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Abstract

In response to the increasingly complex challenges faced by our environment and
society, there's a paradigm shift in flood management practices within the field of
hydraulic engineering. Traditional approaches using gray infrastructure are giving way to
Nature-based Solutions (NbS), which prioritize sustainability and ecosystem-based
approaches. Despite widespread discussions about NbS potential, there's a lack of a clear
framework for its application and evaluation.

The main objective of this study is to establish a universal and reliable process for
the implementation and assessment of NbS, applied practically in the Huang River
Watershed. This aims to evaluate the effectiveness of NbS in aspects such as flood risk
and the value of ecosystem services, addressing the existing gap in systematic methods
for NbS.

By referencing the 2020 global NbS standards from the IUCN, the study creates a
five-stage process and tasks for NbS implementation. To evaluate the effectiveness of the
implemented measures, several methods such as hydraulic analysis using HEC-RAS 2D,
ecosystem service assessment via Integrate Valuation of Ecosystem Services and
Tradeoffs (InVEST), and risk analysis through reliability analysis are adopted.

The key findings of the benefit assessment include: the designed wetland can reduce
the flooded area in the downstream of Huang River by 9.86% for 1 in 50 year flood event
and by 3.95% for 1 in 2 year flood event; the designed wetland will increase carbon
storage in the old river channel of Huang River by 75.74% and reduce actual soil erosion
by 50.77%, while habitat quality will be maintained at a similar level; the designed
wetland contributes to lowering flood risk, reducing the probability of flooding to 3%,

equivalent to a safety factor of 1.37.

Il
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Additionally, this study applies the IUCN’s NbS self-assessment tool to the
designed wetland, resulting in a total score of 30 (Partial). The results indicate that the
designed wetland demonstrates strengths in addressing societal challenges and
governance processes based on inclusiveness, transparency, and empowerment. However,
it falls short in meeting the standards for economic feasibility, fair and balanced trade-
offs, adaptive management, and mainstreaming. The self-assessment tool could help in
identifying the alignment of the action plan with the NbS global standards, clarifying key
issues, and providing specific directions for improvement.

In summary, this study serves as a demonstration case for NbS application,
providing a clear process for NbS implementation It comprehensively evaluates the
effects of NbS across various dimensions. The outcomes of this study provide valuable

support and reference for research and practices in the field of hydraulic engineering.

Keywords: Nature-based solutions, Flood risk management, Ecosystem service

value, Eco-DRR, Reliability analysis.
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( Hydro-meteorological Hazards, HMHs ) g fsitd38 o B+ » £ 1% f 2Kz
BEKRT P ERE A S E R a4 BT ok $ 4 #4]4e HEC-RAS~MIKE >
LISFLOOD % > it 43 #% i -k Ffciiima Lo bldof B R B b B~ & & foif

B0 WO N3 ECKR & 2 4 T (Ruangpan et al., 2024) v gk TR T & ST F

B B ook nF ik e p L K0 o EoRZERRBE AR T A S -

iz Y - A - aRRR G R F S F2EY T E R A -
BEAE G E RSB LR ZRE ed W HRE ﬁi;‘—,ﬁ?ﬁﬁ]% FBe2 i
WEHAF iR L2 ERa 4 RPN U e G E D ORI RR AR R
EFRETR O VL PP ERER O AR NS R SRR T
ok B 4 8 Rl Z(Gourevitch et al., 2020) - s T MR RECA ARCERS B E K

A

BEF S BREFREE A VIR ASF P RE A s H
Bl v BB A ACHS T E K B2 88 ¥ (Jodhani et al., 2023) - #E .~ (2016) F
BT 0 BdolS T L H R RMET AR AA T R SRR ERT
SRR L AT LR ERAELREFRE £ R A
4% % HEC-RAS 2D it {735 K& vk B Feems kR A 45 B4 455 2

ﬁ;"_;’ t“—;ﬁ\“/’/’ K ’\j_” h % ’t.v;-F‘T_‘c' °
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Rp ¢ 8% & * HEC-RAS2D *t 3= NbS #F’ KRS }I% el g T (2023)

i# % HEC-RAS 2D -k H =5 p A& }‘f j"‘*& CkFiiE#Fw) ‘f‘-"l f.r_/r'«..ﬁ\“%

B4 SRR N YRR T B o B (2021)#-7 i AT Rk 5l p KR
S g o {1% HEC-RAS 2D #0356 ~ 58 Mk L 1iRM 54 A i 28 foff

