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Application of a Penalty Function to Improve Performance of an Automatic
Calibration for a Watershed Runoff Event Simulation Model
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Abstract

Evolutionary algorithms, which are frequently used in an automatic calibration of watershed runoff
simulation models, are unconstrained optimization algorithms. An additional method is required to impose
constraints on those algorithms. The purpose of the study is to modify the SCE-UA (shuffled complex
evolution-University of Arizona) to impose constraints by a penalty function and to improve performance
of the automatic calibration module of the SWMM (storm water management model) linked with the
SCE-UA. As indicators related to peak flow are important in watershed runoff event simulation, error of
peak flow and error of peak flow occurrence time are selected to set up constraints. The automatic
calibration module including the constraints was applied to the Milyang Dam Basin and the Guro 1 Pumping
Station Basin. The automatic calibration results were compared with the results calibrated by an automatic
calibration without the constraints. Error of peak flow and error of peak flow occurrence time were greatly
improved and the original objective function value is not highly violated in the automatic calibration
including the constraints. The automatic calibration model with constraints was also verified, and the results
was excellent. In conclusion, the performance of the automatic calibration module for watershed runoff event
simulation was improved by application of the penalty function to impose constraints.
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Fig. 1. The Schematic Diagram for a Connection
between the SWMM and the SCE-UA
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Table 1. Analysis Components and Conditions of Watershed Runoff Event Simulations

i Basin
assification
Milyang Dam Guro 1 Pumping Station
Catchment Area (km?) 94.4 1.36
Catchrélent No. of Subcatchment 24 147
an
Channel No. of Channel (Conduit) 26 147
(Conduit) Rainfall Station Seolli and Milyangdam Seoul Meteorological Observation
Station (Telemetry Station) |Station (Automatic Weather System)
Watershead Routing Nonlinear Storage Equation
Channel Routing Kinematic Wave Dynamic Wave
Simulation Groundwater Calculation Yes No
Method Infiltration Method NRCS Method Green-Ampt Equation
Calculation Catchment 1 hour 10 min
Time Step| Channel (Conduit) 10 min 20 sec
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Fig. 2. Subcatchments and Channels in the
Milyang Dam Basin
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Fig. 3. The Catchment Boundary and Conduits
in the Guro 1 Pumping Station Basin
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Table 2. Estimation Parameters of the SWMM for the Milyang Dam Basin

. Lower | Upper . Lower | Upper
Class | Variable Parameters Bound | Bound Class | Variable Parameters Bound | Bound
IrPr)] géiv Percent of impervious area (%) 0.8 12 Porosity | Porosity (volume of voids/total soil volume) | 0.453 | 0.463
Width Characteristic width of the 08 19 Wil PointWﬂtmg point (soil moisture content at which 0085 | 0.116
overland flow path (m) - - plants cannot survive)
N- ., ) ) Field |Field capacity (soil moisture content after all
fmpery IManning’s n of impervious area 0.01 | 0.016 Capac free water has drained off) 019 | 0232
Soil’s saturated hydraulic conductivity
N-Perv |Manning’s n of pervious area| 0.15 0.4 Hyd Cond 33 1092
(mm/hr)
Basin ' [Average slope of log (conductivity) versus soi
S- Depth of depressmn storage on| 16 38 | Ground [Cond Slop verage slope ol log {conductivity) versus sotj 10
Imperv impervious area (mm) ~water moisture deficit curve
. IDepth of depression storage o . Average slope of soil tension versus soil
S-Perv pervious area (mm) 38 64 Tens Slap moisture content curve (mm) 1,000 1 5,000
Pet 7 Percent of the impervious are: 10 20 Water [Elevation of the water table in the aquifer af] 9 1
€L 2610 lith no depression storage (%) Table the start of the simulation (EL m)
Upper |[Moisture content of the unsaturated upper zong _
CN SCS runoff curve number 08 12 Moist |of the aquifer at the start of the simulation 015 | 04
; ing’ Al Groundwater flow coefficient 0.0001| 0.1
Channel Manning Manning S r.oughness 002 | 005 -
N coefficient Bl Groundwater flow exponent 1 5
Table 3. Estimation Parameters of the SWMM for the Guro 1 Pumping Station Basin
. Lower | Upper . Lower | Upper
Class | Variable Parameters Bound | Bound Variable Parameters Bound | Bound
Pent. ~ ~ P f the i i ith
Percent of impervious area (%) | 0.8 12 ercent of the impervious area with no
Imperv _ ° Pet Zero depression storage (%) 10 0
Width Characteristic width of the 08 12 . '
overland flow path (m) Suction Suction head (mm) 889 | 110.0
N- . . . o
M 's n of 010 | 0016 | Basin . . -
. Imperv anning’s n of impervious area| 0.010 | 0016 Soil saturated hydraulic conductivity
Basin Hyd Cond (mm/hr) 3.3 109
N-Perv | Manning’'s n of pervious area | 0.15 04
S- Depth of depression storage on 16 a3 IMDmax Initial moisture deficit of soil 0 0.3
Imperv impervious area (mm) ) -
§-pery | Depth of depression storage on| ¢ | ¢, | Conduit Manning Manning's roughness coefficient 0.011 | 0.020
pervious area (mm) ' ' N
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A FAe] Al
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Table 4. Calibration Results by Values of Penalty Parameters

