RCP8.5 1162.7 10.6% 1299.5 11.2% 1436.5 12.8%

3.4. Analysis of Hydraulic Variables Simulated by HEC-RAS

3.4.1. Calibration of HEC-RAS

The calibration process was performed by using both recorded water level time series and
historical flood extent. To enable a good match between observed and simulated water levels and
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delineated flood extents for given flow events, the key parameter to be adjusted during the calibration
phase is the Manning’s roughness coefficient (Manning’s n) of the river channel and floodplain. The
closeness of fit between the compared water levels was evaluated using two statistical indicators, i.e.,
the values of Coefficient of Determination (R?) and Nash-Sutcliffe Efficiency (NSE), which are used
to evaluate the overall performance of the calibrated HEC-RAS model (note: the model is judged to
be acceptable or satisfactory when the values of R? and NSE are greater than 0.50 [49]). More detailed
calibration results are presented below.

The Calibration of Daily Water Level

The calibration was completed during the flood period (August to December 2010), by raising
or lowering the Manning’s n values for both river channel and floodplain, until the best fit between
observed and simulated water levels at the E.22B gauging station was achieved as revealed by the R2
and NSE of 0.879 and 0.824, respectively. A reasonably good agreement among water levels can be
seen in Figure 7a.

160
. 160 ,
. ==QObserved water level || R? = 0.879 (a) ) ==Qbserved water level
158 ---Simulated water level | | NSE = 0.824 158 ---Simulated water level
Z 156 7 156 - R? = 0975
= E NSE = 0914
E 154 E 154 :
z 152 -+ z 15
=150 2 150 -
= z
148 148
146 ; 146 +
Ny N N \J N N N N N N N X
¥ 8 N - & A ¥ o o° Ry o W
7 N N N N \ N N N S N A
Date Date

Figure 7. The compared daily water levels of the observation and simulation at the E.22B gauging
station during: (a) calibration period (August to December 2010); and (b) validation period (August
to December 2011).

The Calibration of Delineated Flood Extents

The map of flood extent was delineated by the post-processing of simulated results of the HEC-
RAS. The Manning’s n values were varied during this calibration process in order to match the
simulated flood extents with satellite observed ones. Eventually, a comparison of simulated and
observed maximum flood extents from GISTDA for the October 2010 flood event was created, as
illustrated in Figure 8a.

The graphical method (visual observation) and values of statistical parameters, i.e., Relative
Error (RE) and F-statistics (calculated by Equations (5) and (6)), were used as an indication of
calibration acceptance. Notably, the simulated flood extent seems to be in good agreement with the
observed one, as can be seen from a good match between the flood extent boundaries during the
maximum flood condition (on 31 October 2010). Referring to Jung et al. (2014), the values of Relative
Error (RE) of 0.05 (with a value closer to zero meaning that no overlapping portion for two flood
inundations), and the F-statistic of 43.55% (with high F-statistics indicates the goodness of fit between
two flood inundations), also confirm that the calibrated HEC-RAS model is useable for flood extent
delineation.
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Figure 8. Comparison between satellite observed and maximum modelled flood extents during (a)
the calibration (31 October 2010 event), and (b) validation (12 October 2011 event).

3.4.2. Validation of HEC-RAS

To ensure the accuracy and robustness of HEC-RAS model, the validation was carried out by
running the model with the calibrated n-values using different observed datasets than those used for
calibration. The monitoring (observation) of the water level and the flood extent derived from satellite
images by GISTDA were used as validation targets to demonstrate the suitability and effectiveness
of the calibrated HEC-RAS model for flood hazard assessment in the lower Nam Phong River Basin.
More details on validation results are summarized as follows.

The Validation of Daily Water Level

The validation was conducted with field water level measurements at the E.22B gauging station,
in which the selected validation period was from 1 August to 31 December 2011. Referring to Figure
7b, the R? and NSE were reasonably determined to be 0.975 and 0.914, respectively (more than 0.50
as recommended by [49]), which corresponds to a perfect match of the modelled daily water level
from the observed data.

The Validation of Delineated Flood Extents

Based on the calibrated Manning’s n values, the validation for the calibrated HEC-RAS model
was performed for the 2011 flood period. The validation results were found to be satisfactory, as can
be observed from the good match between observed flood inundation extent obtained from GISTDA
and the flood extent map extracted from the HEC-RAS, with a low Relative Error (RE) of 0.10 and a
high F-statistics of 47.89% (see Figure 8b).

According to the above-measured performance, it can be said that the calibrated HEC-RAS
model can perfectly simulate the complicated hydraulic behavior of rivers and floodplains and
provide satisfied/valid results.
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3.5. Results of Flood Damage Assessment

Assessment of Flood Damage for Different Return Periods

The assessment of flood damage was based on the direct flood damage per land use type (DPE)
as calculated by Equation (7). The map overlaying technique of raster data format (storing spatial
information) in ArcGIS 10.3 software was applied for flood damage estimation of the lower Nam
Phong River Basin. The new map themes were created with a geoprocessing tool called “Raster
Calculator” function within the ArcGIS framework, which allows for complex mathematical
calculations to be made on rasters. Initially, the 5 m x 5 m raster layers of maximum flood depth (H)
and flood duration (L) obtained from the HEC-RAS, including land use for each scenario, were
imported into ArcGIS. The raster calculator function was then employed to calculate the direct flood
damage per land use type (DPE in Thai Baht) based on flood damage coefficients (a0, al, and a2).

The direct flood damage in Thai Baht (DAM) was then calculated by multiplying the direct flood
damage per land use type (DPE) with the area of cell (5 m x 5 m cell size) and the percentage of land
use type in specified cell (equal to one as each raster cell contains only one land use type), and divided
by the average area per land use type per unit area (APE) (See Equation (8)).