B e PP 2 A R WFRR > X U P A L RE A s B R o

N

Hankin et al. (2021)P] & * HEC-RAS 2D #-3|3% % p 2R k¢ IE"—_#% % (ArE AT i

PRBEE R SATRERE) AR RTEE TR ALE 0 £ 1B R DY

&
N

>
E

Kk B Ay -

23i?wmﬁ$“%

4R APRIFE A FARALR A T A > FARE A fL W MR AR S KA R A IRIER
B TABEA R LY EFTOE > A R BRI E LAY

PF BT & SRR S BB IRAE S Y BRI S 2 IRFEE L FIRIEE v 2
#pw) 0 £ 325 B3 4 W] (Millennium ecosystem assessment, 2005) o 4 & PRI B
THATEL REREREGRT O T A R TEN A kR e
AGFRE G LR > AT PG AR Ag W FAPM ISR fopir T B o s
ﬁ £ TR FF»?)Z"% ERSIR M IR UL Je A b L RE '% EEEEEINEL oG A
A Rk ¢ PR AR e B~ 47 #-5% 4o InVEST ~ BEST ~ GI-Val & » A7 7 &2 2 750

AR 2 i d 2-10 A2 A O ARABMER S BB E PRI ETE S F P

e
i

M % d AR SRR KT REH A 2R
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PR A 12.08% o 2ttt o 2R T iR AR Rk S E < (L RAE G E 2 B akE
FHBE YIRS STHSBRHEL 2o B8 a e  PIHSR Y EA 2 §
ooB e A R (2020)0 7 EARGE ARR S0 R HEITL A BB R LamE o

T 1% InVESTH: 325 7 3k &8 3 » meb ke X 1 425 15(2012 # 1 2018
ERF) 225 ARIE ¢ FERAKE B EEIREST IR LWL A

EEHERALRE RETIE: TR AR RFREE L AT S RFIRZTFRE TR
FERBHTHESEAKE A MBS ST RS G MM e Bor 2 PR K
AL G o R RAe 2 B St BT 42k gk 8§ ¢4 e Gaglio etal. (2019)

RIERT 0 240 SRy s (T2 2 RE® -PAs) 2 HAph @z 2 2 1% /R F

ﬂ‘f

AR K PRIFZ RS - 1% InVEST 58 2 49§ § 7 ¢ #% ¢ Paul do Boquilobo

pEmE® (NRPB) 2 § i & (s frA L) ok & frins (F & 1EA K
) B4 8 AIRIE ZAE T B NSk T 0 o NRPB igfhen@ A At L 2
FRESFEEARBDN A o a R AR dof E ek § IR R S
KpFEF V- 25 BT FEERTETN G NREF AR Bl ¥
R el TORFRG U A BAG R A S S T R F NI Tk
A EACIZIR AR D o Tt o @ RS F R AT R L A IRIARAR T (F o Y
B ESBOT PP VA LS BRI TE L o
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BS A SR DA AL AT BT
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SRS > A EH INVEST #5507 5 2 fL A JRIEA 72 1 8 «

N\
FEE AL
FTRARAIT IR E G £ ORI BE > dEE A A
foh %o doAF SRR RIBEATH Rk e B2 R R R ok 1 R

BMARRETEET Sl AR MR R® 22 B B RLRP S o

pe

FO¥ 0T AR HNT N 2 A KT A 5

TN
v

- ~ AN Een 2 (Most Probable Point (MPP)-based Methods)

- F#¥ F_& 2 ;2 (First-order reliability method, FORM ) % ¥ Z ¢ MPP ¥ L&
FEGPFEOUFTEFPEIETR  UETRURESEKAGRETLZFY T B
B CEFEH > PFEHA LA T AR GB(B) 0 * IR RIERE S o 2 s F A MPP
dE e dE- g s A 4EE (FOSM) fr= F# 7 3R > 2 (SORM) e 2R 1483 2 &7
R AP 2 o B H AR IR T W ERR T A S AL T E R
LA AR RS R Silic e F]pt o MPP 2 2 e R AR R T Vot s L
Frd ot o
= ~ % #;* (Sampling-based Methods)

