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Abstract: The Long-Term Hydrology Impact Assessment (L-THIA) model has been used
as a screening evaluation tool in assessing not only urbanization, but also land-use changes
on hydrology in many countries. However, L-THIA has limitations due to the number of
available land-use data that can represent a watershed and the land surface complexity
causing uncertainties in manually calibrating various input parameters of L-THIA. Thus,
we modified the L-THIA model so that could use various (twenty three) land-use
categories by considering various hydrologic responses and nonpoint source (NPS)
pollutant loads. Then, we developed a web-based auto-calibration module by integrating a
Genetic-Algorithm (GA) into the L-THIA 2012 that can automatically calibrate Curve
Numbers (CNs) for direct runoff estimations. Based on the optimized CNs and Even Mean
Concentrations (EMCs), our approach calibrated surface runoff and nonpoint source (NPS)
pollution loads by minimizing the differences between the observed and simulated data.
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Here, we used default EMCs of biochemical oxygen demand (BOD), total nitrogen (TN),
and total phosphorus-TP (as the default values to L-THIA) collected at various local
regions in South Korea corresponding to the classifications of different rainfall intensities
and land use for improving predicted NPS pollutions. For assessing the model performance,
the Yeoju-Gun and Icheon-Si sites in South Korea were selected. The calibrated runoff and
NPS (BOD, TN, and TP) pollutions matched the observations with the correlation
(R*: 0.908 for runoff and R* 0.882-0.981 for NPS) and Nash-Sutcliffe Efficiency
(NSE: 0.794 for runoff and NSE: 0.882—-0.981 for NPS) for the sites. We also compared the
NPS pollution differences between the calibrated and averaged (default) EMCs. The
calibrated TN and TP (only for Yeoju-Gun) EMCs-based pollution loads identified well
with the measured data at the study sites, but the BOD loads with the averaged EMCs were
slightly better than those of the calibrated EMCs. The TP loads for the Yeoju-Gun site
were usually comparable to the measured data, but the TP loads of the Icheon-Si site had
uncertainties. These findings indicate that the web-based auto-calibration module
integrated with L-THIA 2012 could calibrate not only the surface runoff and NPS
pollutions well, but also provide easy access to users across the world. Thus, our approach
could be useful in providing a tool for Best Management Practices (BMPs) for
policy/decision-makers.

Keywords: web-based auto-calibration module; genetic algorithm; L-THIA; NPS;
runoff; BMPs

1. Introduction

Typically, urbanization leads to increases in impervious surface and results in increased runoff and
nonpoint source (NPS) pollutant loads. Urbanization closer to a stream might be more influential than
that far from a stream because the increased runoff and NPS pollutant loads flow directly into the
stream. In South Korea, approximately 90% of the population live in urban areas, and the percentage is
still increasing with urbanization. In order to alleviate the impacts of urbanization, various researches
and government regulations regarding point source (PS) and NPS pollutants have been actively
implemented [1,2]. The Ministry of Environment (MOE) in South Korea has developed national water
quality improvement strategies to reduce the NPS pollutants entering into watersheds [3]. Therefore,
modeling approaches that can simulate runoff and NPS pollutant loads at regional-/watershed-scales
are required and have been developed such as Areal Nonpoint Source Watershed Environment
Response Simulation (ANSWER) [4], Agriculture Nonpoint Source (AGNPS) [5], Soil and Water
Assessment Tool (SWAT) [6], Hydrological Simulation Program-FORTRAN (HSPF) [7], and Storm
Water Management Model (SWMM) [8], efc. Harbor [9] developed a spreadsheet version of the
Long-Term Hydrologic Impact Assessment (L-THIA) model to evaluate the impacts of land-use
changes on hydrology, and the model has been improved by many researchers [10—15]. However, the
number of limited land-uses (i.e., high density residential, low density residential, agricultural, grass or
pasture, forest, industrial, water) was only allowed in modeling with the previous L-THIAs. Currently,
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many land-use categories available exist in watershed-scales while some land-use data were only
allowed in the L-THIA models. This discrepancy between field-scale and model-based land-use data
might cause uncertainties in simulating runoff and NPS pollutant loads indicating that the
consideration of spatially distributed land-use existing in a watershed is required. The previous
L-THIAs were limited not only in land-use categories, but also Event Mean Concentrations (EMC)
data. The EMCs used in the previous L-THIAs were collected from Texas (USA) while the EMC
values might be different based on various watersheds, climate conditions, land uses, efc. In general,
hydrological and water quality models require calibration processes that can adjust model conditions
(i.e., input parameters, efc.) closer to specific study regions. Then, models may appropriately
simulate/reproduce hydrological processes that can represent real world conditions in the field.
However, the land surface has variations (due to different soils, vegetation, topography, etc.) indicating
that hydrological models require various input parameters/data in modeling in the field. It might
suggest that the calibration and validation processes could be limited when conditioning input
parameters manually. These drawbacks may be an issue regarding the reliability of modeling
approaches when applied to a real world condition. Thus, optimization approaches that can search
model parameters from unknown spaces might be helpful to better simulate hydrological processes
across the land surface. To date, various optimization schemes (i.e., Generalized Likelihood
Uncertainty Estimation (GLUE) [16,17], Genetic Algorithm (GA) [18-21], Shuffled Complex
Evolution-University of Arizona, SCE-UA [15,22]) have been developed/used in research areas. And
various physically-based hydrological models have been integrated with optimizations for their own
purposes. However, these optimization-simulation approaches adapting their own model
parameterizations and structures still have drawbacks, and the complexity of existing models might
limit their availability in application in the field.