In addition, there is no doubt about the fact that flood damage to infrastructure is of vital
importance, as it can cause both short and long-term impacts, i.e., disruptions to electricity and water
supply, transportation, communication, education, and health facilities. Therefore, the direct flood
damage to infrastructure must be included in the direct flood damage calculation, which is 65% of
the total direct flood damage, and leading to the total direct flood damage (TDM) (see Equation (9)).
Table 11 shows the total direct flood damage of different return periods and time horizons in the
lower Nam Phong River Basin for both the baseline and future climate scenarios.

Table 11. Estimation of total direct flood damage in the lower Nam Phong River Basin at different
return periods for both baseline and future climate scenarios.

Total Direct Flood Damage (TDM)

Period Scenario  Land Use Type 25yr 50yr 100yr

(million US$) (%) (million US$) (%) (million US$) (%)
10.52 100.00 11.50 100.00 12.69 100.00

Residential 0.72 6.80 0.79 6.85 0.85 6.73

. Commercial 0.41 3.86 0.44 3.85 0.46 3.63

20002017 Baseline Industrial 0.27 253 0.28 243 0.28 224
Agriculture 4.99 47.41 5.46 47.50 6.09 48.00

Infrastructure 4.14 39.39 4.53 39.37 5.00 39.39
14.84 100.00 16.91 100.00 18.02 100.00

Residential 3.51 23.65 3.93 23.22 4.19 23.24

RCP 45 Commercial 0.55 3.72 0.71 4.19 0.76 4.20

Industrial 0.44 2.94 0.52 3.05 0.54 2.99

Agriculture 4.50 30.30 5.10 30.14 5.44 30.17

2020-2039 Infrastructure 5.85 39.39 6.66 39.39 7.10 39.39
16.24 100.00 17.40 100.00 18.67 100.00

Residential 3.73 22.95 4.03 23.16 4.33 23.21

RCP 85 Commercial 0.68 4.22 0.70 4.01 0.73 3.93

Industrial 0.49 3.02 0.52 3.00 0.53 2.82

Agriculture 4.94 30.41 5.30 30.44 5.72 30.64

Infrastructure 6.40 39.41 6.85 39.39 7.35 39.39

Note: Exchange rate is as of August 6, 2019 (US$1 = 30.766 Baht).

It can be noted that in Table 11, the direct flood damages significantly increase with higher return
periods for both the baseline and future conditions. Damages of 10.52, 11.50, and 12.69 million US$
are found for 25-, 50-, and 100-year return periods, respectively, under the baseline scenario.
Regarding the future period, the damages are found to be 14.84, 16.91, and 18.02 million US$ for
return periods of 25-, 50-, and 100-year, respectively, under the RCP 4.5 scenario, which is less than
the damages under RCP 8.5, i.e., 16.24, 17.40, and 18.67 million US$, respectively. Other than that,
when considering each type of land use, the agriculture is found to be the most devastated by floods
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during the baseline period by approximately 48% of the total direct flood damage, following by
infrastructure (about 40%), residential area (almost 7%), and the rest. Under two emission scenarios
(RCPs 4.5 and 8.5), the majority of direct flood damage is still found to be agricultural with somewhat
of a decrease from the baseline by roughly 18%, due to the conversion from agricultural to residential
(highest increase from the baseline by nearly 17%), commercial, and industrial development. The
results can also be shown in the forms of the relationship among four different variables, i.e., 1) flood
stage at E.22B gauging station, 2) maximum released flow from Ubol Ratana Dam, 3) probability or
likelihood of flood occurrence (inverse of the return period), and 4) total direct flood damage. For
ease of viewing, the relationship is presented by different time horizons and emission scenarios as
can be seen in Figure 9. The logic of this figure moves counterclockwise starting from the upper right
corner and ending in the lower right corner. Firstly, the northeast quadrant describes the probability
or likelihood of flood occurrence equal to or greater than the maximum released flow from the Ubol
Ratana Dam occurring within a given time period. Next, the relationship between flood stage at E.22B
gauging station and maximum released flow from Ubol Ratana Dam is presented in the northwest
quadrant, which describes how high the flood stage at E.22B gauging station might be for a given
maximum released flow from the Ubol Ratana Dam. After this, the amount of flood damage that
might occur in the lower Nam Phong River Basin, in relation to a certain flood stage at the E.22B
gauging station is shown in the southwest quadrant. Eventually, the southeast quadrant relates the
expected flood damage that might occur in the lower Nam Phong River Basin to the probability of
flood occurrence.
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Figure 9. The relationship between probability of flood occurrence, maximum released flow from
Ubol Ratana Dam, flood stage at E.22B gauging station, and total direct flood damage in the lower
Nam Phong River Basin, for future time period (2020-2039) compared to baseline time period (2000-2017).

4. Conclusions

In this study, the potential climate and land use change impacts on floods in the selected case
study, the lower Nam Phong River Basin, was undertaken using HEC-HMS hydrological and HEC-
RAS hydraulic models under different return periods and future emission scenarios. The future
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climate change was projected for the years 2020-2039 (early century) in comparison to the baseline
period of 2000-2017, under a set of Representative Concentration Pathway (RCP) greenhouse gas
scenarios (RCPs 4.5 and 8.5) from CMIP5 model simulations, i.e., CNRM-CM35, IPSL-CM5A-MR, and
MPI-ESM-LR. The high resolution downscaled (50-km grid spacing) and bias corrected daily rainfall
was then used as an input for the calibrated HEC-HMS model (periods of 2005-2011 and 2012-2017
for calibration and validation, respectively) to generate a future daily discharge time series, in which
the flood inundation maps were obtained by the calibrated HEC-RAS model (wet periods of 2010
and 2011 for calibration and validation, respectively).