. Error of |Error of Peak Flow
SBasm 2 Caicitin NsE | B9 mp | mow | TR ek il | Qacwmenes T
torm Event (%) (m°/s) 3 "
(m”/s) (Time Step)
Unconstrained Optimization | 0.98 0.35 | 219 | 1.00 | 847 12.08 1
01 | 098 |-133] 256 | 101 | 816 4.39 1
05 | 098 | 456 | 213 | 1.05 | 9.38 0 1
1 (098 |-484]210] 105 972 0 1
096 | -4.84 | 244 | 1.05 | 12.00 0.01 0
r, [ 10 [ 094 | 293 412 | 1.03 | 15.30 0.15 0
50 | 090 | 461|595 | 095 | 19.80 0.04 0
100 | 092 | 770 [ 298 | 092 | 18.05 0.91 0
Milyang Dam 500 | 0.76 | 22.95 | 4.80 | 0.77 | 30.66 0.05 0
Basin Constrained 1,000 | 075 | 24.89 | 483 | 075 | 31.33 0.01 0
('09.07.07 | Optimization 1 (098] 06722909 | 845 12.22 1
5 [098| 1.02] 240 | 099 | 921 15.38 0
10 099 008291 | 100 | 772 14.07 0
50 | 098 | 139|259 [ 099 | 871 15.80 0
r, | 100 | 098 | 130 ] 263 | 099 | 8.86 17.55 0
500 | 098 | 1.02] 299 | 099 | 810 13.28 0
1,000 | 098 | 062 ] 267 | 099 | 898 1354 0
5000 | 098 | 083 263 [ 099 | 841 16.14 0
10,000 098 | 0.88 | 263 | 099 | 841 16.14 0
Unconstrained Optimization | 0.95 | —0.08 | 257 | 1.00 | 0.83 0.30 0
01 [ 095 | 1.13] 256 | 099 | 0.84 0.06 0
05 | 094 | 086 | 258 | 099 | 0.86 0 0
. 1 [094] 08425809 | 086 0 0
Gg‘)ﬁlnp‘émp;fg — 094 | ~038 | 265 | 1.00 | 091 0 0
508.07.135 o;’gfg;;gem ro [ 10 [092 | 205] 278 | 1.02 | 0.99 0 0
50 | 092 | 283285 | 1.03 ] 1.03 0 0
100 | 091 [ 319 | 291 | 1.03 | 107 0 1
500 | 091 | 328 291 | 1.03 | 1.06 0 1
1,000 | 091 | 375 | 294 | 1.04 | 1.08 0 1
3.3 Xl 23 o7 T3] 98| Table 59 REH7} AR5 HES}
251 elow Susl XHE wH At N1RA oz AFRT QA HTFHL WA
9] Q&= AlkxAS AREE wel A HAE AL
M o) £50E B BE] U AF RAS  urdel] U AHelAE AEAS s B AE
2000 79 727} 79 1520 9) Al chate] AgE  wAel Aol va) wlasl AekE A fAKE Ghe =
ok 20099 7€ 7L 1599 F e 2442 1269 ESFTE ol AlgxAS TS weE HE glE &
st U5l Fig. 45 2088 FAA A AT el ok ste] 19 Ao wa
o] 3} fiol] mE Al B AHE e 19 o] SEAINE AR A S nHs = Eo] EHsE T
AR ] B AGREQS T ARl SIHAA Rk, AR AR 08 21
WAl A RS B 5 Ak AW AGEAS 3 B PRAAOHE ANE AR B 5 ok
Holx] e A B2 U Ak HEREe] 94k Fig. 4b)2] 2009 79 15Y 2] Z5APolA F-A <
TR SAAY] 9 BAEkE AE E1E 4 9l HAslo) o3 AAE AFHE LAY 27T 294]
o wbdl, ARAS EFekE A, WA 0 o Ul 2 AL AEFIAE R A BRI
= AAsta HrrE DAARE g E8ks] golx T Hgko] veRd vk AxtE Aae s F WA HF
Alepezle] ukedo] mE AE wAe] HHE urk A% HolA WEae] 24 Ao jlw)
A4S H129% 20124 12/] 1219
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Fig. 4. Hydrographs for the Milyang Dam Basin by the Automatic Calibration Methods

