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Abstract
The Long-Term Hydrologic Impact Assessment (L-THIA) model is a quick and straightforward analysis tool to estimate direct runoff and nonpoint
source pollution. L-THIA was originally implemented as a spreadsheet application. GIS-based versions of L-THIA have been developed in ArcView
3 and upgraded to ArcGIS 9. However, a major upgrade was required for L-THIA to operate in the current version of ArcGIS and to provide more
options in runoff and NPS estimation. An updated L-THIA interfaced with ArcGIS 10.0 and 10.1 has been developed in the study as an ArcGIS
Desktop Tool. The model provides a user-friendly interface, easy access to the model parameters, and an automated watershed delineation process. The
model allows use of precipitation data from multiple gauge locations for the watershed when a watershed is large enough to have more than one
precipitation gauge station. The model estimated annual direct runoff well for our study area compared to separated direct runoff in the calibration and
validation periods of ten and nine years. The ArcL-THIA, with a user-friendly interface and enhanced functions, is expected to be a decision support
model requiring less effort for GIS processes or to be a useful educational hydrology model.
Keywords: Automated watershed delineation; ArcGIS desktop; curve number; direct runoff; long-term hydrologic impact assessment

Ⅰ. Introduction
Land use changes are influential to hydrologic phenomenon
in a watershed; in other words, they result in changes of runoff,
streamflow, and groundwater recharge. Urbanization, which is
a common landuse change and which increases impervious
surfaces, causes increased runoff and shorter time to peak
runoff. The increased runoff and shorter time to peak runoff
results in not only decreased ground water recharge but also
a
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increased non-point source (NPS) pollutant loads. Furthermore,
they contribute to downstream flooding and affect municipal
water supplies. Therefore, minimizing the disturbance of
urbanization (e.g. low impact development, LID) may be
required to ensure safe, stable water supplies. A model to
simulate the impact of landuse changes without profound
knowledge of the model is needed, which is capable of
considering different levels of impact of each landuse, for city
managers, planners, and water resource professionals.
The Long-Term Hydrologic Impact Assessment (L-THIA)
model has been used to estimate long-term impacts of direct
runoff and NPS pollution. L-THIA, requiring a modest effort
to prepare input data, estimates runoff using the National
Resources Conservation Service - Curve Number (NRCS-CN)
method and a pollutant coefficient (Event Mean Concentration;
EMC) approach to estimate pollutant loads (Bhaduri et al.,
2000; Choi et al., 2009; Jeon et al., 2013; Kim et al., 2010;
Lim et al., 1999; Pandey et al., 2000; Tang et al., 2005). The
NRCS-CN method is an empirical watershed-scale approach to
estimate event/daily direct runoff. L-THIA was originally
implemented as a spreadsheet application, and was integrated
with GIS in ArcView 3 (Lim et al., 1999) and later with ArcGIS
9 (Kim et al., 2009). Lim et al. (1999) developed an L-THIA
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web GIS system that communicated with the ArcView GIS tool,
which allowed estimation of average annual NPS pollution for
15 pollutants. Kim et al. (2009) improved the L-THIA model
performance integrating with SCE-UA which is an optimization
technique to auto-calibrate a parameter (e.g., Curve Number)
used in the model. The model was applied to the Wildcat Creek
Watershed in north central Indiana by Pandey et al.(2000) who
showed the landuse changes in the watershed led to significant
changes in total average runoff. Tang et al. (2005) applied
L-THIA to the Little Eagle Creek (LEC) watershed in Indiana
and showed that runoff change by urbanization could be
minimized by appropriate planning. The LEC watershed had
been significantly urbanized from 1973 to 1997, and the urban
growth from 1973 to 1984 was largely commercial and high
density residential uses, while most urban growth from 1991
to 1997 was low density residential uses. The increased runoff
between 1973 and 1983 was 3.5 million cubic meters (44%
increase) for a 14% increase in urban area in the watershed,
while the runoff increased 1.4 million cubic meters (11%
increase) between 1991 and 1997 for a 34% increase in urban
area in the watershed. Bhaduri et al. (2000) applied the model
to the LEC watershed and found a 19% landuse change from
non-urban to urban resulted in a 60% increase of phosphorus
and nitrogen loads. Furthermore, a 49% increase in urban area
in the watershed resulted in increases of 98% total lead, 92%
total copper, and 93% total zinc loads. Choi et al. (2009) used
the L-THIA model for two small watersheds in South Korea,
which are the Wol-oe and An-nae watersheds. They used
Nash-Sutcliffe coefficient of efficiency index (NSE) and
determination coefficient (R2) to evaluate the estimated direct
runoff by the model. The NSE and R2 in the Wol-oe watershed
were 0.95 and 0.93, and they were 0.81 and 0.71 in the An-nae
watershed.
L-THIA has been applied in various watersheds and showed
reasonable results, however, an upgrade for L-THIA was
required for implementation in the current version of ArcGIS
and to provide more options for direct runoff estimation. The
L-THIA ArcView 3 system is obsolete due to the age of the
GIS tool. The L-THIA in ArcGIS 9 allows use of single location
of precipitation gauge station, moreover, it is inconvenient or
provides limited access to the model parameters such as CNs
in tab-separated file format and predefined dormant/growing
season. Further, ArcGIS 9 is no longer supported. Therefore,
the objective of the study was to develop L-THIA in ArcGIS
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10.0 and 10.1 to estimate long-term direct runoff and NPS loads,
considering actual daily precipitation data. The expected
purposes of the model were to support decision making and
for use as an educational hydrology model. Therefore, it was
necessary to maintain an easy-to-use modeling philosophy with
a user-friendly interface. In addition, it was required to allow
use of multiple precipitation data locations and consideration
of antecedent moisture condition to adjust CNs.

