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Abstract

The purpose of this study is to develop Particle Swarm Optimization (PSO) automatic calibration algorithm with multi-objective
functions by Python, and to evaluate the applicability by applying the algorithm to the Soil and Water Assessment Tool (SWAT)
watershed modeling. The study area is the upstream watershed of Gongdo observation station of Anseongcheon watershed (364.8 km?)
and the daily observed streamflow data from 2000 to 2015 were used. The PSO automatic algorithm calibrated SWAT streamflow by
coefficient of determination (R?), root mean square error (RMSE), Nash-Sutcliffe efficiency (NSEy), and especially including NSEo
(Inverse Q) for lateral, base flow calibration. The results between automatic and manual calibration showed R? of 0.64 and 0.55, RMSE
0f 0.59 and 0.58, NSE, of 0.78 and 0.75, and NSE o of 0.45 and 0.09, respectively. The PSO automatic calibration algorithm showed
an improvement especially the streamflow recession phase and remedied the limitation of manual calibration by including new
parameter (RCHRG_DP) and considering parameters range.
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LME

74942 2 ¥ (rainfall-runoff model)d] E4% sltt=
ZF-frEolghs AR @ ALE olshist, o] & Fol TRt 4=
2t Al 8= = AR =2 fEE AaE AP skl
ULk o]t 2 FEH Y2 B A ATLE Tt FH|
= 7Ezlsto] BAsk=d ol Mol B2 v
o] T a5HA =w, J=ta}

o
B GERGL ol

| Qlof A af
g7 olet & 4= QIth(Kim e al., 2007). ©] ©, 5 0] EA-&
Tefsto] PSSR LS NP 2 oS ghe] 29

< %A 3l|(optimal solution)=} THct.

745 2ol Wi ole 3 55 4 ¥(manual
calibration) ¥ A2 A ¥ (automatic calibration)©] I}, &
HEA 0 2 A|9P2FQ H(trial-error method)S 53l 5=
TEHAAH HEA ] 2] A 7 7)ol Q=M A
219] Q1) o] Q) o427} Qlol dA T A/t 41=14
st of| of2}go] §lrk. §FH 25 B H-2 42291 4otz
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A 0 2 5P| wf2of| ZZolle e 7] AFs B S
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Gupta et al., 1998; Duan, 2003; Tolson and Shoemaker, 2007;
Kim et al., 2007).
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2 AT S o2 e B RS #}37] 30 m©] DEM (Digital Elevation Model)& 285151

18
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Fig. 2. GIS data of Gongdo study area
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F(mm)= 2Jn[tct,

SWAT-2 Eq. (1)@} go] &2 YA Ao ZAE F1L 74
o] 2J$t A=K canopy storage), Penman-Monteith, Priestley-
Taylor 5ol &3+ ZHAFF A4, SCS-CN (Soil Conservation
Service-Curve Number)'Hol| 25t | 5= (surface runoff),
TH=0] EQkSo| thgh ZF24 2] E kAR5 (soil water capacity)
T} E4Al4=(saturated hydraulic conductivity)ol] 2]+ EQF
= o]F 5ol gt F1HZ(lateral flow) ¥t 71 A-f-Z(base-
flow)5= Z} =245 TH9](Hydrological Response Unit,
HRU) ¥ 2 AJAF Fch(Neitsch er al., 2001). 22 0 2 514
+7F34 Muskingum, Variable Storage ' 5.2 2 5t =54
= Aot §9 49 23S BOgtH(Amold et al.,
1996).