Table 5. Model Calibration Results for the Milyang Dam Basin by the Optimization Methods

.. Error of Error of Peak
Sifoii Cipitimizgiiion NSE PILAS PEE ROV RlngE Peak Flow |Flow Occurrence
Event Method (%) (m’/s) 3 ;
(m”/s) Time (hour)
U“Ct‘.mtri?“ed 098 | 035 | 219 | 1.00 | 847 12.08 1
2009.07.07 ‘ép rllmtlrziriog
onstramne 097 | -427 | 249 | 1.04 | 1029 1.86 0
optimization
Un‘;‘.’“?“?“ed 095 | -153 | 102 | 102 | 621 0.54 29
2009.07.15 (ép lmtlZ? 102
onstramne 095 | -028 | 129 | 100 | 670 0 0
optimization
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Fig. 5. Hydrographs for the Guro 1 Pumping Station Basin by the Automatic Calibration Methods (2009.07.12)
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Fig. 6. Hydrographs for the Guro 1 Pumping Station Basin by the Automatic Calibration Methods (2009.07.14)

Table 6. Model Calibration Results for the Guro 1 Pumping Station Basin by the Optimization Methods

L. Error of Error of Peak
i Crgiittzziion NsE | PBIAS | ppp | rov | BMSE | poik Flow|Flow Occurrence
Event Method (%) (m’/s) 3 . .
(m”/s) Time (10 min)
U“i?“?tri?ned 0.94 0.32 1.54 1.00 0.50 0.18 7
2009.07.12 ‘(’:p lmtrzi 122
onstraim 093 5.88 1.84 0.94 056 0.14 0
optimization
Uonct‘l);f;rigﬁd 095 | 008 | 257 | 100 | 083 0.30 0
92009.07.14 CLZ)nstr;ine ;
stram 0.94 0.86 258 0.9 0.86 0 0
optimization
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Table 7. Verification Results for the Model Calibrated by the Optimization Methods

Results
Storm .. Optimization Error of Error of Peak
Condit
Bt ondition |y rethod | NSE P]?(%S PEE | ROV f&/g/sg sl Flowy | Aoy Osamimies
° (m>/s) Time (hour)
Unconstrained | oo 905 | 919 | 008 | 2545 792 1
Calibration %p“mtlza.“og
onstraine
5002.08.07 ootimization | 088 | 020 | 210 | 100 | 2329 0.004 0
~2002.08.10 Unconstrained |, 701 7 g7 | 955 | 092 | 8306 | 11555 1
Verification ocptlmlzqnog
onstramed | 5 o | 651 1095 | 003 | 7378 100.22 0
optimization
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Fig. 7. Hydrographs Derived by the Model Verified for the Milyang Dam Basin
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Table 8. Parameters Estimated by the Unconstrained and the Constrained Optimization

Variable Unconstrained | Constrained | Difference Variable Unconstrained| Constrained |Difference
Optimization |Optimization (%) Optimization | Optimization (%)
Pent. Imperv 0.819 0.800 2.35 Porosity 0.463 0.458 1.09
Width 0.800 0.801 0.12 Wilt Point 0.101 0.093 8.25
N-Imperv 0.013 0.015 14.29 Field Capac 0.190 0.192 1.05
N-Perv 0.400 0.400 - Hyd Cond 3.313 3.308 0.15
S-Imperv 3.230 1.754 59.23 Cond Slop 9.986 9.998 0.12
S-Perv 6.368 6.395 0.42 Tens Slop 1,002 1,006 0.40
Pct Zero 20.658 19.805 4.22 Water Table 0.299 0.193 43.09
CN 0.800 0.801 0.12 Upper Moist 0.231 0.255 9.88
. Al 0.026 0.016 47.62
Manning N 0.049 0.021 80.00 Bl 2199 2916 12.00
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