Thus, we explored a web-based auto-calibration approach that can estimate land surface runoff and
pollutant loads under various land surface conditions. The objectives of this study was three-fold:
(1) to develop a genetic algorithm-based automatic calibration module for improving the performance
of Long-Term Hydrologic Impact Assessment (L-THIA) models; (2) to test our approach in simulating
runoff and pollutant load estimations using the sub-daily (hourly-based) time step and event mean
concentrations (EMCs) with various land uses and rainfall criteria; and (3) to provide a web-based
L-THIA model for a better and easier application by policy/decision makers. This study will
greatly assist in preventing water pollution and suggest better water resource management at
watershed scales.

2. Materials and Methods
2.1. Overview of the L-THIA

The L-THIA model is a straightforward model to assess the impacts of land-use changes on land
surface runoff and non-point source (NPS) pollutions. This model requires minimum model input
parameters to generate surface runoff based on curve numbers (CNs) that can be determined by
land-use and hydrologic soil group (HSG) data. The initial L-THIA model was developed based on
the spreadsheet versions for calculating surface runoff using land-use changes. Currently, L-THIA
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incorporated with the ArcView platform [15] is improved to calibrate model parameters using
SCE-UA. However, this model was still limited by not only considering the sub-daily (hourly-based)
time step, but also by calibrating EMCs for various rainfall intensities and land-uses. Also, the
ArcView GIS system requires minimum skills to be used by users. For these reasons, we developed a
web-based auto-calibration module that can calibrate simulated sub-daily runoff and NPS pollutions
based on various rainfall intensities and land-use classifications for the L-THIA model. Here, we
adapted a runoff model developed by Kum et al. [23] for estimating direct surface water runoff.
Figure 1 shows the schematic diagram of our approach to calibrating direct runoff and nonpoint source
pollutant loads in the field. In order to search optimized CN values ranged from 20 to 99, a Genetic
Algorithm (GA, [18]) was integrated with the L-THIA model, called the automatic calibration module.
Our newly developed auto-calibration module with integrated GA estimates direct runoff based on
optimized CN values. Then our approach calibrates NPS pollutions based on the optimized CNs and
EMCs. Note that the calibration ranges (£30%) for EMCs were constrained in the module. Figure 2
shows the GA performance for searching solutions (CNs and EMCs). GA is one of the existing
powerful search algorithms developed by Holland [18] and Goldberg [24]. To date, GAs have
been extended/improved through various updated versions [24-29]. Parameters (P; = {CN;=; _u};
parameters were reproduced through the GA operator comprised of selection, crossover, and mutation
processes as shown in Figure 1. Then, GAs evaluate the suitability of chromosomes (Py, P;) using the
Nash-Sutcliffe Efficiency [NSE(P;, P>)] in Equation (1) and search/tune(optimized) parameters by
minimizing the differences between observations and simulations in the given generations:

T
Z(Obs, —Sim,(F, P,))’
NSE(P], Pz): - T (1)
Z(Obst —Obs,,,)’

t=1

where, Obs; is the observed runoff, nonpoint source pollutant load at time ¢, Sim;, is the simulated
runoff, nonpoint source pollutant load at time ¢, Obs,,, is the average of observations, ¢ is the time
running index, M is the number of CN values, and N is the number of EMC values. The GA control
variables are shown in Table 1.