Ⅱ. Methodology
1. Runoff Calculation
The NRCS-CN method of the National Resources
Conversion Service (formerly Soil Conservation Service) is a
simple and widely used method to calculate direct runoff, and
has been applied for hydrology and NPS simulation (Garen et
al., 2005). The method requires rainfall amount and CN to
calculate direct runoff. The CN is based on Hydrologic Soil
Group (HSG), landuse, and hydrologic condition (i.e.
Antecedent Moisture Condition; AMC) (Eqs. 1-4).
    
   for   
     
   for  ≥ 
  

    


(1)
(2)
(3)
(4)

Where, Q is runoff (mm), P is rainfall (mm), Ia is initial
abstraction (mm), and S is potential maximum retention after
runoff begins (mm).
Initial abstraction is all losses before direct runoff begins,
including interception storage on plants, surface storage,
evapotranspiration, and infiltration. Initial abstraction could be
defined as a percentage of S; it was found to be approximated
by Eq. 3 (USDA, 1986). S is related to landuse and HSG
through CN ranging from 0 to 100.
Antecedent Moisture Condition (AMC) is related to soil
moisture, AMC I represents dry soil moisture condition (i.e. the
soil moisture content is very low or at wilting point), and AMC

Kim, JonggunㆍLim, Kyoung JaeㆍEngel, BernieㆍCha, Sang SunㆍPark, Chan-GiㆍPark, Youn Shik

III represents wet soil moisture condition (i.e. the soils are
saturated or the soil moisture content is at field capacity). The
conditions are based on the 5-day antecedent rainfall (P5, sum
of antecedent 5 days precipitation) and growing/dormant season
(Table 1).

2. Development of ArcL-THIA
ArcL-THIA has been developed as an ArcGIS Desktop
Toolsets (Fig. 1) and is programmed in ArcPy and ArcObject.
The model has a user-friendly interface with drop-down menus
and buttons. Moreover, it allows easy updates of CN and EMC
through a file in comma separated values (CSV) format.