The simulation findings revealed that, during the period 2000-2017, the potential flooded area
in the lower Nam Phong River Basin with 25-, 50-, and 100-year return periods are 140.95 km?, 150.45
km?, and 165.33 km?, respectively, meanwhile the 2011 flood extent is about 128.08 km?. In view of
future scenarios, the extent of flood inundation under RCP 4.5 is smaller than the baseline case for
25-, 50-, and 100-year return periods by 4.97 km?, 1.01 km?, and 8.59 km?, respectively, whereas the
flood extent under RCP 8.5 is larger than the baseline condition for 25- and 50-year return periods by
5.30 km? and 3.86 km?, respectively, and almost no difference is found for the 100-year return period.
The severity of flood events is projected to be increased and is likely to be serious in the RCP 8.5
scenario rather than RCP 4.5 scenario. There is little difference, in fact, in flood extent between the
baseline and future cases, nevertheless, it is obvious that the future flood duration tends to increase.
The inundation extent with zero to two months of flood duration is likely to decrease, whereas the
extent with four to six months of flood duration is expected to be increased, especially for high return
periods.

By considering the maximum flood depth and flood duration into the calculation of total direct
flood damage, the direct flood damage clearly increases, with higher return periods for both the
baseline and future conditions. With respect to the baseline, the total direct damage is estimated at
10.52, 11.50, and 12.69 million US$ at the 25-, 50-, and 100-year return periods, respectively. In terms
of future conditions, the total direct damage under RCP 4.5 is expected to be 14.84, 16.91, and 18.02
million US$ for the 25-, 50-, and 100-year return periods, respectively, whereas the total direct damage
under RCP 8.5 is found to be higher by 1.40, 0.49, and 0.65 million US$, respectively. In addition, most
of the total direct flood damage is in agriculture, followed by infrastructure and residential area, for
both the baseline and future scenarios. However, the future agricultural damage is detected to be
decreased from the baseline by approximately 18%, while the future damage for residential (expected
to be increased from the baseline of up to 17%), commercial, and industrial areas tend to be increased
from the baseline. Above all, it can be said that the future flood damage tends to increase because of
changes in climate, together with the effect of increased exposure due to land use conversion.

Finally, the main findings from this study should prove very useful for defining and directing
effective adaptation strategies to limit potential flood risks in the lower Nam Phong River Basin to a
low level, both in probability and damage. The findings also could be used as a guideline for other
areas throughout Thailand.
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Abstract—The assessment of flood risk under climate change impacts is necessary for sustainable flood man-
agement strategies at national level. Referring to the aforesaid statement, this research aims to evaluate the
potential impacts of climate change on reservoir operations in the Huong River Basin, Vietnam. To enable
further representation of climate change impacts, the HadGEM3-RA Regional Climate Model (RCM)
under Representative Concentration Pathways (RCPs) 8.5 climate change scenario was used in this study. For
assessing the level of flood risk posed to the study area, a coupled HEC-HMS hydrologic model and HEC-
RAS hydrodynamic model was used to represent the behaviour of flow regimes under climate change impacts
in the Huong River Basin. The key results demonstrated that the mean temperature and mean annual rainfall
would be increased in the future from 0.2—0.8°C, and 4.8—6.0%, respectively. Consequently, the mean
annual runoff and mean water level would also be increased from 10—30%, and 0.1—0.3 m above mean sea
level, respectively. Moreover, the proposed reservoir operation rules corresponding to flood control warning
stages was also derived to reduce peak flows downstream during the rainy season. Finally, the main findings

of this study can be a good example for future planning of flood control reservoir systems in Vietnam.
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INTRODUCTION

The potential impacts of climate change is likely to
be the future vulnerability of changes in flood fre-
quency and magnitude, which can adversely affect the
downstream reservoir flood control system [16]. In
fact, reservoir operation and management are among
the most efficient non-structural measures in flood
damage mitigation. Therefore, it is necessary to
understand the impacts of climate change on reservoir
operations in order to minimize the negative effects on
downstream areas. In recent years, floods have taken
place and resulted in economic decline and losses in
affected areas in the Huong River Basin, Vietnam. It is
well known fact that the existing reservoirs, namely
Huong Dien and Binh Dien operated since 2009, and
the newly developed Ta Trach Reservoir operated
since the middle of 2014, would significantly affect the
downstream hydrological and hydraulic regimes of the
Huong River Basin, especially under the climate
change impacts. Presently, the reservoirs located in
the Huong River Basin is commonly operated based
on seasonal demand, i.e. almost constant release
during dry season (January to mid-September),
whereas the release will be increased in rainy season
(mid-September to December) [11]. Therefore, in this

189

research, it is essential to determine reasonable and
effective reservoir operation rules for increasing cli-
mate resilience and flood risk reduction in the Huong
River Basin. Referring to climate change effects anal-
ysis, bias correction of Regional Climate Model
(RCM) data is necessary for predicting the magnitude
and reasonably capturing some extreme climate indi-
ces such as RCM projected temperature change, rain-
fall change, and streamflow change. A quantile map-
ping version called Distribution-Based Scaling (DBS)
was used to correct the biases of RCM outputs using
two gamma distributions with the 95th percentile cut-
off values. Moreover, the evaluation of hydrological
processes was accomplished by using a coupling of the
HEC-HMS hydrologic and HEC-RAS hydrody-
namic models. The warning stages at the downstream
of the Huong River Basin was also employed in order
to introduce effective rules for adaptively managing
reservoir control system for both dry and rainy sea-
sons. Eventually, the main findings from this study will
provide an insight to climate change and its potential
impacts on reservoirs, which is of importance to open
up a discussion on future flood control efforts in the
Huong River Basin and other areas in Vietnam.
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Fig. 1. Map of the Huong river basin, Vietnam.