AR 2P 5+ BHE (Monte Carlo Simulation, MCS ) #4305 2
BX Frimen 2 o d 2 MCS i % >N A 2 R M m Uk B S0 lic o 49 Bt B
WHEENFIR FINUARR AR R LETERIE - RA 0 MCS an® 42
TRFER AP Bu L aAgTE G 4 B B2 L S ol OBk
W PR T o T SR NF S B P 2 0 4o B R (Importance
Sampling, IS ) ~ &+ & #-#% ( Subset Simulation, SS ) ~ &% j%w 2. € & M % (Radial-
based Importance Sampling, RBIS) fr#4.7 4z = * # & (Latin Hypercube Sampling,

LHS) » ™2 5 pR3- 5 & A B % e 4 o
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= ~ F ¥ @ ;= (Response Surface Method, RSM)

FERCEFLIFE (AD HFFeRB EE Y i & AN F Bd 62
(Response Surface Method, RSM) en# L& A 174p kA 7 £33 B > BR3P H
By KeE kg B RAIEHA] (Surrogate Model ) - 1% R IZ AT I E R ik
PR RSB MR R OBREREFTRAAT B Y A RTIE D2
( Adaptive Kriging-based Approach ) FIH & e F T 2 7 f e dm | 2
B L > 4p >t (Echard et al., 2011)4% &1 2 A 5 3 + B fos 1 & AR ot

k=52 (AK-MCS) % {84 % & FORM = ;2 :x 2 2. AK-IS (Echard etal., 2013) » A

BREATIES 25 P AR RSP PR G ER LI A EE] 5o
ZERORBPE S EFHE RS BB E > KA EE R

itk ~ Boloat R UK B S BB B R o

BV ARSI BILMER SRR A RIS A ol B Blde AR
BRT AR T AR SR T B T R AR
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A AT RR R R ROR R G 0 X R SRR AR H
WAL bR Y LR PR Bk e B T I TR 4
Fht kY ERERE -
PR ET RIGEE fORGE 4 EH R LR R ek o R

RE B A E o 2 BRI R FIEEREFT AR AT T &
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3.2 NbS 3 £ 3# 1% * /&
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3.3.2 HEC-RAS 2D #-37% $#c3k 2

- k2 2

4 AR 109 #yR22 TRIEK AR %= 0 H P SR IEL kRS A 4T
Sk BEIEAT A 31 ACERER RSk RUER I R A8 R Ry E A
ZEB A - P ERE T IR FEAETIEERIAAE B 2 AR AoH

3-4 2 & 3-2 %757 /fhﬁ)ﬁ'%ﬂ& jﬁi"’%ﬁﬁ % —‘,L%—‘/”L 2 ;m e o

% 3-1 ki 24 P Ra SIS

£l SR 2 5 10 20 25 50 100 200
= gl dcF AL | 2724 | 3965 | 482.6 | 567.6 | 595.0 | 681.2 | 769.3 | 859.9

o A f o= 4] | 265.1 | 382.2 | 4743 | 574.2 | 6085 | 722.7 | 850.0 | 992.3
B - A4 % | 279.0 | 418.9 | 511.6 | 600.5 | 628.7 | 715.6 | 801.9 | 887.8

g |- BEHHECKE | 2787 [ 407.4 [ 4969 [ 585.4 | 614.0 | 7040 | 796.0 | 890.8
gong | $HECAF =7 | 2724|3950 | 4800 | 5018 | 6265 | 741.3 | 867.9 | 1,008.0
B4 @ - A4 % | 285.8 | 431.1 | 527.2 | 619.5 | 648.7 | 738.9 | 828.4 | 9175

s |- BEHHECH G [2907 4336 [ 5344 6351 | 667.8 | 7712 | 8778 | 9882
%m ’; il 3= 4] | 284.3 | 4194 | 525.3 | 640.1 | 679.5 | 810.2 | 955.4 | 1,117.4
fEs - A~ % | 300.0 | 462.2 | 569.7 | 672.7 | 705.4 | 806.1 | 906.0 | 1,005.6