Table 1 Classification of AMC

Fundamentally, the model requires landuse and HSG data in

5-day antecedent rainfall (P5)

raster format to assign CNs, because many spatial data are

AMC

Description

Growing
season

Dormant
season

already in raster format from remote sensing and classification

AMC I

Soils are dry.

P5 < 35mm

P5 < 12mm
12 mm ≤
P5 ≤ 28mm

is required to delineate watersheds in the model (Fig. 2); the

AMC II

35 mm ≤
P5 ≤53mm

AMC III Soils are wet.

53 mm < P5

28 mm < P5

processing (Lim et al., 1999). A Digital Elevation Model (DEM)
watershed delineation step was never provided in previous
GIS-based L-THIA versions. The automated watershed
delineation is an optional step that employs a series of ArcGIS

Once AMC is defined, CNs are adjusted (i.e. CN I for AMC
I and CN III for AMC III) by Eqs. 5 and 6. AMC adjustment
is optional in the ArcL-THIA model. If AMC is not applied,
daily runoff is calculated with CN II.

tools to delineate a watershed using a raw DEM data. The step
would be helpful for non-experts in ArcGIS. While DEM data
are an optional input in the model, landuse and soil map data
are required inputs which are used to assign CNs.
L-THIA computes long-term average annual runoff from

       ×  

(5)

       ×  

(6)

long-term and actual precipitation data and focuses on the
long-term average impact (Pandey et al., 2000). The model
therefore requires daily precipitation data. Moreover, use of a
set of precipitation data from multiple gauge locations may be

Fig. 1 Interface of ArcL-THIA
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Fig. 2 Schematic depicting ArcL-THIA to estimate direct runoff and pollutant loads

Fig. 3 Location of study area and rainfall gauge stations

desirable if the watershed area is large enough to have more

Allocated CN Map has the information of landuse, soil, and

than one precipitation gauge station. While an identical value

the areas allocated by precipitation gauge stations.

of precipitation on the day is applied for all CNs in a watershed

The AMC is applied based on dormant/growing season

if the watershed has a single gauge station, the allocated

defined by the user, and the runoff is calculated with CN I,

precipitation values by the locations of precipitation gauge

II, and III adjusted by Eqs. 5 and 6.

locations are applied to the CNs in each allocated area if
multiple locations are provided by the user. The model creates
a CN map using landuse and soil map data for both single and
multiple precipitation gauge station cases. It creates another CN

Ⅲ. Application of ArcL-THIA

map named ‘Allocated CN Map’ (Fig. 2) if the user chooses

To demonstrate the direct runoff estimation ability of the

to use multiple precipitation data. The first CN map has only

model, a watershed named East White River in the Columbus

landuse and soil map information to assign CN, but the

Watershed in east central Indiana (Fig. 3) was selected,
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extending 39°09’55” to 40°03’31” north latitude and 86°11’20”

from USGS, and Soil Survey Geographic Database (SSURGO)

to 85°13’20” west longitude. Input datasets (e.g., spatial data,

from United States Department of Agriculture (USDA). Total

weather, and measured streamflow) has been well established

watershed area is 4409.51 km2, with 72.62 % of the watershed

in this watershed for validating the ArcL-THIA model

landuse being Cultivated Crops (Table 2). There are seven

performance for a long-term simulation. The spatial input

precipitation gauge stations inside or near the watershed (Fig.

datasets to delineate the watershed and to assign CN in the study

3). Nineteen years of daily precipitation data from 1994-01-01

were the 30 m resolution Digital Elevation Model (DEM) from

to 2012-12-31 were collected from the National Climate Data

the United States Geological Survey (USGS) National Elevation

Center (NCDC).
The model estimates direct runoff and therefore the daily

Dataset, the National Land Cover Dataset 2001 (NLCD 2001)
Table 2 Landuse distribution for study watershed
Landuse

Area (km2)

Open water

Percentage (%)