MATERIALS AND METHODS
Study Area

The study area of this research is the Huong River
Basin located in Thua Thien Hue Province, Vietnam
(Fig. 1). Geographically, the study area covers the area
of approximately 2830 km?, in which almost 80% of
the total area is mountainous with the altitude varies
between 200—1850 m above mean sea level (MSL).
There are three existing major reservoirs in the Huong
River Basin, i.e. Ta Trach, Huong Dien, and Binh
Dien, which are situated at the tributaries of the Ta
Trach, Bo, and Huu Trach Rivers, respectively. The Ta
Trach and Huu Trach Rivers meet each other at the
Tuan confluence and connect to the Bo River at Sinh
confluence before discharging to the Tam Giang-Cau
Hai Lagoon (note: Tam Giang-Cau Hai is known as
the largest lagoon system in Southeast Asia, with the
total area of 216 km? and the length of 70 km). Due to
the sea level rise at the downstream of the Huong
River Basin, the Thao Long Barrage was constructed
to prevent seawater intrusion, which can significantly
affect agricultural yield. Climatologically, this area has
the mean annual temperature ranges from 21—-26°C,
whereas the average annual rainfall estimated to be
between 2500—3500 mm. In particular, along the
coastline to the hilly terrains, the temperature will
gradually be decreased, while the rainfall will be
increased. Basically, there are two main seasons, a dry

season lasting from January-August and a rainy season
from September-December. Lastly, as the Huong
River Basin located in the directly-affected zone of
North-Western Pacific Ocean typhoon centre, it is
therefore highly affected by major destructive
natural disasters such as tropical cyclones, heavy rain,
flood, etc.

Data Collection

The historical daily datasets of rainfall and daily
temperature from 1977—2012, and discharge and
water level from 2009—2014 were collected from the
Thua Thien Hue Hydro-Meteorology and Forecast-
ing Center (TTH-HMFC), Vietnam. To represent the
characteristics of the study area, both land use and soil
type in 2010 were taken from the Resources and Envi-
ronment Department of Thua Thien Hue Province.
The spatial geo-referenced data, i.e. Digital Elevation
Model (DEM) with 10 < 10 m of geometrical resolu-
tion, was used to quantitatively represent topographi-
cal conditions of the study area. The detailed informa-
tion about reservoir specifications was provided by the
Ministry of Industry and Trade, Vietnam.

Referring to the preparation of climate change sce-
narios, a newly developed RCM at the Hadley Centre
Global Environmental Model version 3 (HadGEM3-
RA) for the period 1950—2100 was derived from the
Met Office Hadley Centre, England. In details, the
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atmospheric model HadGEM3-RA has a horizontal
grid spacing of 50 km over the Coordinated Regional
Climate Downscaling Experiment—East Asia (COR-
DEX-EA) domain, including East Asia, India, the
Western Pacific Ocean, and the northern part of Aus-
tralia [3]. The climate scenario developed with respect
to anticipated future climate for assessing potential
impacts on flow regime in the lower part of the Huong
River Basin, was based on Representative Concentra-
tion Pathway (RCP) with nominal radiative forcing at
2100 of 8.5 W/m? (RCP 8.5), which represents a future
with highest amount of greenhouse gases (GHGs)
concentration [14].

Quantile Mapping Bias Correction

The basic principle to develop effective statistical
bias correction is the establishment of statistical rela-
tionship or transfer function between historical
observed data and GCM outputs [6]. Presently, the
quantile mapping approach is widely used (e.g. [5,
13]), for mapping the distribution of daily time series
of rainfall and temperature from GCM/RCM outputs
with a gridded observation dataset at the same spatial
resolution. In details, the application of probability
integral transformation approach can be described in
Eq. (1):

P.=F (F,(Py)), (D

where: P, is corrected bias data, F({l is inverse Cumu-
lative Distribution Function (CDF) (also known as

quantile function), F, is CDF of RCM, and P, is
RCM raw data.

The quantile mapping version called Distribution-
Based Scaling (DBS) [17] was applied in this study to
correct the bias in RCM simulated climate variables.
For rainfall, DBS believes that frequency distribution
of intensities can accurately be estimated using two
gamma distributions, i.e. low and intermediate rainfall
intensities (up to the 95% quantile), and extreme
intensities (above the 95% quantile). In comparison to
rainfall data, the temperature is more symmetrically
distributed as can be described by a normal distribu-
tion of mean and standard deviation. In this study, the
period of 1977—2001 was considered as baseline
period and was also defined as the calibration period,
whereas the years 2002—2005 was considered as vali-
dation period. The future climate was projected in the
periods of 2020s (2016—2040), 2050s (2046—2070),
and 2080s (2076—2100). To apply appropriate bias
correction in RCM outputs, the MATLAB script was
coded which enables the differences of precipitation
and temperature between RCM data and observations
to be decreased significantly.
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Rainfall- Runoff Modelling

Regarding the detailed understanding of rainfall-
runoff processes in the Huong River Basin, the
Hydrologic Engineering Center-Hydrologic Model-
ling System (HEC-HMS) model was chosen. It is a
semi-distributed event-based model, which is based
on the river basin characteristics, meteorological data,
and control specifications to calculate runoff response
in each divided sub-basin, and routing the river flow to
the outlets. Fundamentally, the hydrologic behaviour
of the river basin was performed through four main
components, i.e. model of runoff volume, model of
direct runoff, model of baseflow, and model of chan-
nel flow [2].