Table 1. Variables to control genetic algorithm used in this study.

GA control variables Values
Population size 100
Number of generation 500
Number of significant digits 5
Crossover probability 0.85
Initial mutation rate 0.005
Minimum mutation rate 0.0005
Maximum mutation rate 0.25

One of the outstanding benefits in the sense of user-friendliness is that the web-based model can
allow users to modify input data on the web and send model outputs via the user’s email. Thus, the
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web-based L-THIA model could be more useful not only for estimating surface runoff and NPS
pollutions, but also for providing easy applications across the world. When NSE values are within the
range of 0.0 to 0.5, the model selects the calibrated results with the highest NSE. Note that calibrated
results (NVSE < 0.0) were not used in this study.

Figure 1. Overview of genetic algorithm (GA).
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Figure 2. Schematic diagram of direct runoff and pollutant calibration in the Long-Term
Hydrology Impact Assessment (L-THIA) 2012 model.
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2.2. Characteristics of Non-Point Source Pollution Loads with Classifications of Various Land Use
and Rainfall Criteria

NPS pollution loads are usually influenced not only by surface runoff and pollutants, but also by
rainfall quantities and intensities [30] based on land-use data in the field, because water qualities may
vary with rainfall characteristics. Also, other environmental factors (i.e., timing/distribution of rainfall
events, land covers and changes, nutrient/pesticide residuals in the soil matrix, efc.) need to be
considered. In order to more accurately capture runoff and NPS pollutions, the South-Korean
government provides the EMCs (that represent the whole country) for biochemical oxygen demand
(BOD), total nitrogen (TN), and total phosphorus (TP) corresponding to the classifications of various
(twenty three) land-use data and rainfall intensities (see details in Table 2, [31-34]). Note that the
twenty-three land-use data in Korea were classified as shown in Table 2, but that the EMC data for the
inland wetland, costal wetland, water, and sea were not available. These EMC values, used as the
default values for L-THIA, have differing ranges of less than 10, 10-30, 30-50, and more than 50 mm,
respectively. Here, L-THIA 2012 can use the maximum 92 hydrologic response units (HRUs) based on the
twenty-three land-use categories suggested by the Korean Ministry of Environment (MOE) and the four
hydrologic soil group (HSG) comprised of A, B, C, and D. In order to assess the applicability of our
proposed model, we calibrated the GA-based L-THIA model using the measured direct runoff and
pollutant loads. Also, we averaged the default EMCs (in Table 2) with respect to the different rainfall
intensities and individual land-use data. Then, we estimated and compared the averaged-/calibrated-EMCs
based NPS pollutant loads using the measured runoff to evaluate the robustness of our approach in
adjusting EMCs.

Table 2. Default (Measured) Event Mean Concentrations (EMCs) of biochemical oxygen
demand (BOD), total nitrogen (TN), and total phosphorus (TP).

Korean ministry of environment—event mean concentration (mg/L)

Rainfall ranges

Below 10 mm 10-30 mm 30-50 mm Over 50 mm
water quality items BOD TN TP BOD TN TP BOD TN TP BOD TN TP
Residential 6.1 7.1 0.2 7.3 7.0 02 7.0 27 02 28 64 04
Industrial 537 83 12 297 41 06 120 44 0.1 39 2.0 0.1
Commercial 168 28 13 21.1 31 05 204 21 13 98 1.5 1.4
Leisure 242 54 18 648 29 07 199 47 05 16,1 4.6 0.7
Transportation 123 3.0 13 6.8 26 0.2 5.5 22 02 23 1.1 0.1
Public building 7.9 73 0.3 9.0 59 03 4.8 1.6 0.1 47 6.7 0.7
Paddy 4.0 22 02 3.9 25 0.6 3.9 31 03 37 27 0.4
Upland 0.0 0.0 0.0 169 24 24 13.6 54 23 40.7 8.6 10.3
Green house 7.8 22 0.6 11.8 45 1.7 11.0 55 32 124 45 2.1
Orchard 0.0 0.0 0.0 1.0 0.4 0.1 3.7 1.5 02 25 20 0.4
Other Crop 0.0 0.0 0.0 0.0 0.0 0.0 4.4 10.1 13 2.0 57 1.4