2.3PSO &ng|=

PSO+= Kennedy and Eberhart (1995)°] 2J3l] -2 A<=
RoH, At 22179t A2 FEEC] TR o] = A2
A PSA YA S v o2 A o7 d e F o =2
A are|Eat Zol kA9 213k ARgSl= A= Aol &
Heloh yEA4 2 E4S 7HA] 11 9o, -3 (Swarm) 2} 7]
Al(Particle)] 7HE= AMEst] HASE gt} 27|
Swarm U|¢] sHH © &2 4] H ZF2FO] Particle 2|4 g2 &
7] Q1o AR A et uf /RS 0) TRGREEe] A Bk
o]ttt 27] Swarm @] 40| EUH ]2 Swarm F-E+=
7 Particle "2 Q]| thet H4 40 3LS 7] st of
£ Particle 52 A1 2 gh2 F--o17FH 24 s & ottt o]
gt EA 07 270l = Mol A Ath7t A1'd=5 2] <
Ao g Hstel HFH o2 gt o S A SfE
Zh=th TRt oh g g e]Ea Bl sf o] Zo] 7Ha st
7] w2l F+&o] Bolshy A4te] G-g/do] FHoju AR Al
ZrQto et H o2 A o] 9 7S 2HS 4= ok

PSO &1a]&oA Swarm AR 7% n7l o]
Particles 7FA|™ o] 52 AHEA7H A =gt vl 7= 3EE9
Hetol™, ParticleZt mi7H =2} H2 9 4= Zh-S F-R-51H 71
HH o2 Z2lo]= EXo] Qlrt. PSO Yala]Eo] A Al

27 ZTHEq. (2)).

vjk(t—O—l) = Wy ® w(t) e vjk(t)
+ep ey e (Pbestjk,(t)—zjk(t)) )

Fey oy e (Gbestk(t)—xjk(t))

A7IA, v TLF WO JHA Particle ] Hi7HH~ kO] o5
I, Wy TPAZARMT, we TS5 inertia weight), =7+
Z=2F4~(acceleration constant), r-= FH A4~(Random value),
Prest= AR swarm (particle) 5 X2 9] Z23= 4, Gest
+ 2= Swarm W A O B2t gL 1= @A AbtS=
Particle®] 5213 12 ©Jn| gt Particle®] 0154 (v,,)
= PSOY| -3t dstatol ™, 2t w7 9] o] 3 EE L
ERfE k) A1 ol
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AP} 2] et 585 23 270l 2 7HA
Al ol AFAS of dale|F o] vhE Sl St
Wsks ate HAaAA A GBS 5HA et T 249t
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= AR A FARHA oA 2| JFA 0 & - A]7]7] 917t
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SHE2AR1 M-S AR 7R gho] 2h2 glol | F4
S 2 gFol] ol v wEA H 1 vhdof =2 32 714
Al =H 24 S E ol AU ALY kS 7HAE
= Aok Gh2 03} 1 AFo] 9] G 7HAITh 2 Aol A= A
52 0.9, 7HEd5 o, T o, = ZH2H 1.2 19| WA
=092 AAs13 .0, o] k2 Al 2FQ H(Try and error
method)& &l Y27t 8-S Kol gho 2 AAsIlr

Prest®} Gbest+=Particle best} Global bestZ $F Swarm
W19} Particles AREA7 T A1 7t B4 k520 2|48 71
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Fig. 3. PSO algorithm
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]2 9] 48 1A= Particle Ghesta} e}, whakA] otaia)
F9| FF Ghest=F01%] wi7iFA=2] 2|2 o] S}E LiERHTY.
Z7] Particle @/g°N 2101 Gbest7t §17] 2ol Poest 2] FF
O 20t A:E O 2 Particles FA5HA T th-2 At 2] Swarm
BE= b Swarm Q] Ghest 2} PhestS B O 2 Particles
B3 _ch(Fig. 3).