To perform rainfall-runoff transformation for
ungauged sub-basins in the Huong River Basin, there
are a number of different calculation methods avail-
able, i.e. the Soil Conservation Service (SCS) curve
number loss method was chosen for computing excess
rainfall (direct runoff) from a rainfall event, whereas
the Snyder Unit Hydrograph transform method was
utilized for determining the shape and timing of runoff
hydrographs for each sub-basin. The recession base-
flow method was employed for specifying the rate at
which recession flow decreases with time, and the
Muskingum routing method was used for flow rout-
ing. In addition, the above-mentioned methods were
also selected based on the findings of the recent study
by [12] at the same river basin.

Regarding the daily historical input time series for
HEC-HMS model, stage and discharge hydrograph
time-series data at various selected gauging locations,
i.e., Phu Oc, Binh Dien, and Ta Trach, were chosen to
perform the HEC-HMS model. However, due to the
fact that the time series data observations are not avail-
able for some possible time-intervals and the desired
period of simulation. As a result, at Phu Oc station,
the observed water level during the period of 2009—
2010 was used for calibration, whereas the years 2011—
2012 was used for validation. At Binh Dien station, the
observed inflow from 2010—2011 was used for calibra-
tion, whereas the year 2012 was used for validation
(note: the observed data from 2009 was used because
the Huong Dien and Binh Dien Reservoirs were ini-
tially operated in 2009). Eventually, as the Ta Trach
Reservoir was initially operated by mid of 2014, the
observed inflow from the periods of September-Octo-
ber and November-December 2014 were used for cal-
ibration and validation, respectively.

Investigation of Hydraulic Behaviour of River System

The investigation of hydraulic behaviour of
river system can be determined by using the Hydro-
logic Engineering Center-River Analysis System
(HEC-RAS) model. The HEC-RAS model has been
used in a wide range of areas such as dam break scenar-
ios, floodplain delineation, flood forecasting, and
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flow routing [1]. It comprises of four river analysis
components such as sediment transport, water quality,
steady flow, and unsteady flow, and it is also designed
to simulate the hydraulics of one and two-dimensional
flow through natural river network and other channels
by using the field-collected bathymetric cross sec-
tions.

For unsteady flow simulation modelling, the
unsteady flow analysis was applied in this study. As
described in the HEC-RAS User’s manual, the physi-
cal laws of the unsteady flow are governed by the prin-
ciples of conservation of mass and momentum. The
conservation of mass is given by the continuity equa-
tion in which the net rate of flow into the control vol-
ume is equal to the rate of change of storage inside the
control volume. The conservation of momentum is
given by the dynamic equation which describes the
balances of gravity, friction, forces of pressure, and
inertia [7]. The Manning’s n values were adjusted
within the recommended range for each reach in order
to describe the roughness of river channels, in which a
realistic model of the flow conditions can be pro-
duced. With regard to the boundary conditions in
HEC-RAS model, the released discharges from Ta
Trach, Huong Dien, and Binh Dien Reservoirs calcu-
lated by HEC-HMS model were specified as the
upstream boundary conditions and the observed water
level at Thuan An outlet was employed as the down-
stream boundary condition. Moreover, to assess the
performance of the HEC-RAS model, the simulated
results were plotted on the same axis with the observed
time series for both selected gauging stations (i.e. Kim
Long and Phu Oc). In details, the water level from
2009—2010 was used for calibration and from 2011—
2012 was used for validation.

Criteria for Model Evaluation

Two carefully selected statistical criteria were used
for judging the goodness-of-fit of the calibrated
model, i.e. Coefficient of Determination (R?) and
Nash-Sutcliffe Efficiency Coefficient (Eyg) as shown
in Egs. (2)—(3), respectively.

2
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where X, is observed variable, X is mean of observed
variable, Y, is simulated variable, ¥ is mean of sim-

sim

ulated variable, and # is number of variable.
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RESULTS AND DISCUSSIONS
FEvaluation of the Quantile Mapping

To represent the certainness of bias correction
results, the historical climate data from the period of
19772005 of the HadGEM3-RA model were used
and mapped with the observed data at the same period
by using the DBS approach. As a result, a large differ-
ence of rainfall amount between observed data and
RCM data were found to be reduced considerably
during the calibration and validation processes. Obvi-
ously, at the Hue station, the obtained high values of
statistical indices, i.e. R?> (ranging from 0.80—0.89)
and Eyg (ranging from 0.78—0.86) demonstrates a
good performance of the DBS approach in mapping
rainfall. Referring to the temperature, high values of
R? (ranging from 0.94—0.95) and E (ranging from
0.93—0.95) can also be rated as more than satisfactory.
With the acceptance of statistical results, the DBS
approach is robust to better preserve the future vari-
ability as it can successfully correct rainfall and tem-
perature biases produced by the RCM. That is to say
the usability of improved RCM outputs can be
expected to be used for hydrological climate change
impact assessment in the Huong River Basin.