Deciduous forest 1.2 1.7 0.1 1.2 2.0 0.1 1.8 33 02 21 1.8 0.5
Coniferous forest 1.1 1.8 0.1 1.1 1.9 0.0 1.2 24 0.0 09 1.7 0.0
Mixed forest 1.2 1.8 0.1 1.8 06 0.0 1.8 1.6 0.1 09 1.8 0.0
Golf course 4.6 71 1.5 6.1 48 13 6.2 69 19 39 49 1.5
Pasture 3.6 20 0.5 6.8 26 0.6 3.9 24 03 34 20 0.7
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Table 2. Cont.

Rainfall ranges

Korean ministry of environment—event mean concentration (mg/L)
Below 10 mm 10-30 mm 30-50 mm Over 50 mm

Grass
Mining area
Barren
Inland wetland
Costal wetland
Water
Sea

3.6 20 05 6.8 26 0.6 3.9 24 03 34 20 0.7
156 55 02 124 26 09 198 23 07 133 22 0.7
156 55 02 124 26 09 198 23 07 133 22 0.7

2.3. Application of L-THIA 2012

The Yeoju-Gun and Icheon-Si sites are located within the Paldang watershed (South-Korea) as

shown in Figure 3 and are exposed to NPS pollutants generated by frequent overflows at outfalls of

storm sewers within urbanized areas during the summer monsoon period. For this reason, systematic

and effective methods that can prevent NPS pollutions need to be developed.

Figure 3. Location of study area, Yeoju-Gun and Icheon-Si, South Korea.
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Figures 4 and 5 present the outfalls of two sites within the watershed. The land-use data from the
MOE, the soil map from the National Academy of Agricultural Science (NAAS) of South Korea, and
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the digital elevation model (DEM, 5 m x 5 m) in Figures 4 and 5 were collected to derive Hydrologic
Response Units (HRUs). The soil map was converted to represent the four HSG, and then DEM was
used to compute the slope and slope length. The ten-minute interval data of rainfall, runoff, and NPS
pollutant loads were measured for the six storm events in 2011 as shown in Table 3. Here, our
approach was only tested during the simulation period in 2011, because of the limited EMCs.

Figure 4. Digital elevation model (DEM), land-use, soil map of study area, Yeoju-Gun,
South Korea.
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Figure 5. DEM, land-use, soil map of study area, Icheon-Si, South Korea.
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Table 3. The rainfall amounts for the six storm events.

Yeoju-Gun Icheon-Si
Date Rainfall (mm) Date Rainfall (mm)
22 April 2011 30.5 8 July 2011 104.5
30 April 2011 80.5 8 August 2011 50.0
23 June 2011 31.2 13 August 2011 67.0
13 August 2011 48.8 11 September 2011 124.5
29 September 2011 23.4 29 September 2011 28.5

6 November 2011 15.8 15 October 2011 60.0
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3. Results and Discussion
3.1. Development of L-THIA 2012 Model

Figure 6 shows the interface of L-THIA 2012 on the Internet. Basically, our proposed model
requires two of the major inputs (HRUs and rainfall data). The model allows users to upload the input
data (text-formatted files) directly via the web interface to the server. The rainfall data also needs to be
uploaded with the limited model running time. As shown in Figure 6, users can determine the
land-use/HSG and add specific study area, slope, and slope length data corresponding to the HRUs.
The model uses the twenty three land-use categories provided by the MOE, and the default CNs
are obtained from the Soil Conservation Service of the United States Department of Agriculture
(USDA-SCS) [35], the Natural Resources Conservation Service of the United States Department of
Agriculture (USDA-NRCS) [36], and the Ministry of Construction Transportation (MOCT) [37]. The
default EMCs for BOD, TN, and TP are provided by the Korean Environment Foundation
Investigation Project (KEFIP), and both the default CNs and EMCs can be editable by users. Then, the
model provides the graphical model outputs for runoff, BOD, TN, and TP (Figure 7) and allows
additional analysis by the spreadsheet software.