- S dc¥dc¥ A | 307.0 | 4555 | 559.9 | 663.9 | 697.7 | 804.2 | 913.8 | 1,027.1

= ol ;{ﬁtﬁ.ﬂ_j;ail 3047 | 451.1 | 558.4 | 668.9 | 7055 | 823.4 | 948.3 | 1,081.4
fEs4 - A~ 5 | 316.3 | 484.7 | 596.1 | 703.0 | 737.0 | 8415 | 9452 | 1,0485

Fokr | - 28k i | 380.8 | 558.3 | 682.0 | 804.6 | 844.3 | 969.1 | 1,097.0 | 1,228.7
i ;%ﬁtﬁ,ﬂ_j;ail 3922 | 575.3 | 689.0 | 791.6 | 822.9 | 915.9 | 1,003.4 | 1,086.4
mint | ey A4 5 | 390.8 | 591.4 | 724.2 | 851.6 | 892.0 | 1016.5 | 1140.0 | 1,086.4
H i~ :mm

FTALRR O RE K AR %TR o EASVRKNE SR LR R(RR 109 #); APy ER
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Bat(%)
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oo | DSEKZAM  wERAM 13.90%
12.89%
12%
10.63%
10% + 9.52% 9.64%
8.18%\

8% -+
0% +
1% —
2%
v i Mﬂ[{m

1 2 k] s 6 8 9 10 " 12 13 4 15 16 17 18 19 20 0 22 23 4

B (1)85)

FALRR D RIER AR TR EACRAE S LR A(AR 109 #£)

B 34 5 5mE 24 [ FEka k=R EK ;A AR

032 FkERAHBE 2 4 H SRS %

D=1.0 B (hr) U(1,t) (cms)
0 0.00
0.25 2.53
0.5 7.94
0.75 13.05
1 16.75
1.25 10.82
15 5.68
1.75 1.88
ok FLiE R 2 0.09
2.25 0.00
2.5 0.00
2.75 0.00
3 0.00
3.25 0.00
35 0.00
3.75 0.00
4 0.00
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m HCBLE R AR % % R 2 HEC-RAS #-3 oA 1% A Jr 50 # £33
22 @ ERP R 0 » IR FUL R B R T 40 BB AT
b ®lohd RlcR 5 0.04 0 BOBLE Bl 3-5 4T o F AR PIEE R ROk
T EAEL G FRER FHEL R B 4 = R HEC-RAS #7312 )
TREALA R % 1103079 1 0.1916 st b A fie 0 g h AR EER A2 M RS &
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%33 Rl -

¥ ~:cms 5 & F I ILEERY

e F¥ (hr) FE A o FokiE &L REL FokiE &AL
00:00 0.00 0.00 0.00 0.00 0.00 0.00
01:00 0.00 0.00 0.00 0.00 0.00 0.00
02:00 0.00 0.00 0.00 0.00 0.00 0.00
03:00 0.00 0.00 0.00 14.96 461 2.87
04:00 0.00 0.00 0.00 21.32 6.56 4.08
05:00 6.43 1.98 1.23 27.83 8.57 5.33
06:00 9.65 2.97 1.85 36.49 11.23 6.99
07:00 15.21 4.68 2.91 52.20 16.07 10.00
08:00 23.83 7.34 4.56 73.84 22.73 14.15
09:00 31.70 9.76 6.07 93.92 28.91 17.99
10:00 41.71 12.84 7.99 121.80 37.50 23.33
11:00 56.09 17.27 10.74 158.47 48.79 30.36
12:00 81.23 25.01 15.56 226.74 69.80 43.43
13:00 80.79 24.87 15.48 215.30 66.28 41.24
14:00 63.74 19.62 12.21 171.46 52.79 32.85
15:00 49,50 15.24 9.48 135.16 41.61 25.89
16:00 38.78 11.94 7.43 108.19 33.31 20.72
17:00 29.07 8.95 5.57 81.43 25.07 15.60
18:00 20.93 6.44 4.01 61.12 18.81 11.71
19:00 15.03 4.63 2.88 44.92 13.83 8.61
20:00 10.20 3.14 1.95 33.77 10.40 6.47
21:00 7.50 2.31 1.44 26.69 8.22 511
22:00 5.38 1.66 1.03 20.90 6.43 4.00
23:00 3.51 1.08 0.67 14.89 4.58 2.85
00:00 1.81 0.56 0.35 8.77 2.70 1.68
01:00 0.84 0.26 0.16 4,28 1.32 0.82
02:00 0.46 0.14 0.09 1.99 0.61 0.38
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= E S ER L