PSO g112]&-2 o] 7iA| 9] 73 7lef et T159] 914
ZHRY, o] 2 -RE Hdlof] A-851S e
I} Zeh ARSA A e nl 7 = /0l ThR}
AS eASH S 9)t SwarmUlof] A &= Particle S
0] G S E THE Particle 57 3R E =24 9

%28 4= olr} Ay 8kg HAs et gz o 2 7| Euf
= g BT G GolA o] 'Allo] 7Hgstal A4kate]
to] Wt 4] A) 2[4 9 s A4t & qlok Mo g}
2| At Ato] o] A PITHS-S ol 8ol s 2E T
= Qirh. el B Aof| Q]&61A] o2 AR AR A At ulj 7l
F-o} H1 QR A st gt e o 731—]‘— as 5
Utk 22 SEEA] A HHo R Qo) 2 KA At
£ 471 SleliM= 4 sl ol n el :ILL K25k
A= 1 A o) ARLSH u S A A] 4o 0% meo] mE
A2 ARgSF 2 glom /\}511}7} Heojuizie B
S AAISH L O B AMEHig o= ARgALe) el S Ha
= qhtt

2 Aol A IS PSO AHEE A dare]Eo] 5
& Particle®] W7 A= HIES SWAT 27175 Al B4 5]
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2.4 2ty
PSO ¥112]5-& SWAT 2y 2HF H A of] ARg-9te] 3lo]
= gholl thigt B0 gho] @M= H] L, F71st7] fls 2744
Z(coefficient of determination, R?), B4l 52 % Root
Mean Square Error, RMSE), NSE 2% -8/ 7|4~(Nash-

Sutcliffe Efficiency, NSEp) & NSEnoS AH-8-5H3Att.

RI=(—— L )2 (3)

B — )

NSEozl—ri(Q—&)Q/i](Q—a)Z )

LHHSHA %1721@2 UrEMLL RMSE% E@:ﬁ }é Tk g} ]

%ﬁﬂiﬁf— 1 Aupt el "ol L;qoﬂ EHOP Lol
4101092 5 219] Zjo]7} Atk AL OJolgIck, NSE e
1] 558 kel o ARSShE A BE -0 E 1712] 9]
HO2 FAL=Y 0HTH 248 29 o] Z-gAJo] =0ty I
7}t 4= it Mkhwanazi, 2012). ZL]37 1] 3 o] FaFo] 7+
AB= T“"(Tﬂ' %)-"} 7] ﬂ Eklj'——’];ql:'— qu7]'°]'7]
15t NSEwg= AH-8-5E tH(Pushpalatha et al., 2012).

3.1 PSOHS 7E'"]'_|-

Table 12] tj7fH4= AP A7HKim and Kim, 2017)°]14]
AHE-SH o/ S0 SWAT -5 H A of| A 2 AF&-GH ufj 7
HPEE U B4 (Fig. 4= 5ol A3 971] w7l
75 Aesto] Yehd Zlolrh 2 Ao = 2 5qE T
(CN2), S 7 27l (CANMX, ESCO), 57H-2 e 271
(SLSOIL, LAT_TTIME), 7|4H+-& ¥ 47H(GW_DELAY,
GWQMN, ALPHA BF, RCHRG DP)Z AM&31It) CN2
= 7123k (Default)oll @42t % 2] 442 Tl ot= 424 (Percent
add) S & W7 HE M o Y] w7 eSS
ReplaceS 53l A5

H Ao M=PS0Y &1 E]E 9 T (Swarm)= 471
2 519 01, oF Swarm33 Particle?] 714 100071 = A
A5t et oebA 7] AP Swarm @] Particle 100071
£ 23k5te], F 500051 9] R O1E AAISHI T Rojof ARt
ol 7 == Table 1 9] Lower Bound (LB)2} Upper Bound
(UB) Afololl EAsH= 919]9] 4k= Monte Carlo ®4]-& -85
217+ G455ttt BA | AMSRt B4 34—= R, NSE,
RMSEE M| 5to] 2HH & AAISHIH.