Climate Change Assessment for the Future

To provide insight for changes in rainfall and tem-
perature caused by future climate change, the Had-
GEM3-RA Regional Climate Model (RCM) was
found to be able to reproduce the observed spatial cli-
mate pattern, although with some biases. Clearly, the
moderate trend of future mean annual rainfall devia-
tions under RCP 8.5 scenario revealed the presence of
climate variability in the Huong River Basin, i.e.
increasing from 4.8—6.0%. The obtained findings
illustrated in Fig. 2 prove that the rainfall tends to
increase in the dry season (January—May) from 5—
15%, and it is expected to increase during the rainy
season (October—December) by approximately 2—5%
in comparison to the baseline period (1977—2001). In
terms of temperature, it would appear that the weather
would be warmer in the future as presented in Fig. 3.
In details, during the periods of March—April, August,
and November—December, the projected mean
monthly temperature tends to increase by 0.5—0.9°C,
whereas it shows a decreasing trend in January, June,
and the period of September—October, with a range
between 0.5—1.0°C. The previous findings are consis-
tent with the prediction that during the period of
2020s—2080s, the mean annual temperature is
expected to increase in the range of 0.2—0.8°C.

Performance Evaluation
of the HEC-HM.S Hydrologic Model

The evaluation of the behaviour and performance
of HEC-HMS model is strictly oriented through a
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Fig. 2. Projected mean monthly rainfall changes (%) under RCP 8.5 scenario for the decades of the 2020s, 2050s, and 2080s.
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Fig. 3. Projected mean monthly temperature changes (°C) under RCP 8.5 scenario for the decades of the 2020s, 2050s, and 2080s.

process called calibration and validation, i.e. towards
the comparison plots of simulated and observed dis-
charges at the Ta Trach, Binh Dien, and Phu Oc gaug-
ing stations. It can clearly be seen in Fig. 4 that the cal-
ibration and validation results of HEC-HMS model
present a proper fit of time and magnitude of hydro-
graph peaks at the Ta Trach gauging station. Through
various statistical and graphical indicators, the HEC-
HMS model provides a satisfactory representation of
flow with R? values ranging from 0.84—0.94 and Eyg
values varying from 0.77—0.92. In light of calibration
and validation results, it is worth mentioning that the
HEC-HMS model has an adequate ability to accu-
rately reproduce very satisfactory hydrographs for
given rainfall events over the Huong River Basin (note:
despite some underestimation at a higher flow rate by
the model, the results still show good performance).
However, the availability of observed data can be a sig-
nificant problem and it is a challenging task particu-
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larly for some gauging stations with limited data qual-
ity and/or quantity.

HEC-RAS Model for Investigating of Hydraulic
Behaviour of River System

To provide insight into the investigation of hydrau-
lic behaviour of river system, the representation and
modelling of river reaches under different flow condi-
tions using the HEC-RAS model is absolutely essen-
tial. Based on the calibration and validation results,
the water levels calculated by HEC-RAS are in fairly
good agreement with the observed one, which indi-
cates good simulation performance at both Phu Oc
and Kim Long stations as illustrated in Fig. 5. Obvi-
ously, both time series plots and statistical indices of
all calibrated stations showed acceptable levels of
model fit, i.e. R? values ranging from 0.67—0.73 and
Eyg values varying from 0.64—0.74 at Phu Oc station,

whereas the R? values fluctuating from 0.78—0.79 and
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Fig. 5. HEC-RAS modelling results between observed and simulated water levels during the calibration and validation periods at

(a, b) Phu Oc and (c, d) Kim Long gauging stations.

Exg values ranging from 0.74—0.77 at Kim Long sta-
tion. Referring to the acceptable (obtained) statistical
indices, it can be said that the HEC-RAS model is
suitable for investigating and simulating hydraulic
behaviour of river system in the Huong River Basin.

Flood Modelling Under Future Climate Change
Conditions

Linking to a high concentration of carbon dioxide,
the RCP 8.5 scenario was preferable and selected for
flood modelling under future climate change condi-
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tions. The results showed the increase in water level
and discharge at both Phu Oc and Kim Long stations
as a result of climate change impacts. In details, the
future water level seems to increase from 0.1—0.3 m
MSL and the future discharge will also increase from
10—30%. When focusing on the dry season, based on
the RCP 8.5 scenario, the future rainfall will increase
from 5—15, 5—20, and 5—25% at the Ta Trach, Huong
Dien, and Binh Dien Reservoirs, respectively. Inter-
estingly, the obtained results are really similar to the
findings of [4], which stated that the rainfall will
increase more than 20% in the dry season at the
upstream of the Huong River Basin. Under this sec-
tion, the obtained findings would be very useful as a
key information for determining reservoir operation
rules under the changed climate conditions in the
Huong River Basin.

Role of Reservoir Operation

Intuitively, in particular due to climate change, it
seems that hydrological conditions are subject to
change, the problems of water management and utili-
zation may severely arise if nothing is done to elimi-
nate the acute problem of water imbalance. Therefore,
a clear understanding of consequences of existing res-
ervoir operations, and the detailed guidance of flexi-
bility and adjustability of reservoir operations in the
Huong River Basin, would be essential and addressed
in this section.

Understanding of Current Reservoir Operation Rules

It is a matter of fact that effective operation of res-
ervoir systems is a challenging task since several com-
plicated issues would be involved, including inflow,
release, storage (volume or level), overflow, demand,
supply, etc., in which all of them would need to be
compiled and linked together. Therefore, a more
robust understanding of current reservoir operation
rules would be supportive of increased focus on
improving the operational effectiveness for maximiz-
ing the beneficial uses of all three reservoirs located in
the Huong River Basin, i.e. Huong Dien, Binh Dien,
and Ta Trach.