Figure 6. Interface of Web-based L-THIA 2012.
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Figure 7. Results of the web-based L-THIA 2012.
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3.2. Runoff and NPS Pollutant Load Estimations

In order to evaluate our approach, the Yeoju-Gun and Icheon-Si sites located within the Paldang
watershed were selected. Our approach calibrated the CN values for estimating the surface runoff
using the rainfall data with ten-minute intervals (for the six storm events) by comparing the measured
data (Table 4). Based on the estimated runoff, we calibrated the NPS pollution loads for BOD, TN, and
TP. Table 4 presents that the estimated runoff results show a good match with the coefficient of
determination (R*: 0.908 and 0.965) and Nash Sutcliffe model Efficiency (NSE: 0.794 and 0.869)
values for the Yeoju-Gun and Icheon-Si sites, respectively. Also, L-THIA 2012 calibrated the BOD,
TN, and TP loads based on the optimized CNs with the measured direct runoff and nonpoint source
pollutant loads. The estimated BOD, TN, and TP loads also identified well with the observations with
R? (0.895, 0.882, and 0.981) and NSE (0.654, 0.798, and 0.974) at the Yeoju-Gun site. However, the
statistics of NPS pollution loads for the Icheon-Si site had slightly more uncertainties compared to
those of the Yeoju-Gun site. BOD (R”: 0.904 and NSE: 0.608) and TN (R’: 0.883 and NSE: 0.755)
identified well with the measured data, but the NSE values of TP were not in the ranges of 0 to 1.
Uncertainties included in the TP measurements might considerably influence the model outputs. For
TP, we need additional experiments with more accurate measurements in the future. Hence, the TP
results were excluded in this study. As Donigian [38] has suggested, the model result indicates “Good”
when the NSE value is 0.7 or greater. The NSE values for the Yeoju-Gun and Icheon-Si sites show a
“Good” and “Fair’ agreement with the measured data. These findings support the reliability of our
approach to estimate the runoff and NPS pollutant loads with uncertainties (TP).
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Table 4. Result of Direct Runoff and NPS Pollutant Load Estimations.

Study Measured data Estimated data

Date Direct BOD TN TP Direct BOD TN TP
e runoff m) (m®) (kg) (kg) runoff(m’) (m’) (kg) (kg)
22 April 2011 972.74 5.94 5.83  0.82 840.95 470 336 0.59
30 April 2011 3669.41 53.45 2399 6.32 4725.77 39.71 17.43 6.36
Yeoju- 23 June 2011 482.05 12.80 4.24 0.89 829.81 4.59 3.30 0.58
Gun 13 August 2011 2338.54 2731 4.13 1.87 1795.21 990 7.39 1.28
29 September 2011 599.47 1.70 1.85 0.12 600.51 3.30 1.93 0.49
6 November 2011 728.10 1044 4.01 0.55 371.23 1.96 1.17 0.29

8 July 2011 2635.47 20.28 14.22 4.75 2034.23 3277 1441 -

8 August 2011 272.99 1.95 2.01 0.08 510.22 7.68 342 -

Icheon- 13 August 2011 862.76 1.50 243 0.23 898.05 14.26 6.29 -

Si 11 September 2011 3530.69 36.86 31.29 4.13 2707.61 4295 1897 -
29 September 2011 249.15 .32 137 0.11 152.39 1.02  0.50 -
15 October 2011 247.74 740 291 0.61 727.48 11.36 5.02 —

3.3. Comparison of the Calibrated and Averaged EMCs

In order to test the model performance in adjusting EMCs, we estimated the calibrated/averaged
(BOD: 9.24 mg/L, TN: 3.39 mg/L; and TP: 0.79 mg/L)-EMCs based NPS loads using the measured
runoff or individual storm events at the Yeoju-Gun and Icheon-Si sites. The model outputs at the
Yeoju-Gun site showed the statistics of R (0.918)/NSE (0.716) for BOD, R* (0.728)/NSE (0.520) for
TN, and R* (0.879)/NSE (0.548) for TP, respectively (Table 5). The TN (R*: 0.882 and NSE: 0.798)
and TP (R* 0.981 and NSE: 0.974) loads based on the calibrated EMCs still had a good match with the
measured data as opposed to those (R%: 0.728 and NSE: 0.520 for TN and R*: 0.879 and NSE: 0.548 for TP)
of the averaged EMCs at the Yeoju-Gun site, but the BOD loads (R*: 0.918 and NSE: 0.716) with the
averaged BOD EMCs were closer to the measured data compared to those (R*: 0.895 and NSE: 0.654)
of the calibrated BOD EMCs. This might suggest that measurement errors (relatively higher than TN
and TP) of the BOD concentrations influenced the NPS loads. In the Icheon-Si site, the BOD and TN
results (R*: 0.902/0.907 and NSE: 0.899/0.428 for the averaged EMCs) showed similar trends to those
of the Yeoju-Gun site. These findings suggest that our approach performs better in estimating TN
loads. However, the TP loads for the averaged EMCs also had negative NSE values, as shown in the
case of the calibrated EMCs. This might indicate that the TP pollution loads are considerably affected
by measurement errors. Thus, we need to not only improve our auto-calibration module, but also build
more accurate EMC databases for better estimating NPS pollution loads.
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Table 5. Comparison of averaged-EMC Nonpoint Source Pollutant Loads with the