Figs. 5(a)~5(e)= 500081 2] PSOY 2] & L5 ATE 3
2 T Z 2 Jepd g0 2 7F=2 RMSE, 1-NSE, 1-R
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Table 1. PSO input parameters of SWAT

T f v P 1 Input fil Method Bounds
e of parameter arameter nput file type etho
yp p p typ B UB
Surface runoff CN2 .mgt Percent add -0.25 0.25
L CANMX .hru Replace 0 10
Evapotranspiration
ESCO .bsn, .hru Replace 0 1
. SLSOIL .hru Replace 0 150
Soil water
LAT TTIME .hru Replace 0 180
GW_DELAY W Replace 0 500
GWQMN W Replace 0 5000
Groundwater
ALPHA BF W Replace 0 1
RCHRG_DP W Replace 0 1
-CN2 =LAT_TIME —GW DELAY ojtt. Z+ £9] B 32 002 SPTE XH o] g
~~GWQMN ~+ALPHA_BF -+ CANMX _ _ _ _
ESCO —~—RCHRG_DP —~SLSOIL 7 Z2 617] 915l 1-NSE, 1-R’ 2 A5t th 7] Swarm

30

Runoff Change (%)
>

20

10

=]
Runoff Change (%)

-10

-20

-100% -50% 0%

Parameter Change (%)

Fig. 4. Sensitivity analysis
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1.0
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0.8 0.2
06 o0
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3Iter

(d) 3rd swarm

-30

100%

1Iter

RMSE

(b) 1st swarm

Last Iter

(e) Last swarm

06 o0

9] Particle<> Fig. 5(a)4 ¥ &< Helol 24 H#%lem,
Fig. 5(e)2] BFA]=} Aol A= 1000712] 2} 7iAlE 0] 24 i
£ ol okl Q= AE & 5 AUtk Particle 52 A= 24
o] HHE F-Hol7HH ohte] H o & 45, Fig. S(H+=
Particle best 2] =2 A1} At 2] 215t whE X Aol =gt
A& B oJFT} Figs. 5(c) and 5(e)oll A oA Holxj=
K Eo] glo] Hol=t, & - Hol= Eo| e &

Qe B2 ETS gl et 23 2 glck

2Iter

14

12
10

RMSE

0.8 0.2
06 00

(c) 2nd swarm

0.35
0.15

&

RMSE 0.6 500

(f) Movements of Pbest

Fig. 5. PSO results
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32 £SHAN PSO AFsH A A} H|n

Table 2= 20023 FE] 2006 F 712 o] 4~ H g o] A3 A
FATKim e al., 2017)2} PSO €1 Z5S EF A-FHA
Avtg A H w7 A E Ve Aot 71E A A
A AHEE F B a7 4o 2HE E A of] of gk ul/f RS
2po| E AT B, 451 0] 739 AtAte] ko] whzt of
NG5 Z¥2F e sk B o] EAAA AAIRE 2 H =
A2 A7 ehrbe] 4= o o] 9] WoflA] B8-S 5har 9l
T}, §FH 2HE H g 0] 79 Gt e|E xl8)of whek ARt A

389 RollA] A5 S o) whsle] Mg gre] s
2 3 98-S ST 4 glck ofefat A a4 et
910] AL YukAIQl S5 H0] A BAL 18 Alrol
go] AR o] Ma o] n $ LAt HHOR B4 90

Table 2. Calibrated parameters by manual, PSO

U, HAe eSS B A B0 A mi e g
2173 9] ol A whE A7 Ujof] 24 9] gh-& 27| wiize] £
T HAY AW F HAAET a2 ddS o 4gs] a5t
cAo=E &4 Qlth

A FET TE CN29| groll= 2 Hat gl S
i 7§ 4=Q1 CANMX, ESCOE 242} 500141 8.1, 0.291141 0.5
2 FHo] Ehllob| dojuh= 270 2 A =St X
Z7} A E SLSOILY LAT TTIME2 22} 0ol A 122, 8
oA 492 v o] EFO] BAPEF7Fslal o] = Qlefl 57
= Agto] FasE]of Aol tigh -9 9] §E-go] o /17
St s 27 = ik Aok ¥ v 7 H4~¢] GW_DELAY,
GWQMN, RCHRG _DPE A HHGW_DELAYZ}100°]
A 2172 Asto] AAAZRS F7HIE I GWQMNTE