The detailed specifications of Huong Dien, Binh
Dien, and Ta Trach Reservoirs, and Thao Long Bar-
rage can be presented in Tables 1, 2, respectively.
According to the promulgation of inter-reservoir oper-
ation procedures, i.e. 3960/QD-BCT for Binh Dien
Reservoir [8], 5058/QD-BCT for Huong Dien Reser-
voir [9], 1497/QD-TTg for Ta Trach Reservoir [10],
and 2482/QD-TTg for Thao Long Barrage [11], the
regulations for each above-mentioned hydraulic
structures operated in the Huong River Basin can be
summarized as follows:

For Binh Dien Reservoir, during the dry season
(January to mid-September), the outflow (Q,fiow) 1S
controlled to be released at a rate of 21.99 m3/s. For
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hydropower generation purpose, the reservoir level (£)
is specified not to be less than the dead storage level
(+53 m MSL). In the rainy season (mid-September to
December), the Q, 110w 1S defined to be equal to or less
than the inflow (Qjn0w) Within the range of +80.6 <
Z<+85.96 m MSL (note: +80.6 m MSL is the reser-
voir water level before flood arrives (Z,,;._f1004) Which is
lower than the normal reservoir level (Z ,ma),
whereas +85.96 m MSL is the flood control level
(Ztiood contron))- The maximum discharge (Q,,,,) is the
combination between maximum spillway discharge
(Qmax, Spi]lway) and the turbine discharge (Qmax, Turbine)a

which is equal to 7061 m3/s.

For Huong Dien Reservoir, during the dry season,
the Q0w €an be released at a rate of 43.96 m3/s. For
hydropower generation purpose, the Z should not be
less than the dead storage level (+46 m MSL). In the
rainy season, the Q0w can be equal to or less than
Oiniow Within the range of +56 < Z < +60 m MSL
(note: +56 m MSL is the Z, f,04, Whereas +60 m
MSL is the Zij504 control)- The Opay is the combination
between Oy spiltway A1 Opax Turbine» Which is equal to
7878.2 m3/s.

For Ta Trach Reservoir, during the dry season, the
O,uifiow €an be released at a rate of 25 m3/s. For hydro-
power generation purpose, the Z should not be less
than the dead storage level (+23 m MSL). In the rainy
season, the Q,,., can be equal to or less than Qi sow
within the range of +25 < Z< +53.07 m MSL (note:
+25 m MSL is the Z,;. 1,04, Whereas +53.07 m MSL is
the Zpo0d contro)- The Opay is the combination between
Qmax, Spillway» Qmax, Turbine» and the maximum discharge
from the outlet Q. outer» Which is equal to
7483.6 m3/s.

For Thao Long Barrage, during the low flow
period, the water level at the upstream of Thao Long
Barrage should be less than +0.50 m MSL in order to
prevent floods due to the overflow from the Huong
and Bo Rivers into their floodplains and Hue City. In
details, the water levels, which are controlled at the
upstream of Thao Long Barrage, can be varied at dif-
ferent periods, i.e. 0.1-0.25 m + MSL during mid-
December to January 10th, 0.2—0.4 m MSL during
January 11th to mid-February, April to mid-May, and
August, 0.3—0.4 m + MSL during mid-February to
March, and 0.3—0.5 m MSL during mid-May to July.
In contrast, if the water level is higher than +0.50 m
MSL, especially in the rainy season (September—
December), all gates should totally be opened to
release the water from the downstream of the Huong
River to Tam Giang-Cau Hai Lagoon. Moreover, if
the water level from the lagoon is higher than the
upstream of Thao Long Barrage, all gates are sug-
gested to be closed to prevent seawater intrusion.
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Reservoir
No. Elements
Binh Dien Ta Trach Huong Dien
I Watershed characteristics
1 Watershed area, km? 515 717 707
2 Mean annual rainfall, mm — — 3267.60
3 Mean annual discharge, m>/s 41.70 — 82.60
4 Crest discharge
—P=0.1%, m%/s 6989 14200 9430
—P=0.5%, m/s 5187 11200 6920
—P=1%, m3/s — - 5890
—P=5%, m3/s — - 3950
—P=10%, m?/s - - 3170
I1 Reservoir characteristics
1 Normal reservoir level, m MSL 85 45 58
2 Dead storage level, m MSL 53 23 46
3 Flood control level, m MSL 85.96 53.07 60.00
4 Gross storage capacity, 10® m? 423.68 420.50 820.66
5 Active storage capacity, 10® m3 344.39 347.90 350.8
6 Dead storage capacity, 10® m3 79.29 72.60 469.86
7 Reservoir area corresponding to 17.08 — 33.87
normal reservoir level, km?
8 Maximum release, m>/s 72.00 80.32 196.10
9 Plant capacity (MW) 44.00 21.00 81.00

Eventually, when the flood is over, the Z should be
lowered to the Z,, 1> SO that the reservoirs can pro-
vide sufficient capacity for the next upcoming flood.

Reservoir Operation Incorporating Warning Stages
Responding to Climate Change Impacts

It might be expected that successful reservoir oper-
ation and management would largely depend on
understanding the possible range of potential climate

Table 2. Specific details of the Thao Long Barrage [11]

Parameter Value
Number of span, item 15
Width of span, m 31.5
Width of lock, m 8
Width of river, m 480.5
Length of barrage, m 571.15

change impacts. Therefore, in this section, the
emphasis will be placed on the reservoir operation
rules that foster adaptation and enhanced resilience to
climate change.