CN

22.37

0.51

0

Developed Open Space

299.28

6.79

81-98

Developed Low Intensity

125.10

2.84

50-86

Developed Medium Intensity

40.90

0.93

66-91

Developed High Intensity

14.22

0.32

81-96

0.62

0.01

90-98

463.77

10.52

49-87

Barren Land
Deciduous Forest
Evergreen Forest

1.66

0.04

49-87

Mixed Forest

0.13

0.00

49-87

Scrub/Shrub

5.02

0.11

70-87

Grassland/Herbaceous

46.98

1.07

72-93

178.68

4.05

72-93

Cultivated Crops

Pasture/Hay

3202.32

72.62

68-89

Woody Wetlands

5.89

0.13

0

2.57

0.06

0

4409.51

100.00

Emergent Herbaceous Wetland
Total

(a) Calibration

(b) Validation

Fig. 4 Comparison of measured and estimated flow in calibration and validation
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streamflow from the USGS at the outlet of the watershed was

of multiple rainfall gauge locations may improve model

separated into direct runoff and baseflow components using the

performance. To consider multiple locations of precipitation

Web GIS-based Hydrograph Analysis Tool (WHAT)(Lim et al.,

gauge stations, the model divides the watershed into areas based

2005). The WHAT system was developed by Lim et al. (2005)

on rainfall gauge locations, and then the direct runoff is

to separate streamflow into direct runoff and baseflow using

computed by CNs in each area and the precipitation data

three methods (Local Minimum Method, BFLOW filter, and

allocated to the area.

Eckhardt filter). In this study, the Eckhardt filter in WHAT was

The third benefit is that the model allows consideration of

used to estimate baseflow based BFI(Base Flow Index) which

AMC by dormant/growing season which needs to be adjustable

indicates the ratio of baseflow to streamflow considering various

by watershed. AMC to adjust CNs considers soil moisture based

aquifer types. The ArcL-THIA was calibrated using the

on precipitation in the previous five days and dormant/growing

separated direct runoff from 1994 to 2003 and validated using

season. The model allows change of dormant/growing season

the separated direct runoff from 2004 to 2012. NSE and R2 were

for a watershed.

used to evaluate the estimated direct runoff by the model. In
2

The fourth benefit is that the model provides easy access to

annual direct runoff comparisons, the NSE and R for the

the database file for CN and EMC. The database file is in CSV

calibration period were 0.64 and 0.66 (Fig. 4(a)), and they were

file format which can be conveniently edited with spreadsheet

0.81 and 0.90 for the validation period (Fig. 4(b)). Santhi et

software.

al. (2001) assumed a model performance is acceptable if NSE

Based on the facts that L-THIA is a quick and

is greater than 0.5 and R2 is greater than 0.6. Fig. 4 (a) and

straightforward approach to estimate direct runoff and that the

(b) display the comparison of measured direct runoff (i.e.

ArcL-THIA model has a user-friendly interfaces, it is expected

separated direct runoff from measured streamflow) and

that the model will be a decision support model requiring less

estimated direct runoff, the estimated annual runoff were close

effort for GIS processes and less knowledge on hydrology or

to the measured annual runoff in calibration and validation

would be a useful hydrology-educational model(https://npsLab.

periods.

kongju. ac.kr). However, the model has a limitation to apply
it in a steep slope area due to the limitation of NRCS-CN

Ⅳ. Conclusions

method. In future, the ArcL-THIA model will be improved to
overcome the limitation and provide better model performance.

L-THIA is a hydrology model and has been applied in
various watersheds to evaluate the impact of landuse change
in watersheds. L-THIA with links to ArcView 3 and ArcGIS
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enhanced capability in direct runoff estimation.
The first enhancement is that the watershed delineation
process is automated in the model as an optional step. The
model employs a series of ArcGIS tools to delineate a watershed
for the spatial input datasets provided by users. It helps the users
not only to delineate a watershed using DEM data but also
transforms the landuse and soil maps into watershed forms.
The second benefit is that the model allows use of multiple
precipitation data locations. If the watershed area is large
enough to have more than one precipitation gauge station, use
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