measured data.

Study Measured data Estimated data (using averaged EMCs)
Area Date Direct BOD TN TP Direct BOD TN TP
runoff(m) (m) (kg (kg) runoffm’) (m) (kg (kg)
22 April 2011 972.74 5.94 583  0.82 972.74 8.98 3.30 0.77
30 April 2011 3669.41 5345 2399 6.32 3669.41 33.89 12.44 291
Yeoju- 23 June 2011 482.05 12.80 424 0.89 482.05 4.45 1.63 0.38
Gun 13 August 2011 2338.54 2731 413  1.87 2338.54 21.60 7.93 1.85
29 September 2011 599.47 1.70 1.85 0.12 599.47 5.54 2.03 0.48
6 November 2011 728.10 10.44 401 0.55 728.10 6.73 2.47 0.58
8 July 2011 2635.47 20.28 1422 4.5 2635.47 24.34 8.93 -
8 August 2011 272.99 1.95 2.01  0.08 272.99 2.52 0.93 -
Icheon- 13 August 2011 862.76 1.50 243 0.23 862.76 7.97 2.92 -
Si 11 September 2011 3530.69 36.86 3129 4.13 3530.69 32.61 11.97 -
29 September 2011 249.15 1.32 1.37  0.11 249.15 2.30 0.84 -
15 October 2011 247.74 7.40 291  0.61 247.74 2.29 0.84 —

4. Conclusions

In this study, we developed a web-based auto-calibration L-THIA 2012 model based on a genetic
algorithm (GA) that can calibrate surface runoff and NPS pollutant loads. We estimated the surface
runoff with ten-minute intervals of rainfall (total six storm events) and NPS loads based on the Event
Mean Concentrations (EMCs) corresponding to the classifications of various rainfall intensities and
land-use. In order to assess our proposed approach, the Yeoju-Gun and Icheon-Si sites located within
the Paldang watershed were selected near the northern area in South Korea. Our model outputs using
the sub-daily (10 min intervals) rainfall and classified EMCs corresponding to the various rainfall
intensities and land-use matched reasonably well with the observations, although the results at the
Icheon-Si site showed more uncertainties (especially for TP with the negative NSE value).
Additionally, we estimated the calibrated-/averaged-EMCs based pollutant loads using the measured
runoff to test the model performance in adjusting EMCs. Our auto-calibration module estimated the
TN loads with the calibrated EMCs better than those of the averaged EMCs at the Yeoju-Gun/Icheon-Si
sites, but the BOD loads for the averaged EMCs had a slightly better agreement with the measured
data compared to those of the calibrated EMCs. The TP loads using the calibrated EMCs also
identified better than that of the averaged TP EMCs at the Yeoju-Gun site, but the TP comparison for
the Icheon-Si site was excluded due to measurement errors. Thus, our proposed model adapting the
newly developed auto-calibration module could reduce uncertainties due to the model parameters and
structures. Furthermore, this web-based scheme has less limitations in the application in the field while
text-formatted input data are only required for modeling. Input datasets (i.e., EMCs) can be easily
updated by users when needed, and this model directly sends the model outputs to users via email.
These findings show the reliability of our approach in estimating runoff and NPS pollutions indicating
that it could be more useful in providing a tool for a Total Maximum Daily Load (TMDL) and Best
Management Practices (BMPs) for policy/decision-makers. Furthermore, the web-based L-THIA
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model could provide easy access to users across the world. In our future works, we plan to develop an

improved L-THIA model that can estimate runoff and NPS pollutions using open source

GIS programs.
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