By considering the impacts of climate change, the
results suggested that more water from the reservoirs
should be released during the period of January—May
as a result of increasing rainfall intensity at the
upstream of all three reservoirs located in the Huong
River Basin, i.e. Huong Dien, Binh Dien, and Ta
Trach, in order to fully meet withdrawal and other
downstream water demands. Based on the continuous
observation of water level records, the average water
level at Thao Long Barrage during the period of Janu-
ary-May is varied between 0.2—0.4 m MSL. However,
based on the HEC-RAS modelling results, the water
levels at the upstream of Thao Long Barrage were esti-
mated to be 0.28 m MSL during the years 2009—2012,
and 0.30 m MSL for the 2080s. As a result, it can be
concluded that under the climate change impacts, the
water level fluctuations is not significantly changed at
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the Thao Long Barrage (water level <0.5 m MSL).
Therefore, a set of gates of Thao Long Barrage is also
strictly suggested to be closed in order to prevent sea-
water intrusion due to sea level rise. In terms of reser-
voir operation during the rainy season, the reservoirs
should be operated in association with the warning
statements and explanatory messages at the down-
stream gauging stations, i.e. Phu Oc gauging station
(for Huong Dien Reservoir) and Kim Long gauging
station (for Binh Dien and Ta Trach Reservoirs), in
order to attenuate flood peaks and reduce flood risk to
downstream communities. Based on the information
from the TTH-HMFC, the warning stages is defined
at three levels, i.e. Alarm I, II, and III, as shown more
details in Table 3.

With respect to the appropriate proposed rules for
reservoir operation during floods under potential cli-
mate change, the following detailed explanation can
be described below and through Table 4 for this phe-
nomenon.

When the water levels at the warning stage is less
than the Alarm I (i.e. water levels at Kim Long < 1.0 m
MSL and Phu Oc < 1.5 m MSL), the Q,,,, from Ta
Trach and Binh Dien Reservoirs (in corresponding to
Kim Long warning stage) should be released at the
same rate as Opa Turbines 1-6- 82 and 70 m3/s, respec-
tively. Meanwhile, the Q,,,x from Huong Dien Reser-
voir (in corresponding to Phu Oc warning stage)
should also be released at the same rate as Q,,ay Turbines
i.e. 196.2 m*/s (note: under the condition that the Q,,,
is defined to be equal to or less than the Q. iow)-

When the water levels at the warning stages fall in
between the Alarm IT and Alarm III (i.e. water levels at
Kim Long vary from 2.0—3.5 m MSL, and at Phu Oc
vary from 3.0—4.5 m MSL), it is recommended to
gradually increase the releases for each reservoir, as
well as the Q,,,, is set to be the same rate as the Oi,row-

When the water levels at the warning stage is greater
than the Alarm III (i.e. water levels at Kim Long >
3.5m MSL and Phu Oc > 4.5 m MSL), the Z value
should essentially be taken into consideration. In this
case, the Z, . of +85, +58, and +45 m MSL for
Binh Dien, Huong Dien, and Ta Trach Reservoirs,
respectively, will be considered instead of using the
Zre-fiood SPecified in the current reservoir operation
rules (i.e., +80.6, +56, and +25 m MSL, respectively).
Therefore, under this condition, the proposed reser-
voir operation rule adapting to rainy season can be
proposed with the details as follows:

(1) For Binh Dien Reservoir, if +85 < Z <
+85.96 m MSL, the Q,,,, is the combination between
Qmax, Spillway and Qmax, Turbine> which is equal to
7061 m3/s;

(2) For Huong Dien Reservoir, if +58 < Z<+60 m
MSL, the 0, is the combination between Q. spittway
and Q. Turbine> Which is equal to 7878.2 m?/s;
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Table 3. Flood warning threshold levels

Warning stages (m MSL)
Station
Alarm 1 Alarm 11 Alarm 111
Phu Oc 1.5 3.0 4.5
Kim Long 1.0 2.0 3.5

(3) For Ta Trach Reservoir, if +45 < Z<+53.07 m
MSL, the Q,,, is the combination between Q.. spin-

way? Qmax, Turbine» and Qmax, Outlet> which is equal to
7483.6 m3/s;

(4) For Thao Long Barrage, all gates should totally
be opened when the water level at the upstream of
Thao Long Barrage is greater than +0.5 m MSL to
enable the maximum flow to be released for attenuat-
ing flood flows.

Finally, when the flood is over, the Z should be
lowered to the Z,.,.i» SO that the reservoirs can pro-
vide sufficient capacity for the next upcoming flood.

CONCLUSIONS

The assessment of potential impacts of climate
change on reservoir flood control was conducted for
the Huong River Basin. The results showed that the
HadGEM3-RA model provided robust and reason-
able estimates of changes in regional climate informa-
tion (i.e., rainfall, temperature) due to anthropogenic
emissions. Additionally, the HEC-HMS hydrologic
and HEC-RAS hydrodynamic models proved their
capability in simulating runoff and gaining a better
understanding the hydraulics, respectively, of the
Huong River Basin (note: as indicated by high values
of R? (ranging from 0.84—0.94) and E g (varying from
0.77—0.92) for the HEC-HMS model, whereas the
HEC-RAS model with R? fluctuating from 0.67—
0.79 and E\g varying from 0.64—0.77). In addition,
the results also demonstrated that the weather would
be warmer in the future from 0.2—0.8°C and annual
rainfall would also increase from 4.8—6.0%. The water
levels and discharges are also likely to increase from
0.1—0.3 m MSL and 10—30%, respectively. Moreover,
the findings also highlighted that the rainfall would be
increased in the upstream of all three reservoirs
located in the Huong River Basin, i.e. Huong Dien,
Binh Dien, and Ta Trach, during the dry season from
5—25%, therefore, it is necessary to increase the
released flow from the reservoirs during the period of
January—May. The proposed change in reservoir
operation rules, along with the warning stages during
the rainy season at the downstream gauging stations
(i.e., Kim Long and Phu Oc), was also delivered to
maximize the potential for a wide range of benefits.
Finally, the overall outcomes of this research can be
used as a guideline for adaptation measures against the
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