7P 2 R EWR IpEFkE BB
1 2 0.023-0.030 0.025
2 o 0.025-0.05 0.035
3 Bk 0.025-0.05 0.04
4 E R 0.12-0.20 0.15
5 ST 0.10-0.16 0.16
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3.4.2 InVEST #-3% £ 8k %
ARG ESY
J'lﬁﬁi% F¥oz 445 5 ) 0 InVEST E‘Exm FE R A2 K T o AR 3-9

FEIFREBMFE AR S REFLUZ TH 1AL E T TALE T

%

W, 2 Tr3 B S i d2 2 s E Sl R 5 FAR § %

%:%8-] % (Intergovernmental Panel on Climate Change, IPCC ) < & = fast & 7 4o
4 35 AFTF £ 44 e (2022) 0 2 % (Adame et al., 2015) B A FF F 4

R TERAIAMER T VAL REHUHBE MR E X Yok 3-6-

[ invest-workbench
File Edit View Window About

#AInVEST BRENHE o

Setup >

Workspace

Log s A E

) File Suffix (optional)
© Load parameters from file

WELHCRA)
& Save as.. [ e
Current LULC | (i ] H tration\files\Input B
ked Questions j:}{lz‘;?vj il :g

Carbon Pools | [ ] ‘ ‘ dSequestration\files\Input_Base\carbonpool.csv
B R R A

— Calculate Sequestration | (i ] ‘

[ Open Workspace ] | [ ] ‘ ]
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B biomass ) GEAoip B Byt TR B iRk ALY o R EpE S 2 R
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AP E |y FEROEPRE L*’i‘n#“%fﬁi B 2 o el o 7
(Belowground | Z iz {3 B PR B I BEAEESFRAFE o
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. PR FAR ISR SAEAFISF A
" Habr e Bty Fﬁﬂkﬁ%;é_iiﬁf“ e fhh & HEEE A
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7O Pom bk EE s oS BT E 10 24 o
( Dead ??”$%F4#F’?ﬁ%%ig?%?wwﬂ(gﬁ
organic b s EH) P EHEIHEAER] E L (a1 24 ) 0 1
Lo
matter ) T # Pam/n\ﬁ'*rbﬁkg@,__g%g’rﬂlg R EE: A of‘éé;}éé%&
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P R A Ko BT m:?%»’ Lo S i ekt U 1ag
;‘—%h#;”?ﬁtf‘ l__rwsz”d’q‘]ﬂ PSSR AFRT P RSB
gy | EATLAC A e L @am:r&w»wgwm
i BT %4%émp%ﬁ 362 B F 00T e
( Soil organic
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matter )

3H 2

b phigIBFY AR

e EIFERE 30 8 o

7L %R 1 2006 IPCC Guidelines for National Greenhouse Gas Inventories

% 3-6 2351 » 5

B E A B2 s E 2 (Mg/ha)

2ERE O OrImEE PR EE IHEREE 7 BMARLE
B 47 4 73 1
ik 134 86 109 41
i 4 16 1
k3 0 0 0
iE B 0 1 0
e 1 5 0
B 38.2 0 298.3 0
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EERNEE & X5

2 BN LA e S 2 (DEM) T2 AP R I B2
Renz B AT o RPp s & % R4 o 3% (Revised Universal Soil Loss Equation,
RUSLE):* & # B8 ~ 2 sk /8 » T3 B M Bipd IC 3+ 5 k7L
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oA F B4 B 1 p AR BB LR N ehd 5 KRR i o InVEST 2 & %4
% 4cB] 3-10 fo@® 3-11 #7771 o
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B 0.1 1
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9 1 1
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o 1 1
B 0.01 1
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