Parameters Definition Manual* PSO.
CN2 SCS curve number for moisture condition default 2%
CANMX Maximum canopy storage 5 8.1
ESCO Soil evaporation compensation coefficient 0.2 0.5
SLSOIL Slope length of lateral subsurface flow (m) 0 12
LAT TTIME Lateral flow travel time 8 4.92
GW_DELAY Delay time for aquifer recharge 100 217
ALPHA BF Base flow recession constant 0.5 0.61
GWQMN Threshold water level in shallow aquifer for base flow 2000 867
RCHRG DP Deep aquifer percolation fraction 0.05 0.22

*Manual calibration results conducted by Kim and Kim (2017)

Comparison of PSO and Manual
400.0

mPcp. Obs.

* Kim and Kim(2017) =PS0.

o
T 300 g
E £
o E
< 600 &
£ 2000 i)
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Fig. 6. Comparison of PSO and manual calibration results
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Table 3. Results of manually and automatically calibrated parameter applied

e | e Runoff (mm) Runoff rate (%) R’ RMSE NSE (Q) NSE (INQ)
Obs. M* PSO. | Obs. M PSO. M PSO. M PSO. M PSO. M PSO.
2005 |1,362.5| 690.9| 624.7| 716.8| 0.51 046 | 053 | 077 | 0.77 | 0.35 0.40 | 097 | 0.83 0.62 | 0.65
2006 |1,008.4| 647.8| 6449| 665.8| 0.52 | 0.52 | 054 | 0.72 | 0.76 1.28 139 | 0.78 | 0.74 0.46 | 0.68
2007 |1,437.9| 630.9| 742.4| 7413| 044 | 052 | 052 | 038 | 0.62 | 0.61 042 | 092 | 0.84 034 | 0.20
2008 |1,118.8| 428.5| 461.6| 483.5| 0.38 | 0.4l 0.43 056 | 057 | 048 | 049 | 0.89 | 0.90 035 | 0.30
2009 |1,291.1| 338.5| 526.1| 500.4| 0.26 | 0.4l 039 | 0.68 | 0.74 | 0.61 0.65 0.11 0.46 0.51 0.46
2010 |1,426.0| 653.8| 699.2| 6959| 046 | 049 | 049 | 029 | 040 | 0.72 | 0.77 | 0.32 | 0.77 0.09 | 0.47
2011 |1,927.3| 1285.5| 1219.1|1,196.1| 0.67 | 0.63 062 | 056 | 0.64 | 0.74 | 0.89 | 0.64 | 0.80 0.00 | 0.66
2012 |1,548.8| 737.1| 789.5| 832.4| 048 | 0.1 0.54 | 0.55 0.58 | 0.52 | 0.61 094 | 0.78 | -0.34 | 0.42
2013 |1,193.4| 663.8| 564.7| 592.7| 0.56 | 047 | 050 | 024 | 0.60 | 042 | 0.33 0.85 0.78 | -0.59 | 0.56
2014 | 997.9| 3752| 310.2| 407.4| 0.38 | 031 0.41 0.71 0.80 | 022 | 0.21 097 | 0.87 0.26 | 0.58
2015 514.4| 201.5| 130.1| 168.8| 0.39 | 0.25 0.33 0.56 | 0.55 037 | 039 | 0.84 | 0.80 | -0.71 | -0.07
Avg. [1,257.0| 604.9| 636.4| 636.5| 046 | 047 | 0.48 | 0.55 064 | 058 | 0.59 | 0.75 0.78 0.09 | 0.45

*Manual calibration results
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Fig. 7. Auto calibrated SWAT results graph by PSO
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